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Facultative parthenocarpy is of great practical value. However, the molecular mechanism underlying facultative parthenocarpy remains elusive. Transcriptional co-repressors (TPL) act as a central regulatory hub controlling all nine phytohormone pathways. Previously, we proved that SlTPLs participate in the auxin signaling pathway by interacting with auxin/indole acetic acid (Aux/IAAs) in tomato; however, their function in fruit development has not been studied. In addition to their high expression levels during flower development, the interaction between SlTPL1 and SlIAA9 stimulated the investigation of its functional significance via RNA interference (RNAi) technology, whereby the translation of a protein is prevented by selective degradation of its encoded mRNA. Down-regulation of SlTPL1 resulted in facultative parthenocarpy. Plants of SlTPL1-RNAi transgenic lines produced similar fruits which did not show any pleiotropic effects under normal conditions. However, they produced seedless fruits upon emasculation and under heat stress conditions. Furthermore, SlTPL1-RNAi flower buds contained higher levels of cytokinins and lower levels of abscisic acid. To reveal how SlTPL1 regulates facultative parthenocarpy, RNA-seq was performed to identify genes regulated by SlTPL1 in ovaries before and after fruit set. The results showed that down-regulation of SlTPL1 resulted in reduced expression levels of cytokinin metabolism-related genes, and all transcription factors such as MYB, CDF, and ERFs. Conversely, down-regulation of SlTPL1 induced the expression of genes related to cell wall and cytoskeleton organization. These data provide novel insights into the molecular mechanism of facultative tomato parthenocarpy and identify SlTPL1 as a key factor regulating these processes.
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INTRODUCTION

The great global production and consumption (Klap et al., 2017; Quinet et al., 2019) of tomato unquestionably make it the most important vegetable crop in the world. In addition to its economic and nutritional importance, the availability of the entire tomato genome, genetic and physical maps, and molecular markers make tomatoes an ideal model plant for the study of fleshy fruit development (Tomato Genome Consortium, 2012; Karlova et al., 2014; Suresh et al., 2014; Zhao et al., 2019). The fruit originates from the development of the ovary, and the initiation of such development is known as fruit set, which comprises the transition from an ovary into a fruit (Wang et al., 2009; Quinet et al., 2019). Low fruit-set rates will reduce fruit production and quality, resulting in great economic losses (McAtee et al., 2013).

In normal fruit development, the onset of fruit set depends on the successful completion of pollination and fertilization (Weterings and Russell, 2004). Increased auxin, cytokinin (CK), and gibberellin (GA) levels in fertilized ovaries promote fruit growth through cell division and subsequent cell expansion (Ozga et al., 2002; de Jong et al., 2009a; Ding et al., 2013). However, when plants undergo unfavorable conditions, such as extreme temperature (heat or cold) or humidity, fruit set will be inhibited because of low pollen viability, which affects microsporogenesis and pollination (Picken, 1984; Sato et al., 2006; Mesihovic et al., 2016). Hence, parthenocarpy, which is the formation of seedless fruit from the ovary in the absence of pollination and fertilization, has been recognized as an important trait to counter harsh environmental conditions (Gorguet et al., 2005). Moreover, consumers prefer seedless over seeded fruits because of their improved fruit quality with high total soluble solids (TSS) content and the separation of seeds from processed products (Ficcadenti et al., 1999; Carmi et al., 2003). There are two kinds of parthenocarpy, namely, obligate and facultative parthenocarpy. The difference is that the former always produces seedless fruits, whereas the latter results in seedless fruits only when pollination is prevented (Mazzucato et al., 1999; Varoquaux et al., 2000). As obligate parthenocarpic fruits are commonly propagated from seeds, only facultative parthenocarpic fruits are of practical value (Klap et al., 2017). The most extensively characterized sources of facultative parthenocarpy in tomato to date are the following mutations: pat/pat2/pat3/4 (Mazzucato et al., 1998; Fos et al., 2000; Fosa et al., 2001; Pascual et al., 2009); procera (Bassel et al., 2008); entire (Mazzucato et al., 2015); auscia (Molesini et al., 2009); alq (Ribelles et al., 2019); hws (Damayanti et al., 2019); and Slagl6 (Klap et al., 2017). However, despite the importance of the trait, the use of these parthenocarpic mutants in breeding programs remains limited.

Parthenocarpic fruit-set can be attained by natural genetic manipulation (Ficcadenti et al., 1999; Carmi et al., 2003), induction via exogenous application of phytohormones (auxins, CKs, and GAs) to the ovary (de Jong et al., 2009a; Ding et al., 2013), elevating the levels of these endogenous phytohormones, or enhancing the response of ovaries and ovules to auxins and GAs (de Jong et al., 2009a; Wang et al., 2009; Takisawa et al., 2018; Matsuo et al., 2020; Wang et al., 2020). At the molecular level, GA is the key hormone in the fruit-set process. Auxin and GA interact and form a feedback loop to promote fruit set in tomato (de Jong et al., 2009a; Hu et al., 2018). Auxin is induced in the fertilized ovules and then transported to the pericarp to activate GA synthesis, which releases ovary growth repression (Serrani et al., 2010). Meanwhile, high GA levels in the gynoecium are essential for the initiation of auxin biosynthesis in the ovules (Vivian-Smith and Koltunow, 1999).

In addition to auxin, ethylene prevents fruit set by inhibiting the perception of GAs (Shinozaki et al., 2015). Furthermore, abscisic acid (ABA) counteracts the effect of GAs on fruit set in pea (Carboneil and Garda-Martinez, 1980). In turn, CK is believed to interact with auxin to promote cell proliferation during fruit development (Srivastava and Handa, 2005; Ding et al., 2013). Unlike auxins, GAs, and CKs, which increase in association with fruit set, ABA and ethylene levels decrease (Kojima et al., 1993; Shinozaki et al., 2015). Recently, ABA was shown to have a negative effect on fruit set. Overexpression of SlNCED3 increases ABA level in the ovary and reduces fruit-set rate (Kai et al., 2019).

Although many studies have been conducted to elucidate the molecular mechanism responsible for the regulation of obligate parthenocarpy, the regulation of facultative parthenocarpy remains unexplained. Previously, we isolated the TOPLESS gene family from tomato and proposed that genes in this family may participate in the auxin-signaling pathway by interacting with Aux/IAA members in tomato (Hao et al., 2014). However, to date, their function in fruit development has not been studied. SlTPL1, which was expressed to a high level in flowers, interacted with IAA9, whose mutation resulted in facultative parthenocarpic fruit formation (Wang et al., 2009; Mazzucato et al., 2015). As the precise role of SlTPL1 in facultative parthenocarpy remains unclear, in this study, we conducted experiments in which SlTPL1-silenced tomato plants were generated using RNA interference (RNAi) technology. SlTPL1-RNAi plants produced fruit with similar phenotypes that did not show pleiotropic effects under normal conditions. However, they produced seedless fruit upon emasculation and under heat-stress conditions. SlTPL1-RNAi flower buds contained higher levels of CK and lower levels of ABA, while the down-regulation of SlTPL1 resulted in reduced expression levels of CK metabolic genes, thereby inducing the expression of genes related to cell wall and cytoskeleton organization. Based on these data, we propose that SlTPL1 participates in the regulation of facultative parthenocarpic fruit formation by modulating the CK level during fruit development.



MATERIALS AND METHODS


Plant Materials, Growth Conditions, and Plant Transformation

SlTPL1-RNAi transgenic tomato plants were generated by Agrobacterium-mediated transformation according to the method described by Hao et al. (2015). The SlTPL1-RNAi vector was constructed by cloning a specific cDNA fragment (277 bp) of SlTPL1 into the pHellsgate 12 vector. The primers used in the fragment amplication is TPL1-RNAi-attb1 and TPL1-RNAi-attb2 which were listed in the Supplementary Table 10. Wildtype (Solanum lycopersicum L. “Micro-Tom”) and transgenic tomato plants were cultivated in a greenhouse at the College of Horticulture of the South China Agriculture University. The culture medium and growth conditions were as previously described (Guan et al., 2018). The primers used for cloning and verification of transgenic plants are listed in Supplementary Table 10. Flower buds at 2, 4, 6, and 8 mm in length, and at anthesis were sampled for analysis. Petals, sepals, stamens, and carpels were sampled at anthesis. Ovaries at 2 days BA, at anthesis (An), and 4 days post-anthesis stage were also collected for the gene expression study. All tissue samples were immediately frozen with liquid nitrogen and stored at -80°C until use.



Flower and Fruit Phenotypes

Ten plants from each non-transgenic and transgenic line were used. Twenty flowers were retained per plant and the number of set fruits per plant was recorded to calculate average fruit setting rate. All non-transgenic and transgenic plants were dated at anthesis and fruit breaking stages, and the length of fruit development was calculated. Twenty-five fruits at the breaking plus 7-day stage were used to calculate fruit weight, fruit size, seed number, hue angle value, and TSS content. Fruit at mature green (MG), breaking (Br), Br + 1, Br + 2, Br + 4, and Br + 7 day stages were collected from WT and transgenic plants for ethylene production measurement. At least five fruit at each developmental stage were sampled. A Student’s t-test was used to perform statistical analysis. Differences were considered significant at P < 0.05.



Phytohormones Contents Measurement

Ovaries at 2 days before anthesis stage (E0) were collected from WT and SlTPL1 RNAi plant and immediately frozen in liquid nitrogen. Three replicates were prepared for each genotype. Phytohormones contents were detected by MetWare1 based on the AB Sciex QTRAP 6500 LC-MS/MS platform. For GA extraction, the internal standards were added to plant samples, and then the fresh plant materials were ground into powder under liquid nitrogen and extracted with 500 ul acetonitrile (ACN) (Darmstadt, Germany). For other hormones extraction, fresh tissues powder were extracted with 1mL methanol/water/formic acid (15:4:1, V/V/V). The sample extracts were analyzed using an LC-ESI-MS/MS system (UHPLC, ExionLCTM AD2; MS, Applied Biosystems 6500 Triple Quadrupole). AB 6500 + QTRAP LC-MS/MS system, equipped with an ESI Turbo Ion-Spray interface, operating in both positive and controlled by Analyst 1.6 software (AB Sciex).



Emasculation and High Temperature Stress

Emasculation treatment was performed on five non-transgenic and five transgenic plants. Stamens were removed from the flower bud 2 days before anthesis and kept in the growth chamber for the fruit-set calculation. Each plant retained 20 emasculated flowers. Five non-transgenic and five transgenic plants were placed in the growth incubator at the beginning of the bud stage; at this point, daytime (16 h) and nighttime (8 h) temperatures were set at 35 and 30°C, respectively, for heat-stress treatment.



RNA-Seq Analysis

Flower buds of WT and SlTPL1-RNAi line 1 were emasculated 2 days before anthesis. The ovaries of the emasculated flowers from these two genotypes were removed at 0 and at 7 days after emasculation, immediately frozen in liquid nitrogen, and stored at −80°C. Three biological repeats were prepared for each sample, and each sample included at least 20 ovaries. All samples (three biological replicates) were sent to Guangzhou Gene Denovo Biological Technology Co., Ltd. (Guangzhou, China) for RNA isolation and RNA-Seq library preparation and sequencing. The cDNA libraries were sequenced using the Illumina HiSeqTM 2500. Sequence read mapping and assembly were as previously described by Song et al. (2018). DEGs were determined using an FDR < 0.05 threshold and an absolute value of | log2 (fold change)| > 1. GSEA was performed on the Guangzhou Gene Denovo Biological Technology Co., Ltd. (Guangzhou, China), OmicShare Tools3, a free online platform developed by Guangzhou GENE DENOVO Biotech.



RNA Isolation and qRT-PCR Analysis

Total RNA was provided by Gene Denovo Biological Technology Co., Ltd. (Guangzhou, China). cDNA was produced using the PrimeScriptTM RT Reagent Kit with gDNA Eraser (TaKaRa, RR047A). qPCR was performed using the LightCycler 480 Real-Time PCR system (Roche, Basel, Switzerland) with SYBR Premix Ex Taq (TaKaRa Bio, Inc.), and relative gene expression was calculated using the expression levels of the housekeeping gene SlUBQ and the 2–ΔΔCt method (Livak and Schmittgen, 2001). The expression of 13 genes selected from RNA-seq was validated by qRT-PCR.



RESULTS


SlTPL1 Expression Level Increased After Fruit Set

Among all the genes in the SlTPL gene family, SlTPL1 was highly expressed in all tomato organs during flower development (Figure 1A). Using qRT-PCR, we checked the expression level of SlTPL1 during the process of tomato fruit-set in all flower organs and at different anther developmental stages to obtain a more precise characterization of the expression pattern of SlTPL1 during flower development. The results showed that SlTPL1 displayed a reverse trend to that of SlARF7, which decreased sharply in the ovary at anthesis and then increased when fruit set was completed (Figure 1C). SlTPL1 transcripts accumulated in sepals, petals, anthers, and carpels at anthesis, particularly in the anthers (Figure 1B). Furthermore, SlTPL1 expression increased with anthers development (Figure 1D). Additionally, as auxin and GAs are the main hormones involved in the fruit-set process, we checked the responsiveness of SlTPL1 to auxin and GA treatment. The results revealed that SlTPL1 was down-regulated by auxin treatment (Figure 1E) but did not respond to GA treatment (Figure 1F).
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FIGURE 1. Expression pattern analysis of SlTPL1 by qRT-PCR. (A) Heat map of expression levels of SlTPLs family genes in various tomato organs based on the RNA-seq data on the tomexpress website. (B–D) Expression pattern of SlTPL1 in tomato organs by qRT-PCR. (E–G) Expression pattern of SlTPL1 under auxin, GA, and heat treatment. T-test was used for statistical analyses of comparison between the control and each treatment, *P < 0.05, **P < 0.01. BA-ovary: ovaries at 2 days before anthesis. An-ovary: ovaries at anthesis. PA-ovary: ovaries at 4 days post anthesis. 2 mm: anther from a 2-mm flower bud; 4 mm: anther from a 4-mm flower bud; 6 mm: anther from a 6-mm flower bud; 8 mm: anther from an 8-mm flower bud; An: anther of a flower at anthesis.




SlTPL1 Silencing Increased Tomato Fruit-Set Capacity After Flower Emasculation and Under Heat-Stress Conditions

Aiming to elucidate the role of SlTPL1 in the determination of fruit-set capacity in tomato, we used RNAi technology to develop SlTPL1 down-regulated transgenic plants. qRT-PCR was performed to check the level of expression of SlTPL1 in these homozygous transgenic plants. The results showed that SlTPL1 was significantly reduced in three RNAi lines (line1, line2, and line3) compared with that in the non-transgenic lines (Figure 2). Two of the three SlTPL1 RNAi lines (line2, line 3) retained 70% of the control mRNA level; one SlTPL1 RNAi line (line1) showed the greatest decrease in SlTPL1 expression, retaining only 43% of the control mRNA level (Figure 2). The morphometrical characterization of SlTPL1 RNAi lines showed that two RNAi lines (line2, line3) had a similar fruit-set rate as the wildtype (WT), and line1 exhibited lower fruit-set rates than the WT (Figure 3A). There was no difference in fruit size (Figure 3B), fruit weight (Figure 3C), or seed number (Figure 3D) between the WT and the three RNAi lines, but the days from anthesis to breaker fruit stage were more in the RNAi lines than in the WT (Supplementary Figure 1C), indicating that fruit development was slower in the three RNAi lines than that in the WT.
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FIGURE 2. Expression level analysis of six SlTPLs (SlTPL1, SlTPL2, SlTPL3, SlTPL4, SlTPL5, and SlTPL6) in WT and SlTPL1-RNAi lines by qRT-PCR. T-test was used for statistical analyses of comparison between the WT and each line, *P < 0.05; **P < 0.01.
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FIGURE 3. (A-D) Phenotyping of SlTPL1-RNAi tomato plants. Characterization of fruit set, fruit size, fruit weight, and seed number in SlTPL1-RNAi plants. T-test was used for statistical analyses of comparison between the WT and each line, *P < 0.05.


To further understand the function of SlTPL1 on tomato fruit-set capacity, we emasculated WT and SlTPL1 RNAi flowers in the greenhouse to determine their fruit-set capacity (Figure 4A and Supplementary Figure 2A). Additionally, we cultured the WT and SlTPL1 RNAi lines in a growth chamber under 35/30°C day/night temperature regime as heat-stress treatment to check their fruit-set capacity (Figure 4B and Supplementary Figure 2C). The results showed that WT plants failed to set fruit, while the SlTPL1 RNAi lines set fruit at a rate that ranged from 19% to 43% after emasculation (Figure 4C). When the fruit turned red, we verified the seed number in them; no seeds were found in these fruits (Supplementary Figure 2B). Heat stress produced similar results with respect to fruit-set rate, with the WT losing the capacity to set fruit, whereas RNAi plants retained 16–30% of their fruit-set capacity (Figure 4D). No seeds were found in the seeded fruit of the progenies derived from the RNAi lines (Supplementary Figure 2D). Meanwhile, SlTPL1 was up-regulated by heat stress (Figure 1G).


[image: image]

FIGURE 4. Fruit set analysis of WT and SlTPL1-RNAi plants after emasculation and under heat stress treatment. (A) Fruit photos of WT and SlTPL1-RNAi lines after emasculation treatment; (B) Fruit photos of WT and SlTPL1-RNAi lines after heat stress treatment; (C) Fruit set calculation of WT and SlTPL1-RNAi lines after emasculation treatment; (D) Fruit set calculation of WT and SlTPL1-RNAi lines after heat-stress treatment.




Measurement of Endogenous Hormone Levels in Emasculated Flower Buds of the WT and SlTPL1 RNAi Plants

As the hormone levels of ovaries are important for fruit set, we detected the endogenous hormone content in the ovaries of emasculated flowers of WT and SlTPL1-RNAi line1 plants. The results revealed that CKs (DZ, IP) levels in WT tomato plants were significantly lower than those in the emasculated flower buds of SlTPL1 RNAi plants at 2 days before anthesis (BA). The levels of active GAs, GA1 and GA3, showed no change. Conversely, ABA levels decreased (Table 1).


TABLE 1. Hormone levels in emasculated flower bud of WT and SlTPL1RNAi line1.

[image: Table 1]


Experimental Design for Transcriptomic Analysis of the Fruit-Set Process in Emasculated Flowers of SlTPL1-RNAi and WT Plants

As described above, SlTPL1-RNAi plants produced facultative parthenocarpic fruit. To further study the gene network involved in the regulation of facultative parthenocarpy, RNA-seq was performed on the emasculated fruit ovary at zero (E0) and 7 days (E7) after emasculation of fruit ovary. The complete experimental design included three parallel experiments. The first experiment was conducted to identify the genes whose expression is associated with the successful transition from ovary to fruit in SlTPL1-RNAi plants (SlTPL1RNAi E0 vs. SlTPL1RNAi E7). The second experiment was conducted to identify genes related to failure in the ovary-to-fruit transition in the WT (WT E0 vs. WT E7). Finally, the third experiment aimed to identify genes directly or indirectly regulated by SlTPL1 in the ovary tissues (E0, E7) that are common to WT and SlTPL1-RNAi plants (WT E0 vs. SlTPL1RNAi E0; WT E7 vs. SlTPL1RNAi E7). Both E0 and E7 included three biological replicates and generated 12 libraries. Among the 35,074 genes in the tomato genome, our RNA-seq data indicated that 93–95% of short clean reads were uniquely mapped to the tomato genome (Solanum lycopersicum ITAG4.0). The annotated gene numbers in the 12 libraries ranged from 22,509 to 23,970. Approximately, 594 novel transcripts were identified in the 12 libraries, each of which contained more than 530 novel genes (Supplementary Table 1).

To identify candidate genes that are vital for the ovary-to-fruit transition process, we performed a comprehensive analysis of gene expression related to the fruit set in WT failed ovaries and in SlTPL1-RNAi successful ovaries that completed the transition to fruit. In all, 4789 and 2774 differentially expressed genes (DEGs) in the fruit set were detected in SlTPL1-RNAi and WT plants, respectively (Figure 5B and Supplementary Table 2). Among them, 3409 and 1394 DEGs were specifically expressed in the transition of ovary to fruit in SlTPL1-RNAi and WT ovaries, respectively (Figure 5B and Supplementary Table 3). A total of 1380 DEGs were found to be common to both WT and SlTPL1-RNAi plants during the ovary-to-fruit transition (Figure 5C and Supplementary Table 3), and among common DEGs, 280 showed a reversed expression pattern (Figure 5D and Supplementary Table 3). Additionally, among the 3689 (3409 + 280) DEGs, 231 (113 + 118) were regulated by SlTPL1 in E0 ovaries (Figure 5E and Supplementary Table 4). Furthermore, of the 231 DEGs regulated by SlTPL1 in E0 ovaries, 118 showed SlTPL1-dependent regulation in both E0 and E7 ovaries (Figure 5E and Supplementary Table 4).
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FIGURE 5. Differentially expressed genes (DEGs) analysis in WT and SlTPL1-RNAi plants after emasculation at E0 and E7 stages. (A) Principal component analysis (PCA) of the four group samples (WT-E0, yellow; A-E0, blue; WT-E7, red, and A-E7 green); the x-axis represents the first principal component and the y-axis represents the second; (B) Histograms showing the DEGs in WT and SlTPL1-RNAi plants after emasculation at E0 and E7 stages; (C) Venn diagrams showing the overlapping DEGs during fruit set process (E0 vs. E7) in ovaries of emasculated WT and SlTPL1-RNAi flowers; (D) Venn diagrams showing the overlapping DEGs of up-regulated and down-regulated DEGs during fruit set process (E0 vs. E7) in ovaries of WT and SlTPL1-RNAi flowers; (E) Venn diagrams showing the overlapping DEGs between 3689 specifically expressed genes during fruit set process and DEGs differently expression in WT and SlTPL1-RNAi ovaries at E0 and E7 stages. WT-E0: ovaries of wild type tomato at 0 day after emasculation; WT-E7: ovaries of wild type tomato at 7 days after emasculation; A-E0: ovaries of SlTPL1RNAi tomato at 0 day after emasculation; A-E7: ovaries of SlTPL1RNAi tomato at 7 days after emasculation.




Transcriptome Analysis of Failed and Successful Fruit Set in Ovaries of Emasculated Flowers of WT and SlTPL1-RNAi Plants

Principal component analysis (PCA) of the RNA-seq samples revealed highly repeatability of three replicates of each sample and huge differences among ovaries at the E7 stage between the wild type and SlTPL1RNAi (Figure 5A). Statistical analysis indicated that 1467 up-regulated DEGs and 3322 down-regulated DEGs were identified in the ovary-to-fruit transition in SlTPL1-RNAi plants (Figure 5B). In contrast, 1228 up-regulated and 1546 down-regulated DEGs were found in the ovary-to-fruit transition in the WT (Figure 5B). Using PlantGSEA, we subsequently performed a gene set enrichment analysis (GSEA) of DEGs identified in WT and SlTPL1-RNAi plants. Using p < 0.05 as significance threshold, nine and eleven Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were significantly enriched in WT and SlTPL1-RNAi plants, respectively (Tables 2, 3 and Supplementary Tables 5, 6). Seven of the nine pathways, namely, “Cutin, suberine and wax biosynthesis,” “Arachidonic acid metabolism,” “DNA replication,” “Nitrogen metabolism,” “Fructose and mannose metabolism,” “Brassinosteroid biosynthesis,” and “Glutathione metabolism,” were down-regulated in the WT (Table 2). By contrast, two of the nine pathways, “Butanoate metabolism,” and “Phenylpropanoid biosynthesis,” were up-regulated in the WT (Table 2 and Supplementary Table 5). Six pathways were up-regulated, while five were down-regulated in SlTPL1-RNAi plants. “Plant hormone signal transduction,” “Fructose and mannose metabolism,” and “RNA polymerase” were up-regulated in SlTPL1-RNAi plants, while “Oxidative phosphorylation,” “Galactose metabolism,” and “Nicotinate and nicotinamide metabolism” were down-regulated in SlTPL1-RNAi plants (Table 3 and Supplementary Table 6). “Fructose and mannose metabolism” and “Plant hormone signal transduction” showed a reversible trend in WT and SlTPL1-RNAi plants, indicating an important role of these pathway in successful ovary-to-fruit transition.


TABLE 2. Enriched gene sets in genes up-regulated and down-regulated in WT during fruit set process by PlantGSEA.
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TABLE 3. Enriched gene sets in genes up-regulated and down-regulated in SlTPL1RNAi during fruit set process by PlantGSEA.
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Transcriptome Analysis of Specific Gene Expression in the Ovary-to-Fruit Transition of Ovaries From Emasculated Flowers in SlTPL1-RNAi Plants

To identify candidate genes that are vital for the ovary-to-fruit transition process, we performed a comprehensive analysis of gene expression related to fruit set in WT ovaries that failed to set fruit and in SlTPL1-RNAi that successfully set fruit. In all, we found 3689 DEGs specifically related to successful fruit set in SlTPL1-RNAi plants, including 3409 DEGs specifically expressed in the SlTPL1-mediated fruit set process plus 280 DEGs common to WT and SlTPL1-RNAi plants, which were reversely expressed in SlTPL1-RNAi and WT during fruit set (Figure 5D and Supplementary Table 3). To gain further insight into the putative functions of these genes, all 3689 DEGs, of which 1087 were up-regulated and 2602 down-regulated, were collected for GSEA using PlantGSEA. Using p < 0.05 as significance threshold, four up-regulated and four down-regulated KEGG pathways were found to be significantly enriched in SlTPL1-RNAi plants (Figure 6A and Supplementary Table 7). “Fructose and mannose metabolism” and “Plant hormone signal transduction” were significantly up enriched in the SlTPL1-RNAi plants. The genes involved in auxin, GA, and Br signaling pathways were up-regulated in the successful fruit-set process of the SlTPL1-RNAi plants. In contrast, they were down-regulated or unchanged in the failed fruit-set process of WT plants (Figure 6B and Supplementary Table 7). Furthermore, genes involved in fructose and mannose metabolism were up-regulated in the fruit set of SlTPL1-RNAi plants but remained unchanged in the WT (Figure 6B).
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FIGURE 6. Functional analysis of DEGs specifically expressed in SlTPL1RNAi tomato ovaries. (A) Enriched gene sets of specifically up-regulated and down-regulated expressed genes in SlTPL1-RNAi plants during fruit set process as per PlantGSEA (B) heatmap of DEGs in gene sets of plant hormone signaling transduction and gene sets of fructose and mannose metabolism.




Transcriptome Analysis of SlTPL1-Dependent DEGs in the Ovary-to-Fruit Transition in Ovaries of Emasculated SlTPL1-RNAi Plants

We compared DEGs between WT and SlTPL1-RNAi in the ovary E0 and E7 in an attempt to reveal candidate genes responsive to SlTPL1 down-regulation that might be function in fruit set in SlTPL1-RNAi plants. The results showed 581 DEGs in E0 ovaries between WT and SlTPL1-RNAi plants, among which 231 were also significantly and uniquely expressed in the SlTPL1-RNAi fruit-set process. Furthermore, among these 231 DEGs, 118 were differentially expressed in E0 and E7 samples between WT and SlTPL1-RNAi plants (Figure 5E and Supplementary Table 4).

To gain further insight into the putative functions of these genes, all 581 DEGs were used for GSEA using PlantGSEA. Using p < 0.05 as significance threshold, three KEGG pathways, “Zeatin biosynthesis,” “Protein processing in endoplasmic reticulum,” and “Ascorbate and aldarate metabolism,” were significantly enriched (Figure 7A, Supplementary Figure 3, and Supplementary Table 8). DEGs involved in “Zeatin biosynthesis” were down-regulated in SlTPL1-RNAi after emasculation compared to that in WT (Figures 7B,C).
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FIGURE 7. Functional analysis of DEGs specifically expressed in SlTPL1RNAi tomato ovaries at E0 stage. (A) Significantly enriched gene sets of DEGs in ovaries of emasculated flowers between WT and SlTPL1-RNAi plants at E0 stage; (B–C) Zeatin biosynthesis pathway and heatmap of DEGs in the gene set of Zeatin biosynthesis.


To reduce the scope of SlTPL1-mediated gene regulation involved in facultative parthenocarpy, we performed functional categorization of the 118 DEGs in E0 and E7 samples between WT and SlTPL1-RNAi plants. Among the 118 DEGs, 18 were involved in cell wall organization, transcription factor, and hormone actions (Figure 8); four were found to be involved in phytohormone pathways: solyc06g053830.3.1 (IAA14), solyc01g110940.3.1 (SAUR20), solyc09g064160.3.1 (YUCCA), and solyc12g008900, (CKX3) (Figure 8). YUCCA is an enzyme involved in auxin biosynthesis. According to our RNA-seq data, YUCCA was down-regulated in the SlTPL1-RNAi samples. The expression of genes involved in hormone signaling also changed, such as the auxin-signaling component SAUR and IAA. CKX3 is related to CK metabolism, and its expression level was reduced in the E0 ovary of SlTPL1-RNAi plants. Based on the public RNA-seq data of tomato oaries involved in auxin, GA and artificial fruit set process (Ruiu et al., 2015; Tang et al., 2015), we found that SlTPL1 and SlCKX3 were both down-regulated in the auxin, GA and artificial triggered fruit set ovaries (Figure 8B). Meanwhile, we also found SlCKX3 was down-regulated in the pat ovaries (Figure 8C). All the genes involved in cell wall organization were induced in SlTPL1-RNAi plants. Five kinds of transcription factors were found: BBX-DBB, MYB, DOG, ERF, bHLH, and DOF (Figure 8). All these transcription factors were down-regulated in SlTPL1-RNAi plants. As previously reported, SlTPL1 interacted with most Aux/IAAs. We detected AuxRE in the promoters (3000 bp upstream of ATG) of the above 18 genes. The results showed that one ethylene-signaling pathway transcription factor ERF (solyc03g093550.1) and two genes (solyc08g006810.1 and solyc06g054660.1) involved in cell wall organization contained the auxin response element in their promoters (Figure 8), suggesting a possible network downstream of the auxin-signaling pathway-related genes.
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FIGURE 8. (A) Heatmap of DEGs in the gene set comprising 118 genes involved in hormone biosynthesis and signaling pathways, transcription factor, cell wall and cytoskeleton organization, and other genes involved in the fruit set process; (B) The expression data of SlCKX3 and SlTPL1 in tomato ovaries after artificial, auxin and GA triggered fruit set. 6DPE: 6 days post emasculation. 4DPAP: 4 days post artificial pollination. 4DPAT: 4 days post auxin treatment. 4DPGT: 4 days post gibberellin treatment. (C) The expression data of SlCKX3 in pat ovaries. pat2: pat ovaries at 2 days before anthesis stage; pat3: pat ovaries at 0 days post anthesis stage. pat5: pat ovaries at 2 days post anthesis stage. WT2: wild type ovaries at 2 days before anthesis stage; pat3: wild type ovaries at 0 days post anthesis stage. WT5: wild type ovaries 2 days post anthesis stage.




Validation of RNA-Seq Data by qRT-PCR

We amplified 13 genes by qRT-PCR using specific primers to confirm the accuracy and reproducibility of RNA-seq expression profiles. This results revealed that all 13 genes displayed the same trend, and the Pearson correlation coefficient between RNA-seq and qRT-PCR data was 0.92 (P < 0.0001), indicating that the RNA-seq was reliable (Supplementary Figure 4).



DISCUSSION


SlTPL1 May Form a Complex With IAA and ARF to Repress Gene Transcription in Facultative Parthenocarpic Fruit Formation

The TPL/TPR family of co-repressors functions as a central regulatory hub regulating all nine phytohormone pathways and controlling plant development, including meristem maintenance, fruit ripening, and anthocyanin accumulation (Gallavotti et al., 2010; Fukazawa et al., 2014; Hao et al., 2014; Qu et al., 2019; Hu et al., 2020). As TPL proteins lack DNA-binding activity, they are incorporated into transcription complexes by interacting with transcription factors to repress gene expression in various processes (Causier et al., 2012, 2014). Previously, we showed that SlTPL proteins interact with most of the Aux/IAA proteins, implying an important role in auxin signaling (Hao et al., 2014). Here, auxin signaling was induced in SlTPL1-RNAi ovaries. Meanwhile, SlTPL1 exhibited a pollination-dependent expression pattern, i.e., the expression level increased after pollination, implying an important role in the fruit-set process. SlARF7, whose down-regulation resulted in parthenocarpic fruit, showed a reverse expression pattern with SlTPL1. SlARF7 showed a sharp increase at the anthesis stage, and then decreased after pollination (de Jong et al., 2009b, 2011). It has been reported that ARF7 and IAA9 interact with each other, and both down-regulation of IAA9 and ARF7 additively affected the parthenocarpic fruit formation in tomato (Hu et al., 2018). Meanwhile, other ARF activators such as ARF5, ARF8b were also down-regulated in the ARF7 RNAi ovaries (Hu et al., 2018). Extensive interactome studies revealed that most Aux/IAAs interact with the TPL proteins. Additionally, ARF activators also interact with most Aux/IAAs, whereas no interaction between the ARF activator and TPL proteins has been reported (Causier et al., 2012, 2014; Piya et al., 2014). In our previous study, SlTPL1 has been reported to interact with most Aux/IAAs, including IAA9, whose down-regulation resulted in facultative parthenocarpy (Wang et al., 2009; Mazzucato et al., 2015). There is no interaction between SlTPL1 and ARF activators ARF7, ARF8, and ARF5, while IAA9 could interact with all of these activators in tomato. The down-regulation or up-regulation of these ARFs activators resulted in parthenocarpic fruit formation in tomato (Goetz et al., 2007; de Jong et al., 2009b, 2011). All of these data indicated that these ARF activators may function together in the fruit set process. In the SlTPL1RNAi ovaries, the auxin signaling pathway component were up-regulated (Figure 6B), and SlTPL1 was down-regulated in the auxin triggered parthenocarpy ovaries (Figure 8B). Based on the public RNA-seq data of dissected tomato ovaries (Pattison et al., 2015), we found that IAA9, ARFs activators and SlTPL1 expressed in all the tomato tissues (Supplementary Figure 5). Together with the parthenocarpy phenotypes and protein-protein interaction result we believed they may function together, but how? In Arabidopsis, TPL1 forms a complex with IAA12 and ARF5 to suppress the expression of auxin-responsive genes in the absence of auxin during embryogenesis (Szemenyei et al., 2008). We assumed that SlTPL1 may form a complex with IAA9 and ARF activators to suppress the expression of auxin-responsive genes in the fruit set process. However, the exactly working mechanism warrants further research.



Increased CK Levels May Account for Facultative Parthenocarpy in SlTPL1-RNAi Plants

Hormone levels play an important role during ovary-to-fruit transition. IAAs and GAs are the main players in this process (Srivastava and Handa, 2005). Thus, exogenous IAA or GA treatment can trigger parthenocarpy without the need for pollination or fertilization (Mazzucato et al., 1999; de Jong et al., 2009a). Consistently, high IAA and GA levels are found in some parthenocarpic fruit mutants (Fos et al., 2000; Takisawa et al., 2018; Wang et al., 2020). The same situation was found in facultative parthenocarpic fruit; increased IAA and GA levels have been found in some facultative parthenocarpic mutants, such as pat, pat2, and Auccisa (Mazzucato et al., 1998; Fos et al., 2000; Molesini et al., 2009; Ribelles et al., 2019). Besides auxins and GAs, CKs and ABA are involved in the fruit-set process (Mariotti et al., 2011; Matsuo et al., 2012; Ding et al., 2013; Kai et al., 2019). Exogenous application of CKs induced parthenocarpy in tomato (Matsuo et al., 2012). The endogenous level of CKs has been shown to be directly correlated with fruit growth by promoting cell division (Ding et al., 2013). Recently, elevated CK levels were found in the alq mutant, which produced facultative parthenocarpic fruit under saline conditions. The alq ovaries exhibited higher pericarp thickness, which was associated with an increase in the number of cell layers. Meanwhile, CKs, which actively promote cell division, are significantly induced in the alq ovaries at anthesis. Thus, the increase in endogenous CKs is believed to be one of the factors determining early fruit set in alq (Ribelles et al., 2019). In our study, in addition to IAAs, GAs, and ABA, only the CK levels (DZ, IP) were higher in emasculated flower buds of SlTPL1-RNAi than in the WT. The genes involved in the cell cycle were up-regulated in SlTPL1-RNAi ovaries during the fruit-set process, while they were down-regulated in WT ovaries during fruit set. Meanwhile, the CKX3, involved in CK metabolism (Gasparis et al., 2019), was significantly down-regulated in emasculated flower buds, consistently with the increased CK levels observed in SlTPL1-RNAi plants. Based on the public RNA-seq data involved in tomato fruit set process, we found that SlTPL1 and SlCKX3 displayed similar expression pattern that they were both down-regulated in the artificial, auxin and GA triggered tomato fruit set ovaries. Meanwhile, SlCKX3 was also down-regulated in the pat ovaries, indicating its important role in the parthenocarpy fruit formation. Coincidentally, there are TGA element, which is an auxin-responsive element and GA responsive element in the SlCKX3 promoter (Supplementary Table 9). All of these data indicated that SlCKX3 is realted to the pathernocarpy fruit formation and it may function downstream of the auxin and GA. Therefore, we assumed that SlTPL1 likely regulates facultative parthenocarpy by down-regulating SlCKX3 expression, thereby allowing CK levels to increase (Figure 9). However, the specifics of this regulation warrants further research.
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FIGURE 9. Hypothetical model showing the concerted action of S1TPL1 and SIIAA9 in the regulation of fruit set by modulating cytokinin metabolite related gene expression.


In facultative parthenocarpic mutants, the ABA levels are low in the ovaries (Ribelles et al., 2019). Previously, ABA was thought to be an additional player in the regulation of tomato fruit-set, together with other plant hormones (McAtee et al., 2013). Furthermore, ABA presumably inhibits ovary growth until fruit set, as ABA levels are high in mature ovaries but decrease after pollination (Kojima et al., 1993). However, application of ABA or ABA biosynthesis inhibitor fluridone neither inhibited nor increased the rate of fruit-set. Recently, new insights were gained into the role of ABA in the fruit-set process. Kai showed that overexpression or down-regulation of the ABA biosynthesis gene SlNCED1 induced and reduced ABA levels in tomato anthers, resulting in poor pollen germination and pollen activity, thus, leading to poor fruit-set capacity (Kai et al., 2019). In our study, ABA levels were low in SlTPL1-RNAi ovaries, which may account for the low fruit-set rate observed under normal conditions.



Other Hormones May Also Be Regulated by SlTPL1 During Fruit Set

Transcriptional co-repressors participates in GA signaling by interacting with GAF1 (Indeterminate domain 1 IDD1), which also interacts with DELLA to activate gene expression. GA converts the GAF1 complex from a transcriptional activator into a repressor via the degradation of DELLAs (Fukazawa et al., 2014). In our study, we found that the GA signaling component PIL3 was induced in SlTPL1-RNAi ovaries, but they were not dependent on SlTPL1 down-regulation. Meanwhile, the screening of Y2H library results revealed that SlTPL1 interacts with protein IDD (data not shown), which belongs to the indeterminate domain 1 protein family, indicating that SlTPL1 regulates facultative parthenocarpy by mediating GA signaling pathways.

The gaseous hormone ethylene, which plays an important role in fruit ripening, has been shown to suppress the initiation of fruit set by down-regulating GA accumulation (Shinozaki et al., 2015). The ethylene-insensitive-Sletr11 mutation produced parthenocarpic fruit, and fruit-set was effectively inhibited by PAC treatment. Sletr1–1 parthenocarpic fruits did not exhibit increased auxin accumulation but rather had increased levels of bioactive GAs, indicating that ethylene functions downstream of auxin but upstream of GAs (Shinozaki et al., 2015). In our study, the ethylene response factor 5, whose promoter contains an auxin-responsive element, was down-regulated in SlTPL1-RNAi plants at both E0 and E7 stages, indicating a possible role of ERF5 in connecting auxin-signaling and ethylene-signaling pathways in the fruit-set process. Further experiments are needed to confirm this finding.

The phenotypes of SlTPL1-RNAi lines along with the RNA-seq and protein–protein interaction data previously reported, implying that SlTPL1 together with IAA9 are instrumental in the regulation of fruit set by participating in the auxin-signaling pathway. The interaction between SlTPL1 and IAA9 seems to affect CK levels, thus, leading to ovary growth and promoting fruit set without pollination, which ultimately results in facultative parthenocarpic fruit formation. Overall, the outcome of this study adds to our understanding of the molecular factors involved in facultative parthenocarpy and provides potential targets for breeding strategies aimed at controlling this important trait.
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Supplementary Figure 1 | Phenotyping of SlTPL1-RNAi tomato plants. Characterization of TSS content, Hue angle, fruit development, and ethylene production in SlTPL1-RNAi plants.

Supplementary Figure 2 | Photographs of WT and SlTPL1-RNAi flowers after emasculation and under heat stress conditions. (A) Photos of emasculated flowers ovaries after 20 days emasculation; (B) Red fruits developed from ovaries of emasculated flowers of SlTPL1-RNAi lines. (C) Photos of plants cultured under heat stress. (D) Red fruits developed from ovaries of SlTPL1-RNAi lines under heat stress.

Supplementary Figure 3 | Significantly enriched gene sets of DEGs in ovaries of emasculated flowers between WT and SlTPL1-RNAi plants at E0 stage.

Supplementary Figure 4 | Validation of the expression data from RNA-seq assay by quantitative real-time PCR (qRT-PCR). (A) Relative expression levels of eight genes determined by qRT-PCR and FPKM obtained by RNA-seq. Results for each gene are based on three biological and three technical replicates. Error bars indicate standard error. (B) Pearson’s correlation between RNA-seq data and qRT-PCR data is reliable, with R2 > 0.8 as significance threshold. The values were row Z-score of RPKM and qRT-PCR.

Supplementary Figure 5 | Heatmap of SlARFs activators, SlTPL1 and SlIAA9 in the dissections of tomato ovaries at anthesis and pollinated stages.
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The phytohormone auxin plays a pivotal role in the regulation of plant growth and development, including vascular differentiation and tree growth. The auxin/indole-3-acetic acid (Aux/IAA) and auxin response transcription factor (ARF) genes are key components of plant auxin signaling. To gain more insight into the regulation and functional features of Aux/IAA and ARF genes during these processes, we identified 38 AUX/IAA and 34 ARF genes in the genome of Salix suchowensis and characterized their gene structures, conserved domains, and encoded amino acid compositions. Phylogenetic analysis of some typical land plants showed that the Aux/IAA and ARF genes of Salicaceae originated from a common ancestor and were significantly amplified by the ancestral eudicot hexaploidization event and the “salicoid” duplication that occurred before the divergence of poplar and willow. By analyzing dynamic transcriptome profiling data, some Aux/IAA and ARF genes were found to be involved in the regulation of plant growth, especially in the initial plant growth process. Additionally, we found that the expression of several miR160/miR167-ARFs was in agreement with canonical miRNA–ARF interactions, suggesting that miRNAs were possibly involved in the regulation of the auxin signaling pathway and the plant growth process. In summary, this study comprehensively analyzed the sequence features, origin, and expansion of Aux/IAA and ARF genes, and the results provide useful information for further studies on the functional involvement of auxin signaling genes in the plant growth process.

Keywords: auxin signaling, Aux/IAA and ARF gene families, polyploidization events, dynamic transcriptome profiling, plant growth process


INTRODUCTION

Hormones play a central role in regulating plant growth and development, in which auxin is arguably the most important signaling molecule (Wang et al., 2015; Weijers and Wagner, 2016). The core components of the auxin signaling pathway are transport inhibitor-resistant 1/auxin signaling F-box (TIR1/AFB) auxin receptors, auxin/indole-3-acetic acid (Aux/IAA) transcriptional repressors, and auxin response factor (ARF) transcription factors, which play important roles in auxin-mediated growth and development by controlling auxin-responsive transcription (Hagen and Guilfoyle, 2002; Liscum and Reed, 2002; Berleth et al., 2004). When cellular auxin concentrations are low, Aux/IAA proteins act as repressors to inhibit DNA-binding ARF transcription factors and thus regulate auxin response elements (AuxREs) (Ulmasov et al., 1997b; Tiwari et al., 2001, 2004; Guilfoyle and Hagen, 2007). When cellular auxin concentrations are high, auxin increases the affinity of TIR1/AFB for Aux/IAA, thereby triggering the ubiquitin-mediated degradation of Aux/IAA proteins via the SCFTIR1/AFB E3 ligase complex (Gray et al., 2001; Zenser et al., 2001); the degradation of Aux/IAA proteins in turn allows ARF-mediated, auxin-responsive gene transcription to occur (Paponov et al., 2008).

Auxin/indole-3-acetic acid proteins are considered to act as repressors of auxin-responsive gene expression by interacting with ARF transcription factors via shared C-terminal domains (Tiwari et al., 2004; Yamaguchi et al., 2013). Aux/IAA proteins consist of N-terminal ethylene-responsive element binding factor-associated repressor (EAR) motifs that interact with TOPLESS (TPL) to inactivate ARF function (domain I) (Hiratsu et al., 2003; Tiwari et al., 2003); a middle region (MR) that contains the conserved amino acid sequence GWPP (V/I), which acts as the contact site for TIR1/AFB to promote degradation (domain II); and C-terminal Phox and Bem 1 (PB1) dimerization domains that mediate both homodimerization and heterodimerization among Aux/IAA and ARF proteins (domains III and IV) (Kim et al., 1997; Guilfoyle, 2015). ARF proteins mediate the expression of auxin-responsive genes by binding to the TGTCTC-containing cis-regulatory AuxREs found in the promoters of primary/early auxin response genes (Ulmasov et al., 1997a, 1999b; Tiwari et al., 2003). ARFs contain an N-terminal B3 DNA-binding domain (DBD) flanked on either side by dimerization domains, followed by a variable MR that confers transcriptional activator or repressor activity and a conserved C-terminal dimerization domain (CTD) that contains a PB1 domain involved in oligomerization and Aux/IAA-ARF heterodimerization (Ulmasov et al., 1999b; Tiwari et al., 2003). ARF proteins from early land plants can be divided into three classes, among which class A ARFs with a characteristic glutamine (Q)-rich MR are classified as transcriptional activators, and the remaining ARFs are transcriptional repressors and can be further divided into class C miR160-targeted ARFs and class B ARFs (Ulmasov et al., 1999a; Tiwari et al., 2003; Finet et al., 2013).

Genetic and phylogenetic analyses indicated that the components of the auxin signaling pathway originated from charophytes, and Aux/IAA and ARF already existed in charophyte genomes (Wang et al., 2015). The liverwort Marchantia polymorpha, a representative of the earliest-diverging land plants, harbors the most minimal auxin response machinery, in which a single TIR1/AFB ortholog, a single Aux/IAA, and three different categories of ARFs (A–C) are encoded by the genome, suggesting that the functional diversification of ARFs occurred before that of Aux/IAA and TIR1/AFB in the early stages of plant evolution (Flores-Sandoval et al., 2015). The moss Physcomitrella patens, the lycophyte Selaginella moellendorffii, and angiosperms diverged from each other between 700 and 450 million years ago (Lang et al., 2008). The genomes of both P. patens and S. moellendorffii encode multiple Aux/IAA and ARF proteins involved in the primary auxin response and form elaborate networks of auxin signaling components (Rensing et al., 2008; Banks et al., 2011). Analyses of the auxin response systems of higher plants have shown that the relatively simple auxin signaling mechanism of non-seed plants has evolved into a central regulator of many essential and diverse developmental processes in flowering plants. Phylogenetic analysis of the Aux/IAA and ARF families has shown that the two families have expanded independently in most flowering plants, including Arabidopsis (Liscum and Reed, 2002), poplar (Kalluri et al., 2007), rice (Sato et al., 2001; Jain et al., 2006), etc., suggesting that the seed plants are capable of complex auxin responses. According to the ratios of non-synonymous to synonymous nucleotide substitutions (Ka/Ks) among auxin signaling genes, positive selection has been detected in flowering plants, which may be the driving force for the evolution of the auxin signaling system (Paponov et al., 2009).

Tree growth involves a series of dynamic and continuous processes and is achieved by cell expansion and division activity in the vascular cambium. The plant hormone auxin plays an important role in regulating secondary growth and wood formation (Bhalerao and Fischer, 2014). The measurement of auxin levels across vascular cambial tissues in woody plants revealed a radial auxin concentration gradient, which may regulate cambial activity and the differentiation of cambial derivatives by providing positional signals to cells in the plant tissues (Uggla et al., 1996, 1998; Tuominen et al., 1997). Auxin may exert its influence on wood formation via the components of its signaling pathway, as suggested by the changes in the expression of many auxin-responsive genes, including auxin signaling genes, in wood-forming tissues (Andersson-Gunnerås et al., 2006; Nilsson et al., 2008). For example, the cambial auxin gradient is correlated with an expression peak of auxin signaling Aux/IAA genes in the developing xylem of hybrid aspen (Moyle et al., 2002). Genetic evidence has shown that the ARF5 (MONOPTEROS) gene triggers auxin-mediated signal transduction and vascular tissue formation, and loss-of-function mp mutants show a highly reduced leaf vein system and very little vascular tissue (Berleth and Jurgens, 1993; Przemeck et al., 1996). An ARF7 loss-of-function mutant displays altered leaf expansion, lateral root formation, and hypocotyl phototropism (Harper et al., 2000; Wilmoth et al., 2005).

Salix suchowensis, a small shrub willow reaching sexual maturity at 1 year of age, is an important bioenergy tree species. The chromosome-scale genome of S. suchowensis has been released (Wei et al., 2020). Given the importance of genes mediating auxin signaling in plant growth and development processes, the objectives of this study were as follows: (1) comprehensively identify Aux/IAA and ARF genes in the S. suchowensis genome and elucidate their sequence characteristics, genomic distribution, gene structures, and protein composition; (2) analyze polyploidization events and phylogenetic relationships to gain insight into the origin, evolution, and divergence of Aux/IAA and ARF genes in land plants; and (3) profile the dynamic expression patterns of Aux/IAA and ARF gene in cambium tissues at different growth stages and determine the candidate Aux/IAA and ARF genes that might be involved in the regulation of plant growth. These results will provide useful information for further studies in S. suchowensis and other trees to elucidate the functional involvement of Aux/IAA and ARF genes in diverse growth and development processes.



MATERIALS AND METHODS


Identification, Sequence Analysis, and Phylogenetic Construction of AUX/IAA and ARF Families

We identified candidate Aux/IAA and ARFs proteins in nine land plant species through three steps: first, we obtained the total proteins of S. suchowensis from S. suchowensis genome version 2.0 (Wei et al., 2020) and those of eight other species (M. polymorpha, P. patens, S. moellendorffii, Amborella trichopoda, Oryza sativa, Vitis vinifera, Populus trichocarpa, and Arabidopsis thaliana) from the Phytozome v131; second, we used A. thaliana Aux/IAA and ARF proteins as queries in BLASTP (Camacho et al., 2009) searches with an e-value cutoff of ≤1e−10 for predicted proteins in the eight genomes; and third, we employed HMMER v3.2.1 software (Finn et al., 2011) to examine protein domains using the Hidden Markov Model (HMM) profile of Aux/IAA (PF02309), DBD (PF02362), and Auxin_resp (PF06507) fetched from the Pfam database2. Subsequently, the conserved domains of all obtained Aux/IAA and ARF protein sequences were further checked by using both the NCBI conserved domain database (CDD) (Marchler-Bauer et al., 2011) and Simple Modular Architecture Research Tool (SMART) (Letunic and Bork, 2018) to confirm each candidate protein as an Aux/IAA or ARF protein.

All confirmed amino acid sequences of AUX/IAAs or ARFs were aligned using the ClustalW program with default parameters (Larkin et al., 2007). Phylogenetic trees were constructed using MEGA X via the neighbor-joining (NJ) method with 1000 bootstrap iterations (Kumar et al., 2018) and were further visualized and edited using the Interactive Tree of Life (iTOL) v5.7 web tool (Letunic and Bork, 2019).

Information about the physical locations of all AUX/IAA and ARF genes in S. suchowensis was obtained from the genome annotation GFF file, and the results were visualized using Circos (Krzywinski et al., 2009).



Analysis of AUX/IAA and ARF Genes Duplication and Evolution

To investigate duplicated genes in the whole genome, we identified all paralogous genes in nine genomes by running BLASTP searches with an e-value cutoff ≤1e−10 (Camacho et al., 2009). Segmental, tandem, proximal, and transposed duplications were analyzed using MCScanX-transposed software (Wang et al., 2013). We used KaKs_Calculator 2.0 to calculate Ka, Ks, and the Ka/Ks (ω) value between paralogous gene pairs with the YN model (Wang et al., 2010). Information on duplicated AUX/IAA and ARF genes was filtered from the result of the whole-genome duplication analysis.



Plant Materials and Sample Collection

Long-term phenotypic observations of growth traits in the full-sib F1 family population showed that the S. suchowensis offspring clone “S3412” grew to the tallest height, while the clone “S328” grew to the shortest height during a full growth cycle. Specifically, clone “S3412” showed higher values of growth traits (stem height and ground diameter) than clone “S328” at each time point during growth. Therefore, to detect Aux/IAA and ARF genes involved in tree growth, these two contrasting progenies were selected to analyze the dynamic transcriptome profiles of SuIAAs and SuARFs during the willow growth process. In detail, clones “S3412” and “S328” were asexually propagated from 15 cm uniform woody cuttings in open air under a natural photoperiod and received daily watering. Based on the growth curve measured and fitted from annual progenies, we determined six sampling time points from the primary growth stage to the fast growth and stationary growth stages (Supplementary Figure 1). Specifically, mixtures of xylem, vascular cambium, and phloem were collected from the two clones, “S3412” and “S328,” at 45, 75, 135, 195, 240, and 270 days after planting. In total, 36 samples (two different genotypes, six time points, and three biological replicates) were immediately frozen in liquid nitrogen and stored at −80°C for total RNA extraction.



RNA Isolation, Library Preparation, and Sequencing

For each sample, total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). The RNA quality was monitored on a 1% agarose gel, and the concentration was determined using a Qubit RNA Assay Kit with a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, United States). The messenger RNA (mRNA) and small RNA sequencing libraries were constructed with the TruSeq RNA Library Prep Kit and the TruSeq Small RNA Library Prep Kit for Illumina (Illumina, San Diego, CA, United States), respectively, following the manufacturer’s instructions. The quality of each library was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States), and they were sequenced on a high-throughput Illumina platform (Illumina, San Diego, CA, United States) with the inclusion of both mRNA sequencing (paired-end 150 bp) and small RNA sequencing (single-read 50 bp).



Bioinformatic Analysis of Sequencing Data

The raw mRNA reads for each sample were filtered with Trimmomatic (Bolger et al., 2014) to discard low-quality reads, trim adapter sequences, and eliminate low-quality bases. The clean reads were then aligned to the S. suchowensis genome using STAR (Dobin et al., 2013). Raw counts for each gene were derived using featureCounts (Liao et al., 2014). The mRNA expression levels of genes were normalized to fragments per kilobase of transcript per million fragments mapped (FPKM) values. Differential gene expression analysis between the two mRNA libraries was performed using the R packages of DESeq2 (Love et al., 2014), and the genes with an adjusted P < 0.01 were considered differentially expressed. We applied weighted gene correlation network analysis (WGCNA) to analyze the co-expression patterns of the SuIAA and SuARF genes in all samples (Langfelder and Horvath, 2008). The module eigengene (ME) corresponding to the first principal component was calculated for each module.

After removing the contaminant reads (adapter, polyA, and low-quality sequences and reads shorter than 18 nt or longer than 30 nt), the remaining small RNA reads were compared against several different small RNA reference databases using Bowtie2 (Langmead and Salzberg, 2012) to filter repeat sequences, ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), and other non-coding RNA (ncRNA). Conserved microRNAs (miRNAs) were identified by BLASTN (Camacho et al., 2009) searches against miRBase v22.1 (Kozomara et al., 2019). The miRNA expression levels in each sample were estimated according to the mapping results and normalized to the number of transcripts per million clean tags (TPM). Differentially expressed miRNAs between two samples were calculated using the DESeq2 R package (Love et al., 2014), and those miRNAs with an adjusted P < 0.01 were assigned as differentially expressed. Potential miRNA targets were identified using the psRNATarget web tool with the default parameters (Dai et al., 2018).




RESULTS


Identification and Sequence Analysis of SuIAAs and SuARFs

A total of 38 Aux/IAA genes were predicted in the S. suchowensis genome v2.0 (Figure 1 and Supplementary Table 2), which was equivalent to the 35 Aux/IAA genes previously predicted in the P. trichocarpa genome v1.1 (Kalluri et al., 2007) but slightly more than the 29 Aux/IAA genes found in the A. thaliana genome (Liscum and Reed, 2002). The length of the predicted SuIAA protein sequence is between 136 and 365 aa. All SuIAA genes were distributed on 10 chromosomes (Chr2, Chr3, Chr5, Chr6, Chr8, Chr10, Chr13, Chr14, Chr16, and Chr18) and one contig (Contig00694) in the S. suchowensis genome. The number of genes on each chromosome varied from 1 to 5, with the greatest number of SuIAA genes being found on chromosomes Chr2 and Chr16 and is the largest (Supplementary Table 1). The phylogenetic tree analysis of all SuIAA proteins showed that they form three subfamilies (Figure 2A). Most of the SuIAA proteins contained four conserved typical domains (I–IV). The SuIAA20.2 protein lacked domain II and may have a longer life cycle than other SuIAA proteins with domain II. Four SuIAA proteins (SuIAA34, SuIAA33.1, SuIAA33.2, and SuIAA33.3) lacked domains I and II, which may not play a role in transcriptional repression. Six SuIAA proteins (SuIAA28, SuIAA29.1, SuIAA29.2, SuIAA29.3, SuIAA29.4, and SuIAA29.5) also lack domain I. The SuIAA proteins lacking conserved domains were all distributed in one of the subfamilies (Figure 2A and Supplementary Table 1). All SuIAA proteins contained conserved domains III and IV, which might interact with ARFs to inhibit the expression of auxin-responsive genes. In addition, most SuIAA proteins contain two nuclear localization signals: a bipartite nuclear localization signal located between domains I and II and another typical nuclear localization signal located in domain IV (Supplementary Figure 2).
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FIGURE 1. Genomic distribution of SuIAA and SuARF genes on the Salix suchowensis genome. The SuIAA genes and SuARF genes on each chromosome are plotted in purple and blue, respectively. Gray ribbons indicate collinear relationships among the blocks in whole genome; meanwhile, purple and blue links indicate the syntenic pairs of SuIAA genes and SuARF genes, respectively. The willow chromosomes and Contig694 are arranged with arcs with different colors, and the size of each arc is displayed in Mb.
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FIGURE 2. The phylogenetic relationships and conserved domain architecture of the SuIAA and SuARF proteins. (A) The phylogenetic tree of SuIAA proteins is divided into three subfamilies, which are represented by blue, cyan, and orange arcs. Domains I–IV are shaped with ellipse, vertical hexagon, horizontal hexagon, and rhombus from inside to outside. (B) The phylogenetic tree of SuARF proteins is also divided into three subfamilies, and canonical domains DBD (DNA-binding domain), MR (middle region), and CTD (C-terminal dimerization domain) are separately drawn with octagon, pentagram, and eclipse. Three dashed concentric circles of different colors are used to indicate the scale of the SuIAA and SuARF proteins length.


In total, 34 ARF genes were predicted in the S. suchowensis genome (Figure 1 and Supplementary Table 2), which was slightly fewer than the 39 ARF genes in the P. trichocarpa genome (Kalluri et al., 2007) and more than the 23 ARF genes in the A. thaliana genome (Liscum and Reed, 2002). The length of all SuARF protein sequences was between 581 and 1117 aa, and the average length of SuARF proteins was much greater than that of SuIAA proteins. With the exception of chromosomes Chr7, Chr13, and Chr19, SuARF genes were found on the remaining 16 chromosomes of the S. suchowensis genome. The number of SuARF genes on each chromosome ranged from 1 to 4, with Chr2 and Chr16 harboring the largest numbers of SuARF genes. Additionally, there were SuIAA gene clusters distributed on chromosomes Chr2 and Chr16, suggesting that the SuIAA and SuARF gene families might have evolved from common sites on ancient chromosomes. The phylogenetic analysis of the SuARF proteins in the S. suchowensis genome showed that they could be divided into three subfamilies (Supplementary Figure 3). The SuARF proteins in each subfamily contained the conserved DBD and MR domains, but 14 SuARF proteins lacked the CTD domain (Figure 2B and Supplementary Table 2), which might make them unable to interact with Aux/IAA and insensitive to auxin. Eleven SuARFs (SuARF5.1, SuARF5.2, SuARF7.1, SuARF7.2, SuARF7.3, SuARF8.1, SuARF8.2, SuARF6.1, SuARF6.2, SuARF6.3, and SuARF6.4) were found to harbor a glutamine (Q)-rich MR (Supplementary Figure 3), implying that these proteins are likely transcriptional activators.



Phylogenetic Relationships and Polyploidization Events Reveal Aux/IAA and ARF Family Evolution

To understand the evolutionary origin of auxin signaling in land plants, we constructed comparative phylogenetic trees of Aux/IAA and ARF sequences from eudicots (A. thaliana, S. suchowensis, P. trichocarpa, and V. vinifera), monocots (O. sativa), basal angiosperms (A. trichopoda), and lower eukaryotic plants (S. moellendorffii, P. patens, and M. polymorpha) (Table 1). The Aux/IAA phylogenetic tree was built with these 180 Aux/IAA protein sequences (Figure 3), which were classified into three main clades: clade A, clade B, and clade C. The Aux/IAA proteins in clade A can probably be traced back to the origin of early land plants because they include all Aux/IAA proteins present in the liverwort, moss, and lycophyte early plant lineages, suggesting that the Aux/IAA proteins in clade A functioned in early plant evolution. Clades B and C were found in basal angiosperms and in subsequent monocot and eudicot plant linages. In particular, clade C was a lineage-specific clade and contained a single-copy protein from basal angiosperms (A. trichopoda) and multiple-copy proteins from eudicots, which might be the product of Aux/IAA diversification in early angiosperms and thus constitute an alternative Aux/IAA lineage specific to eudicots.


TABLE 1. Summary of auxin/indole-3-acetic acid (Aux/IAA) and auxin response transcription factor (ARF) gene content from genomes of relevant taxonomic lineages.
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FIGURE 3. Phylogenetic relationships of auxin/indole-3-acetic acid (Aux/IAA) proteins in nine typical land plants. The neighbor-joining tree was constructed with one MpoIAA, two PpaIAA, seven SmoIAA, 13 AtrIAA, 31 OsaIAA, 23 VviIAA, 36 PtrIAA, 38 SuIAA, and 29 AthIAA proteins. The colored solid circles indicate duplicated genes in different species, and the colored rings indicate non-duplicated genes in different species. The colored dashed links represent paralog duplicated pairs. Mpo, M. polymorpha; Ppa, P. patens; Smo, S. moellendorffii; Atr, A. trichopoda; Osa, O. sativa; Vvi, V. vinifera; Ptr, P. trichocarpa; Su, S. suchowensis; Ath, A. thaliana.


All 180 ARF proteins from nine species (Table 1) could be classified into three main clades: clade A, clade B, and clade C (Supplementary Figure 4). The M. polymorpha genome encoded three ARFs (MpoARF1, MpoARF2, and MpoARF3) (Kato et al., 2015). Phylogenetic analysis showed that MpoARF1 belonged to clade A, which included activator ARF proteins such as AthARF5/MONOPTEROS, PtrARF5, and SuARF5. Clade B originated from an ancient branch, as this clade contained only five ARF proteins of lower eukaryotic plants, including MpoARF2 and four PpaARF proteins, which were gradually lost during evolution to higher plants. Phylogenetic analysis showed that MpoARF3 as well as the ARF10 and ARF16 proteins of A. thaliana, S. suchowensis, and P. trichocarpa were placed in clade C; these proteins may function as repressors and contain the target sequence of miRNA160. In summary, ARF proteins from land plants were phylogenetically classified into clades A–C, suggesting that two functionally divergent types of ARFs (MpoARF1 and MpoARF3) existed in the common ancestor of extant land plants.

Polyploidization events drive species evolution. We detected all segmental, tandem, proximal, and transposed duplicated genes in the genomes of nine species (Supplementary Figure 5). The proportions of duplicated genes in the nine species varied from 6.82 to 55.52%, among which the M. polymorpha liverwort genome contained the fewest duplicated genes, while more than 50% of the genes in Salicaceae genomes were involved in duplication events (Supplementary Figure 5 and Supplementary Table 3). These results were consistent with the ancestral polyploidization events experienced during land plant evolution. In the Aux/IAA and ARF phylogenetic trees, duplicated gene pairs were observed, indicating that these genes probably arose from gene duplication events (Figure 3 and Supplementary Figure 4). In the liverwort M. polymorpha genome, there was only one Aux/IAA gene and three ARF genes, which were not involved in gene duplication events. In the process of species divergence, the highest proportions of duplicated genes arose in the Aux/IAA and ARF gene families. For example, the proportions of duplicated Aux/IAA and ARF genes were 100 and 80% in monocots (O. sativa), while the average proportions of duplicated Aux/IAA and ARF genes were 86 and 70% in eudicots (A. thaliana, S. suchowensis, P. trichocarpa, and V. vinifera), respectively (Supplementary Figure 6). These results proved that the Aux/IAA and ARF genes shared ancestral polyploidization events and were amplified by whole-genome duplication during evolution.

To construct a potential evolutionary model of putative paralogous pairs of the Aux/IAA and ARF genes, we calculated the Ks values of all paralogous pairs in the whole genomes of nine species. Plotting the Ks values for segmental, tandem, proximal, and transposed paralog pairs clearly revealed that most land plants have experienced both ancestral polyploidization events and species-specific polyploidization events, except for M. polymorpha, whose characteristic of a low-duplicated gene content was similar to the situation in the genome of ancestral land plants (Supplementary Figure 7). Furthermore, the comparison of the Ks peak positions showed that Salicaceae species experienced the ancestral eudicot hexaploidization and the “salicoid” duplication before the divergence of poplar and willow occurred (Supplementary Figure 7). In the genomes of the nine species, most of the duplicated Aux/IAA genes originated via segmental duplication, which was particularly amplified in A. thaliana, S. suchowensis, and P. trichocarpa, while the proportions of transposed duplicated genes were increased in V. vinifera, O. sativa, and S. moellendorffii (Supplementary Table 4). The distribution of duplicated ARF genes was generally similar to that of the Aux/IAA duplicated genes, but the proportion of transposed duplicated genes was higher in V. vinifera, O. sativa, A. trichopoda, and S. moellendorffii. For example, almost all duplicated genes in A. trichopoda and S. moellendorffii were derived from transposed duplication, which might play an important role in altering gene functions and creating new genes (Supplementary Table 5). The Ks values further clarified the origination of these duplicated Aux/IAA and ARF genes through a specific polyploidization event. For example, the Ks values of the segmental duplicated Aux/IAA and ARF gene pairs in the S. suchowensis genome varied from 0.2 to 3.83 and 0.25 to 3.03, respectively, indicating that approximately half of the genes were derived from “salicoid” duplication, and the other half were generated by ancestral hexaploidization (Supplementary Tables 4, 5). The Ka/Ks values for all duplicated Aux/IAA and ARF pairs were <1 (Supplementary Tables 4, 5), suggesting that all duplicated Aux/IAA and ARF genes evolved mainly under the influence of purifying selection, with the loss of paralogous genes and limited functional divergence after the whole-genome duplications.



Dynamic Expression Profiles of SuIAAs and SuARFs During the Growth Process

Tree growth is a result of cell expansion and division in the apical and cambial meristems, which are influenced by a variety of exogenous and endogenous factors, resulting in the formation of a complex regulatory network through the co-expression of plant hormones, functional genes, and transcription factors (Zhang et al., 2014). Numerous studies have shown the importance of the roles of Aux/IAA and ARF genes in the plant growth process (Przemeck et al., 1996; Moyle et al., 2002; Kalluri et al., 2007; Yu et al., 2015). To obtain insights into the roles of SuIAAs and SuARFs in the growth process, we examined the changes in the transcriptome profiles of SuIAAs and SuARFs using RNA-Seq technology. A mixture of cambium tissues was collected from the two contrasting clones, “S328” and “S3412,” at six growth stages (Supplementary Figure 8). We determined the time sequence of transcriptome expression to assess the expression patterns of the SuIAA and SuARF genes during plant growth (Supplementary Table 6 and Supplementary Figures 9, 10).

We carried out WGCNA to perform a co-expression analysis of the SuIAAs and SuARFs, resulting in the identification of six co-expressed gene modules, and each module eigengene was estimated to examine the expression pattern and assess its changes over time (Supplementary Figure 11). The expression patterns over a full growth cycle significantly showed that most SuIAAs and SuARFs presented the highest expression levels in the initial growth period (45 days after planting) or the stationary period (240 or 270 days after planting), while only a few SuIAAs and SuARFs showed the highest expression levels in the middle growth period (from 75 to 195 days after planting), suggesting that most Aux/IAA and ARF genes are involved in the activities of initial plant growth and dormancy.

The overall expression levels of SuIAA genes were much higher than those of SuARFs (Figure 4 and Supplementary Table 6). The SuIAA3.1 and SuARF2.2 genes were constitutively expressed throughout the growth process, and the FPKM values of SuIAA3.1 and SuARF2.2 were higher than 200 and 49, respectively, at different growth time stages. In the stationary period (240 days after planting), the expression of the SuIAA3.1 and SuARF2.2 genes reached the highest level, with FPKM values of 527.8 and 135.8, respectively. Furthermore, we found that the expression of five SuIAA genes (SuIAA3.3, SuIAA19.2, SuIAA3.4, SuIAA7.2, and SuIAA19.1) was induced in the initial growth period (45 days after planting), whereas they showed no expression in other growth stages, indicating that these genes were involved in plant primary growth. Generally, most SuIAA and SuARF genes showed similar time-sequential transcriptome profiles in “S328” and “S3412,” suggesting that they played similar roles in the cambiums of the two contrasting clones. However, some SuIAAs and SuARFs showed differential expression patterns in “S328” and “S3412,” including three genes (SuIAA27.3, SuIAA3.7, and SuARF17.2) that showed significantly higher expression levels in “S3412,” whereas four genes (SuIAA27.1, SuARF5.2, SuARF5.1, and SuARF6.1) showed lower expression levels in “S3412,” and these genes might play different roles in plant growth in the contrasting willow clones. Specifically, the SuIAA16.3 gene was highly expressed only in “S328” in the initial growth period (45 days after planting). In summary, by analyzing the dynamic transcriptome profiles of SuIAA and SuARF genes in two contrasting clones, 15 candidate SuIAAs/SuARFs were found to participate in the regulation of willow growth (Figure 4).
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FIGURE 4. The time-sequential transcriptome profilings of some SuIAA and SuARF genes in two contrasting clones “S328” and “S3412.” The X-axis shows the different sampling time points (t1: 45 days after planting; t2: 75 days after planting; t3: 135 days after planting; t4: 195 days after planting; t5: 240 days after planting; and t6: 270 days after planting). The Y-axis represents the fragments per kilobase of transcript per million fragments mapped (FPKM) value, which are the mean ± SD of three replicates, and the P-values are shown as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.


Many studies have revealed that a number of ARF transcription factors are regulated by miRNAs (miR160 and miR167), among which ARF6 and ARF8 are targets of miR167, while ARF10, ARF16, and ARF17 are targets of miR160 (Mallory et al., 2005; Jones-Rhoades et al., 2006; Wu et al., 2006; Guilfoyle and Hagen, 2007; Liu et al., 2007). We identified six potential ssu-miR160s, two potential ssu-miR167s, and 14 SuARF targets of these miRNAs (Supplementary Figures 12, 13). According to the time-sequential expression profiling of SuARF targets and miRNAs, we found that ssu-miR160e–SuARF10.2 and ssu-miR167e–SuARF6.2 expression was in agreement with canonical miRNA–ARF interactions, suggesting that several miR160 and miR167 sequences may be involved in the regulation of plant growth by targeting ARF genes preferentially expressed in cambial cells (Supplementary Figures 12, 13).




DISCUSSION

The AUX/IAA and ARF genes are key components of the auxin signaling pathway, which plays important roles during plant growth and development (Ulmasov et al., 1997b; Hagen and Guilfoyle, 2002). In this study, a comprehensive set of 38 SuIAA and 34 SuARF proteins was identified (Figure 1), which was comparable to the numbers found in poplar (IAA, 36; ARF, 37) and were higher than the numbers found in Arabidopsis (29; 23), rice (31; 25), and grapevine (23; 21). Therefore, gene duplication may play an important role in a succession of genomic rearrangements and expansions (Vision et al., 2000). The features of the domains present in the AUX/IAA and ARF sequences provide useful information for the prediction of their functions (Tiwari et al., 2003, 2004). In this study, all SuIAA proteins contained conserved domains III and IV, which might form stable homodimers as well as heterodimers by interacting with ARFs to inhibit the expression of auxin-responsive genes (Figure 2A). A total of 10 SuIAA proteins did not contain domain I, suggesting that these genes lost the capacity to recruit TPL co-repressors and could not contribute to classical auxin signal transduction. In addition, five SuIAA proteins lacking domain II might not be rapidly degraded in the presence of basal or increased levels of auxin (Dreher et al., 2006). Through our RNA-seq analysis, we found that the expression levels of six SuIAA genes lacking domains I and II were extremely low throughout the growth process (Supplementary Table 6), suggesting that they exert little effect on plant growth and development. A typical ARF contains three domains, DBD, MR, and CTD (Ulmasov et al., 1999b; Tiwari et al., 2003). Here, all of the identified SuARF proteins had conserved domains DBD and MR, but 41.17% of the SuARFs were CTD-truncated ARFs (Figure 2B). The ARF members in P. trichocarpa (41.03%) included a similar percentage of CTD-truncated ARFs, while Arabidopsis shows a lower rate of CTD-truncated ARFs (21.74%) (Liscum and Reed, 2002; Kalluri et al., 2007), indicating that the CTD domain is relatively less conserved and that some auxin-responsive genes can be regulated in an auxin-independent manner (Ulmasov et al., 1997b). Based on the amino acid composition of MR domains, 11 SuARFs were identified as transcriptional activators, and the ratio of activators and repressors was 0.48, similar to that in poplar (0.54) and almost twice that in Arabidopsis (0.28), indicating a twofold enrichment of activator ARFs during Salicaceae evolution (Liscum and Reed, 2002; Kalluri et al., 2007).

Phylogenetic analysis of different Aux/IAA and ARF members from nine land plant species indicated that the Aux/IAA and ARF families underwent a number of polyploidization events and were amplified by whole-genome duplication during evolution (Figure 3 and Supplementary Figure 4). The presence of one Aux/IAA gene and three ARF genes in M. polymorpha indicated that Aux/IAA and ARF families dated back to close to the time of the origin of land plants (Flores-Sandoval et al., 2015). The Aux/IAA and ARF phylogenetic trees revealed high sequence similarity among land plants for the conserved evolution of these groups of genes resulting from a common origin and ancestors. Aux/IAA and ARF genes have been shown to be auxin regulated in early land plants, indicating that aspects of Aux/IAA and ARF functions have also been conserved in land plants (Imaizumi et al., 2002). Gene duplications result from genome rearrangement and expansion and play important roles in the diversification of gene functions (Cannon et al., 2004). The ancestors of duplicated Aux/IAA and ARF pairs might have originated before monocot–eudicot divergence (Wikström et al., 2001). Most of the duplicated pairs of Aux/IAA and ARF genes in Salicaceae appeared to have originated from the ancestral eudicot hexaploidization event and “salicoid” duplication that occurred before the divergence of poplar and willow (Supplementary Figure 7 and Supplementary Tables 4, 5). After the expansion of Aux/IAAs and ARF, the duplicated genes underwent an evolutionary process of purifying selection (Supplementary Tables 4, 5). Expression profiling of SuIAA and SuARF paralogs in growth stages showed functional redundancy and divergence during evolution (Supplementary Figures 9, 10), which is in accord with the observation that duplicated genes as well as sister pairs within a phylogenetic tree clade often display functional divergence (Kalluri et al., 2007; Paponov et al., 2009).

The expression profile of a gene family can provide clues about the functional diversification of different gene members. In this study, the time-sequential transcriptome profiles of the SuIAA and SuARF genes were investigated in cambium tissues at six growth times over a full growth cycle of willow plants. Dynamic expression profiling analysis showed that the number of SuIAAs and SuARFs with high expression levels in the initial growth stage was greater than that in the subsequent growth stages, suggesting crucial roles of the SuIAA and SuARF genes in early plant growth and development (Supplementary Figure 11). Specifically, SuIAA3.3 and SuIAA3.4 (orthologs of the AthIAA3 gene), SuIAA7.2 (ortholog of the AthIAA14 gene), SuIAA19.1, and SuIAA19.2 were inducibly expressed at 45 days after planting, with no expression in other growth stages (Figure 4). The Arabidopsis genes AthIAA3 and AthIAA14 have been reported to be components of the auxin signaling module (SLR/IAA14–ARF7–ARF19 and SHY2/IAA3–ARFs) regulating wood formation (Goh et al., 2012; Yu et al., 2015). Additionally, the poplar Aux/IAA gene PtrIAA14.1 has been reported to regulate auxin signaling and vascular patterning in plant growth and development by interacting with ARF5 (Liu et al., 2015). Aux/IAA proteins regulate auxin-mediated gene expression via physical interactions with ARFs, so the preferential expression patterns of Aux/IAA genes and the complementary expression patterns to those of ARF genes may play a primary role in their physiological functions (Muto et al., 2007; Song et al., 2009). We found that the overall expression levels of SuIAAs were significantly higher than those of SuARFs (Supplementary Table 6) such as SuIAA15, SuIAA16.1, SuIAA16.2, SuIAA16.5, SuIAA27.3, SuIAA3.1, SuIAA3.7, and SuIAA9, and most of the orthologs of these genes in Arabidopsis and Populus also show high expression in xylem cells (Moyle et al., 2002; Kalluri et al., 2007; Nilsson et al., 2008), suggesting that these genes regulate cambium activity. We identified six co-expressed gene modules to assess the SuIAA and SuARF expression patterns and their changes over time in two contrasting clones (Supplementary Figure 11), and most of the SuIAAs showed expression patterns distinct from those of the SuARF genes (Supplementary Table 6), implying that SuIAA and SuARF genes are involved in specific plant growth processes with complex auxin signal transduction mechanisms. Some studies have reported that ARF5 and IAA12 in Arabidopsis may exhibit complementary regulatory functions in the control of embryogenesis and root meristem development in auxin signaling (Hamann et al., 2002). In addition, PtrARF5 and PtrIAA12 show contrasting expression patterns in roots and co-regulate root development in Populus (Kalluri et al., 2007). According to the time-sequential expression profiling of SuIAAs and SuARFs, we found that SuIAA12s (SuIAA12.1 and SuIAA12.2) and SuARF5s (SuARF5.1 and SuARF5.2) also presented complementary expression patterns: SuIAA12s was constitutively significantly highly expressed in “S3412,” while SuARF5s was constitutively significantly highly expressed in “S328” (Supplementary Table 6), indicating their putative involvement in mediating auxin responses during the plant growth process. Some SuARF genes, including SuARF1.1, SuARF1.2, SuARF2.1, SuARF2.3, SuARF2.5, SuARF9.3, and SuARF9.4, were significantly highly expressed at the stationary period (240 days after planting), which further confirmed that ARF1/2/9 could regulate leaf senescence, silique ripening, and floral organ abscission (Ellis et al., 2005). Transcriptome analysis of weeping and upright branches in another willow species (Salix matsudana) showed that two AUX/IAA genes and 10 ARF genes displayed differential expression and that those genes were highly likely to be responsible for the stem elongation and weeping traits of this species (Liu et al., 2017). By comparing the dynamic transcriptome profiles of orthologs of these genes in S. suchowensis, we found that the expression of SuIAA3.4 was induced in the initial growth stage and that three orthologous SuARFs (SuARF9.3, SuARF1.1, and SuARF5.2) were differentially expressed in different willow growth stages, suggesting that some of these AUX/IAA and ARF gene orthologs may also be involved in regulating willow growth (Supplementary Figure 14).

The transcript abundance of ARFs might be regulated by miRNAs at the post-transcriptional level (Zhang et al., 2017). In Arabidopsis, miR167 controls the expression patterns of AtARF6 and AtARF8 to regulate flower development or lateral root formation and gravitropism (Nagpal et al., 2005; Gutierrez et al., 2009). Similarly, the regulation of AtARF10 and AtARF16 by miRNA160 has been implicated in seed germination, root cap formation, and in vitro shoot regeneration (Wang et al., 2005; Qiao et al., 2012; Liu et al., 2013). Our analyses revealed that the dynamic transcript levels of SuARF10.2 might be regulated by miR160 (Supplementary Figure 12), while the SuARF6.2 transcriptome profile is regulated by miR167 (Supplementary Figure 13), indicating that miRNA160/167 interact with ARF10/6 to carry out functions in plant growth and development.



CONCLUSION

We identified 38 AUX/IAA and 34 ARF genes in S. suchowensis and established the classifications and evolutionary relationships of these genes through phylogenetic, gene structure, and conserved domain analyses. A phylogenetic analysis of nine land plants indicated that the Aux/IAA and ARF families in Salicaceae have undergone a number of polyploidization events and have been amplified via whole-genome duplication during evolution. Dynamic transcriptome profiling during the growth process revealed that some SuIAA and SuARF genes might participate in the regulation of plant growth, especially in the plant primary growth process. Additionally, miR160 and miR167 were predicted to post-transcriptionally regulate SuARF gene expression, suggesting that miRNAs are involved in the regulation of the auxin signaling pathway and the plant growth process. Taken together, our results provide a valuable resource for further studies on the biological functions of SuIAA and SuARF genes and the regulatory mechanisms of auxin-related pathways in the plant growth process.
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Supplementary Figure 1 | Growth trajectories of stem height for the full-sib F1 family population, n which the growth curve fitted using the logistic equation is shown in red.

Supplementary Figure 2 | Amino acids sequence alignment and domain conservation analysis of SuIAA proteins. Four domains of SuIAA proteins were marked with different colors. Domain I contains an “LxLxL” motif. Between Domains I and II, a conserved “KR” motif was identified as a rate motif, and a bipartite nuclear localization signal (NLS) was located between the KR motif and Domain II. Domains III and IV together form type I/II Phox and Bem1p (PB1) domains. Another NLS was also observed in Domain IV.

Supplementary Figure 3 | Alignment profile of conserved domains among the SuARF proteins. The shaded regions with different colors represent N-terminal B3-like DNA-binding domain (DBD), middle region (MR) domain, and C-terminal dimerization domain (CTD), respectively.

Supplementary Figure 4 | Phylogenetic relationships of ARF proteins in nine typical land plants. The neighbor-joining tree was constructed with three MpoARF, 15 PpaARF, seven SmoARF, 15 AtrARF, 25 OsaARF, 21 VviARF, 37 PtrARF, 34 SuARF, and 23 AthARF proteins. The colored solid circles indicate duplicated genes in different species, and the colored rings indicate non-duplicated genes in different species. The colored dashed links represent paralog duplicated pairs. Mpo, M. polymorpha; Ppa, P. patens; Smo, S. moellendorffii; Atr, A. trichopoda; Osa, O. sativa; Vvi, V. vinifera; Ptr, P. trichocarpa; Su, S. suchowensis; Ath, A. thaliana.

Supplementary Figure 5 | The proportion of duplicated genes in the genomes of nine species. Pro, proximal duplicated genes; Seg, segmental duplicated genes; Tan, tandem duplicated genes; Tra, transposed duplicated genes.

Supplementary Figure 6 | Number of duplicated genes and non-duplicated genes of Aux/IAA and ARF in nine typical land plants. The colored bars indicate the number of duplicated genes in each species, and the colored rectangles indicate the number of non-duplicated genes in each species.

Supplementary Figure 7 | The Ks values for segmental, tandem, proximal, and transposed duplicated genes in the genomes of nine species.

Supplementary Figure 8 | Variations in the ground diameter and stem height of the two contrasting clones “S328” and “S3412” at six growth times. Values are the mean ± SD of three replicates. Letter ∗ represents significant difference at P < 0.05, while ∗∗ represents highly significant difference at P < 0.01 through t-test.

Supplementary Figure 9 | Phylogenetic tree and time-sequential transcriptome profilings of duplicated SuIAAs. The colored dashed links in tree represent paralogous duplicated pairs of SuIAAs. Each histogram shows time-sequential transcriptome profilings of each duplicated SuIAA in two contrasting clones “S328” and “S3412.” The X-axis shows the different sampling time-points (t1: 45 days after planting; t2: 75 days after planting; t3: 135 days after planting; t4: 195 days after planting; t5: 240 days after planting; and t6: 270 days after planting). The Y-axis represents the FPKM values, which are the mean ± SD of three replicates, and the P-values are shown as ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ****P < 0.0001.

Supplementary Figure 10 | Phylogenetic tree and time-sequential transcriptome profilings of duplicated SuARFs. The colored dashed links in tree represent paralogous duplicated pairs of SuARFs. Each histogram shows time-sequential transcriptome profilings of each duplicated SuARF in two contrasting clones “S328” and “S3412.” The X-axis shows the different sampling time-points (t1: 45 days after planting; t2: 75 days after planting; t3: 135 days after planting; t4: 195 days after planting; t5: 240 days after planting; and t6: 270 days after planting). The Y-axis represents the FPKM values, which are the mean ± SD of three replicates, and the P-values are shown as ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.

Supplementary Figure 11 | The expression patterns of the SuIAA and SuARF genes during plant growth. The change patterns of genes in each module were estimated with module eigengene (ME) values and displayed with histograms, in which six gray bars in each module represent normalized FPKM value, and the six digits represent different sampling time-points (t1: 45 days after planting; t2: 75 days after planting; t3: 135 days after planting; t4: 195 days after planting; t5: 240 days after planting; and t6: 270 days after planting). The heatmap shows FPKM expression of SuIAA and SuARF genes at different growth stages, in which different colors represent the range of transcriptome expression.

Supplementary Figure 12 | The time-sequential expression profilings of ssu-miR160s and their ARF targets.

Supplementary Figure 13 | The time-sequential expression profilings of ssu-miR167s and their ARF targets.

Supplementary Figure 14 | The time-sequential expression profilings of differently expressed AUX/IAA and ARF genes in Salix matsudana and their homogeneous genes in Salix suchowensis.

Supplementary Table 1 | Characteristics of Aux/IAA genes family in the Salix suchowensis genome v2.0.

Supplementary Table 2 | Characteristics of ARF genes family in the Salix suchowensis genome v2.0.

Supplementary Table 3 | The statistics of duplicated genes in the genomes of nine species.

Supplementary Table 4 | The statistics of Ka, Ks, and Ka/Ks values for segmental, tandem, proximal, and transposed duplicated Aux/IAA genes in the genomes of A. thaliana, P. trichocarpa, S. suchowensis, V. vinifera, O. sativa, A. trichopoda, S. moellendorffii, and P. patens.

Supplementary Table 5 | The statistics of Ka, Ks, and Ka/Ks values for segmental, tandem, proximal, and transposed duplicated ARF genes in the genomes of A. thaliana, P. trichocarpa, S. suchowensis, V. vinifera, O. sativa, A. trichopoda, S. moellendorffii, and P. patens.

Supplementary Table 6 | The time-sequential transcriptome profiles of SuIAAs and SuARFs in the cambium tissues of two contrasting clones “S328” and “S3412.”


FOOTNOTES

1https://phytozome-next.jgi.doe.gov/

2http://pfam.xfam.org/
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The GA 20-Oxidase Encoding Gene MSD1 Controls the Main Stem Elongation in Medicago truncatula
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Plant height is an important agronomic trait that is closely related to biomass yield and crop production. Despite legumes comprise one of the largest monophyletic families that are second only to grasses in terms of economic and nutritional values, due to an ancient genome duplication event, most legume plants have complex genomes, thus the molecular mechanisms that determine plant height are less known in legumes. Here, we report the identification and characterization of MAIN STEM DWARF1 (MSD1), which is required for the plant height in the model legume Medicago truncatula. Loss of function of MSD1 leads to severely reduced main stem height but normal lateral branch elongation in M. truncatula. Histological analysis revealed that the msd1-1 main stem has shorter internodes with reduced cell size and number compared with the wild type, indicating that MSD1 affects cell elongation and cell proliferation. MSD1 encodes a putative GA 20-oxidase that is expressed at significantly higher levels in the main shoot apex than in the lateral shoot apices, suggesting that MSD1 expression is associated with its effect on the main stem elongation. UPLC-MS/MS analysis showed that GA9 and GA4, two identified products of the GA 20-oxidase, were severely reduced in msd1-1, and the dwarf phenotype of msd1-1 could be rescued by supplementation with gibberellic acid GA3, confirming that MSD1 functions as a biologically active GA 20-oxidase. Moreover, we found that disruption of either MtGA20ox7 or MtGA20ox8, homologs of MSD1, has little effects on the elongation of the main stem, while the msd1-1 mtga20ox7-1 mtga20ox8 triple mutants exhibits a severe short main shoot and lateral branches, as well as reduced leaf size, suggesting that MSD1 and its homologs MtGA20ox7 and MtGA20ox8, redundantly regulate M. truncatula shoot elongation and leaf development. Taken together, our findings demonstrate the molecular mechanism of MSD1-mediated regulation of main stem elongation in M. truncatula and provide insights into understanding the functional diversity of GA 20-oxidases in optimizing plant architecture in legumes.

Keywords: GA 20-oxidase, MSD1, main stem elongation, functional diversification, Medicago truncatula


INTRODUCTION

Plant height, mainly confined by stem elongation, is not only a decisive factor that affects plant architecture but also an important agronomic trait that contributes to crop yield (Wang and Li, 2008). Gibberellins (GAs) are a large family of tetracyclic diterpenoid plant hormones that play important roles in multiple plant growth and developmental progresses, including promoting seed germination, stem elongation, flowering, pollen development, as well as fruit growth and firmness (Hedden and Sponsel, 2015; Li et al., 2020). The stem elongation function of GA contributed to the Green Revolution in which mutations in GA biosynthesis or signaling are the basis for semidwarf rice and wheat, respectively (Peng et al., 1999; Sasaki et al., 2002).

The biosynthesis of GAs is a multi-step process divided into three stages (Yamaguchi, 2008; Hedden and Thomas, 2012). In the first stage, biosynthesis of ent-kaurene is restricted to plastids and catalyzed successively by ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS). In the second stage, ent-kaurene is converted to GA12 by ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO), both of which are cytochrome P450 enzymes (Magome et al., 2013; Nomura et al., 2013; Regnault et al., 2014). In the final stage, GA12 is a substrate for cytoplasm-located gibberellin 20-oxidase (GA20ox) multi-family enzymes and follows a non-13-hydroxylation pathway leading to GA9 via GA15 and GA24, and then GA9 is converted to bioactive GA4 and GA7 by GA 3-hydroxylase (GA3ox) (Lange et al., 1994; Chiang et al., 1995; Xu et al., 1995b; Israelsson et al., 2004).

Impaired GA biosynthesis caused by defects in early-step genes, CPS, KS, and KO, leads to typical GA-deficient mutant phenotypes, including severe dwarfism with greatly impaired fertility (Sun and Kamiya, 1994; Helliwell et al., 1998; Ueguchi-Tanaka et al., 2007; Yamaguchi, 2008; Chen et al., 2014; Regnault et al., 2014; Guo et al., 2020). By contrast, mutation of late-step genes of GA biosynthesis leads to semi-dwarf phenotypes because of the functional redundancy of homologous genes, such as genes coding for GA3ox in Arabidopsis, rice (Oryza sativa), Medicago truncatula and alfalfa (Medicago sativa) (Itoh et al., 2001; Dalmadi et al., 2008; Hu et al., 2008; Zhang et al., 2020). Notably, the semi-dwarf “green revolution” phenotype in rice resulted from a mutation in the sd1 gene, which encodes a GA 20-oxidase (OsGA20ox2) (Sasaki et al., 2002; Spielmeyer et al., 2002). Overexpression of OsGA20ox1 causes a tall and GA-overproduction phenotype; RNAi-mediated suppression of OsGA20ox1 results in phenotypes that are similar to those of sd1, indicating that these two genes probably have complementary function in GA synthesis (Oikawa et al., 2004). In Arabidopsis, GA20ox1 and GA20ox2 act partially redundantly to promote plant growth (Rieu et al., 2008). These studies indicate that genes in the GA20ox family are of great value for optimizing plant architecture in agricultural species.

Legumes are second only to grasses in terms of economic and nutritional values, and are the major sources of plant proteins and oils for humans and animals (Graham and Vance, 2003). Studies on several dwarf mutants in pea (Pisum sativum), soybean (Glycine max), and the model legume M. truncatula have suggested that the GA pathway plays a conserved role in controlling plant height in legumes (Yaxley et al., 2001; Li et al., 2018; Guo et al., 2020; Zhang et al., 2020). Notably, despite the M. truncatula GA20ox family genes exhibited functional redundancy (Ma et al., 2019), overexpression of GA20ox can increase M. truncatula plant height and biomass (Wang et al., 2020), suggesting an application potential of the GA20ox family genes for biomass improvement in legumes. Nevertheless, due to the ancient genome duplication event, most legume plants undergo gene duplication and subsequent functional diversification (Shoemaker et al., 2006), thus the biological functions of the GA20ox family genes in legumes remain largely unclear.

In this study, we reported the identification and characterization of a distinct dwarf mutant, main stem dwarf1-1 (msd1-1), in M. truncatula, which is defective in the main stem elongation. MSD1 encodes a putative GA 20-oxidase, catalyzing the late step of GA biosynthesis. Our results demonstrated that MSD1 specifically controls the main stem elongation in M. truncatula, while MSD1’s homologs genes MtGA20ox7 or MtGA20ox8 show little effects on the elongation of the main stem. However, the msd1-1 mtga20ox7-1 mtga20ox8 triple mutant exhibits a severely short main shoot and lateral branches, as well as reduced leaf size, suggesting that MSD1 and its homologs MtGA20ox7 and MtGA20ox8 redundantly regulate M. truncatula shoot elongation and leaf development.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Medicago truncatula strain R108 was used as the wild type for all experiments described in this study. msd1-1 (NF5514), msd1-2 (NF12848), msd1-3 (NF10524), msd1-4 (NF21287), mtga20ox7-1 (NF1343), mtga20ox7-2 (NF18196), and mtga20ox8 (NF19184) were identified from a Tnt1 retrotransposon-tagged mutant collection of M. truncatula R108 (Tadege et al., 2008). The M. truncatula seeds were scarified with sandpaper and germinated at 4°C for 1 week, then the germinated seeds were planted and grown in soil mix (soil:vermiculite = 1:1) in the greenhouse under the following conditions: 24°C day/22°C night temperature, 16-h day/8-h night photoperiod, and 60–70% relative humidity.

The msd1-1 mtga20ox7-1, msd1-1 mtga20ox8, mtga20ox7-1 mtga20ox8 double mutants, and the msd1-1 mtga20ox7-1 mtga20ox8 triple mutants were generated through genetic crosses and identified on the basis of PCR genotyping in the F2 or F3 segregating population. The primers used to identify the Tnt1 insertions are listed in Supplementary Table 1.



Morphological Analysis

For the measurement of the internode length, 20 individual plants of both wild type and msd1-1 mutant were grown simultaneously in the same greenhouse, and the seventh internode beneath the shoot apex of each plant (8-week-old plants) was measured to calculate the average length. Six internodes of each genotype were randomly selected from the above 20 samples, fresh M. truncatula internodes from wild type and mutant plants were fixed in 3.5% (v/v) glutaraldehyde in 25 mM phosphate buffer (pH 7) for 48 h, followed by 1% (w/v) osmium tetroxide in 25 mM phosphate buffer (pH 7) for 2 h, and dehydrated in a graded ethanol series (50, 70, 90, 95, 100%), critical-point dried in liquid CO2, mounted on aluminum stubs and sputter coated with gold. The internodes were observed using scanning electron microscope by SU8010 (Hitachi, Japan).

In order to measure the length of internode epidermal cells, 15 cells were randomly selected from the SEM images for both wild type and msd1-1, and the lengths were measured by using Image J. The cell number was calculated by the ratio of the average internode length (calculated from a total of 20 internodes) to the average cell length (evaluated from 15 cells). Projected areas of leaves were measured by scanning to generate digital images, followed by analysis using the Image J software.



Phylogenetic Analysis and Sequences Alignment

Multiple sequences alignment was performed using ClustalW.1 Bootstrap values of 1000 permutations for the neighbor-joining phylogenetic tree were performed using MEGA 7.0 software.2 Accession numbers used in this study are listed in Supplementary Table 2.



Quantification of Endogenous GAs

Wild type and msd1-1 plants were grown in soil for 5 weeks in the greenhouse. The main stems (∼0.3 g) from 10 plants of each genotype were collected and mixed together for GA quantification. The GA contents were determined by the Wuhan Greensword Creation Technology Company, and the analysis was performed as described previously (Chen et al., 2012). Three independent biological replicates and technical replicates were measured for each sample.



Exogenous GA3 Application

Bioactive GA3 (SIGMA, Lot: BCBR3974V) was dissolved in ethanol (0.1 M) and diluted with ddH2O to 2 mM. The first spray was applied at 7-day-old seedlings after sowing, and the later sprays were performed twice a week for four weeks in total. An equivalent group (n = 16) of msd1-1 mutant plants was treated similarly with a solution without GA3 (MOCK) at each time. All msd1-1 mutants with the treatments (+GA3 and MOCK) were grown simultaneously in the same greenhouse. Experiments were repeated twice independently with similar results.



RNA Extraction and Gene Expression Analysis

Total RNA was extracted from plant tissues using TRIzol Reagent (Invitrogen). cDNA was synthesized by reverse transcription with SuperScript (Invitrogen). Reverse transcription PCR (RT-PCR) was performed using a 2xTaq PCR Master Mix (UPTECH) using MtActin as a control. Quantitative RT-PCR was performed as previously described (Wang et al., 2017) with at least three biological and three technical replicates for both the treatment samples and controls. All primers used are listed in Supplementary Table 1.



Plasmid Construction and Plant Transformation

To generate the constructs used for complementation, an 1134-bp of full-length MSD1 coding sequence was amplified from M. truncatula R108 plant and ligated to the pEarlyGate203 vector to generate p35S:MSD1 construct. The construct were introduced into Agrobacterium tumefaciens by chemical transformation. A. tumefaciens strain AGL1 was used for M. truncatula transformation (Tadege et al., 2011). All primers used are listed in Supplementary Table 1.



RESULTS


Identification of the M. truncatula msd1 Mutant

To investigate the molecular mechanism underlying the regulation of plant height in the model legume M. truncatula, we identified a distinct dwarf mutant named main stem dwarf1-1 (msd1-1) from a forward genetic screen of the Tnt1 retrotransposon-tagged M. truncatula mutant population (Yarce et al., 2013). By contrast with the wild type, the msd1-1 mutant exhibits dwarfed main stem, while side branches were normal (Figures 1A–C,E–G,I). There were no difference in internode number between the msd1-1 mutant and the wild type, but the length of every internode in the msd1-1 was significant shorter than that in wild type (Figures 1D,H,J).
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FIGURE 1. Morphological comparison of the wild type and msd1-1 plants. (A–H) Phenotypic comparison of seedling and stem between wild type (WT) and msd1-1. Seedlings of WT (A,B) and msd1-1 (E,F) at 5-week-old and 8-week-old, respectively, and 8-week-old bald stems without leaves in WT (C) and msd1-1 (G) plants. Bars = 3 cm; panels (D,H) are magnifications of shoot base in panels (C,G), respectively. Bars = 2 mm. Red arrows indicate main stem, braces indicate main stem internode. (I) Comparison of shoot length between 8-week-old WT and msd1-1 plants. MS, main stem; LB-1, the first lateral branch; LB-2, the second lateral branch; LB-3, the third lateral branch; LB-4, the fourth lateral branch. Bars represent means ± SD (n = 20); asterisks indicate significant differences from the WT (∗∗P < 0.01, Student’s t-test). (J) Comparison of internode length between 8-week-old WT and msd1-1 plants. The x-axis represents corresponding node numbers. Bars represent means ± SD (n = 20); asterisks indicate significant differences from the WT (∗∗P < 0.01, Student’s t-test). (K) Scanning electron microscope images of the seventh internode of WT and msd1-1 plants. Bars = 50 μm. (L) Comparison of the seventh internode length between 8-week-old WT and msd1-1 plants. Bars represent means ± SD (n = 10); asterisks indicate significant differences from the WT (∗∗P < 0.01, Student’s t-test). (M,N) Comparison of cell length (M) and cell number (N) in the seventh internode between 8-week-old WT and msd1-1 plants. Bars represent means ± SD (n = 15); asterisks indicate significant differences from the WT (∗∗P < 0.01, Student’s t-test).


To determine the reason of the reduced length in the main stem, we examined the cell numbers and lengths using the seventh main stem internode, which exhibited significant difference, and found that cells in the msd1-1 mutant were ∼50% the length of those in the wild type (Figures 1K,M). The total epidermal cell number was calculated as internode length/epidermal cell length, and this indicated that the number of cells in the msd1-1 mutant was ∼72% that of the wild type (Figures 1L–N). These results revealed that the main stem dwarf phenotype in the msd1-1 mutant resulted from both decreased length and number of internode cells, with the decreases in cell length accounting for the main effect.



Molecular Cloning of the MSD1 Gene

The msd1-1 mutant phenotype segregates as a single recessive mutation, in which heterozygous parents produce progeny that segregated 3:1 (35:10) for the wild-type-like and mutant plants. To identify the gene associated with the mutant phenotype, thermal asymmetric interlaced-PCR was performed to recover the flanking sequences of Tnt1 from msd1-1 (Tadege et al., 2008). Based on the genotyping results, one Tnt1 insertion segregating with the mutant phenotype was identified. Further genotyping analyses confirmed that all msd1-1 mutant plants harbored homozygous insertion for the particular flanking sequence tag (FST). The full length gene sequence corresponding to this FST was recovered and sequence alignment showed that the candidate gene encodes a putative GA 20-oxidase, which is identical to previously reported MtGA20ox1/Medtr1g102070 (Ma et al., 2019). Genomic PCR analysis showed that the Tnt1 was inserted in the second exon of MSD1, resulting in abolished transcription of the full-length MSD1 (Figures 2A,B). To confirm that the msd1-1 mutant phenotype is caused by disruption of MSD1, we obtained three additional Tnt1 insertion lines (NF12848, NF10524, and NF21287). Analysis of flanking sequences showed that NF12848, NF10524, and NF21287 contained Tnt1 insertions at different locations in exon 1 of MSD1; we therefore named these lines msd1-2, msd1-3, and msd1-4, respectively (Figure 2A). RT-PCR analysis revealed that the transcripts of MSD1 were abolished in these four mutants (Figure 2B), and msd1-2, msd1-3, and msd1-4 showed similar phenotype as observed in msd1-1 (Figure 2C). The identity of MSD1 was further confirmed by genetic complementation. We introduced the 1134-bp of full-length coding sequence of MSD1 driven by cauliflower mosaic virus (CaMV) 35S promoter into msd1-1 plants by A. tumefaciens-mediated transformation. The main stem elongation was rescued in the complemented transgenic msd1-1 plants (Figure 2C). Collectively, these data confirmed that disrupting MSD1 function leads to the main stem dwarf but normal side branches in the msd1 mutants.
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FIGURE 2. Molecular cloning of the MSD1 gene. (A) Schematic representation of the gene structure of MSD1 and the Tnt1 insertion sites in msd1-1, msd1-2, msd1-3, and msd1-4. (B) RT-PCR analysis of MSD1 expression in wild type (WT) and various msd1 alleles. MtActin was used as the loading control. (C) Phenotypic analysis of WT, msd1-1, msd1-2, msd1-3, msd1-4, and msd1-1 plants complemented with p35S:MSD1. Bars = 2 cm. (D) MSD1 transcript levels in different tissues, as revealed by quantitative RT-PCR. MtActin was used as an internal control. MSA, main shoot apices. LSA, lateral shoot apices. Values are means ± SD of three technical replicates; asterisks indicate significant differences (∗∗P < 0.01, Student’s t-test). Three independent experiments were performed, with similar results.


To explain why the main stem was specifically shortened while the side branches were no significant changes in msd1-1, quantitative RT-PCR was conducted in different tissues. The results revealed that MSD1 was expressed in flowers, axillary buds, stem, root, pods, leaf, and shoot apices (Figure 2D). It is worth mentioning that MSD1 was expressed significantly higher in main shoot apices than in lateral shoot apices, although the MSD1 expression level is low in both tissues (Figure 2D), which supports its function in controlling main stem elongation in M. truncatula.



MSD1 Affects Internode Elongation via Affecting GA Biosynthesis

Given that GA20ox is a key enzyme of the later steps in the GA biosynthesis pathway (Qin et al., 2013), we speculated that MSD1 might possess the conserved catalyzing function of GA20ox during the synthesis of bioactive GAs in M. truncatula. It has reported that GA20oxs use C20-GAs as substrates to produce immediate precursors, GA9 and GA20, then GA9 and GA20 are respectively converted to bioactive GA4 and GA1 by GA3ox (Yamaguchi, 2008; Figure 3A). We therefore analyzed the contents of GA9, GA20, GA1 and GA4 in msd1-1. UPLC-MS/MS analysis showed that the concentration of GA20 was slightly reduced in the msd1-1 mutant while GA9 was only 16.8% of that in the wild type (Figure 3B). Meanwhile, GA1 and GA4 in the msd1-1 mutant were respectively reduced to 83.8 and 51.6% of wild type (Figure 3B). To investigate whether the GA deficiency is related to the msd1 mutant phenotype, we treated 5-week-old msd1-1 mutant plants with 2 mM GA3 for a month, and found that the height of the plants was restored compared with the control (Figures 3C–E), indicating exogenous application of GA could restore the dwarf phenotype of the msd1-1 mutant. Taken together, our results demonstrated that MSD1 regulates the biosynthesis of bioactive GAs, which control plant height in M. truncatula.
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FIGURE 3. MSD1 was involved in GA biosynthesis pathway. (A) Simplified scheme of the later steps in GA biosynthesis pathway. (B) Concentrations of endogenous GA9, GA20, GA4, and GA1 in 5-week-old WT and msd1-1 plants. Bars represent means ± SD (n = 3); asterisks indicate significant differences from the WT (∗P < 0.05, ∗∗P < 0.01, Student’s t-test). (C) Phenotypes of wild type (WT) and msd1-1 mutant treated with 2 mM GA3 for 5 weeks in comparison with untreated controls (mock). Bars = 2 cm. (D) The main shoot height of plants in the experiment shown in panel (C). Bars represent means ± SD (n = 16). (E) The internode length in main stem in the experiment shown in panel (C). Bars represent means ± SD (n = 16).




Phylogenetic Analysis of M. truncatula GA 20-Oxidase Family Genes

MSD1 belongs to the 2-oxoglutarate-dependent dioxygenase (2-ODDs) family, which contains two conserved domains: DIOX_N and 2OG-FeII_Oxy (Pan et al., 2017; Tenreira and Lange, 2017; Supplementary Figure 1). The protein BLAST analysis revealed that MSD1 has seven homologs in the M. truncatula genome. Consistent with the previous report (Ma et al., 2019), phylogenetic analyses suggested MSD1, MtGA20ox7/Medtr6g464620 and MtGA20ox8/Medtr8g033380 were clustered to close groups, with MSD1 and MtGA20ox7 falling within the same clade, which is close to AtGA20ox1-4 (Figure 4A). Quantitative RT-PCR revealed that MtGA20ox7 and MtGA20ox8 were both expressed in flowers, axillary buds, stem, root, pods, leaf as well as shoot apices (Figures 4B,C), suggesting that MtGA20ox7 and MtGA20ox8 may serve similar function as MSD1 in the regulation of plant height via affecting GA biosynthesis.
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FIGURE 4. Phylogenetic analysis of MSD1 and its closely related homologs. (A) Phylogenetic analysis of MSD1 and its homologs in M. truncatula (Mt), Arabidopsis (At) and rice (Os). Numbers on branches indicate bootstrap percentages for 1,000 replicates. (B,C) MtGA20ox7-1 and MtGA20ox8 transcript levels in different tissues, as revealed by quantitative RT-PCR. MtActin was used as an internal control. Values are means ± SD of three technical replicates. Three independent experiments were performed, with similar results.




Genetic Analyses of MSD1, MtGA20ox7, and MtGA20ox8 in the Regulation of M. truncatula Shoot Development

To investigate the roles of MtGA20ox7 and MtGA20ox8 with respect to MSD1 function in the regulation of shoot elongation, we first identified two mutant lines (NF1343 and NF18196) harboring the Tnt1 insertion in the MtGA20ox7 locus (Ma et al., 2019). Analysis of flanking sequences showed that NF1343 and NF18196 contained Tnt1 insertions in exon 1 and exon 2 of MtGA20ox7, respectively (Supplementary Figure 2A). We therefore named these two lines mtga20ox7-1 and mtga20ox7-2. RT-PCR analysis revealed that the transcripts of MtGA20ox7 were abolished in above two mutant lines (Supplementary Figure 2B). Meanwhile, a loss-of-function mutant line (NF19184, named mtga20ox8) harboring the Tnt1 insertion in MtGA20ox8 was also identified (Ma et al., 2019; Supplementary Figure 3). In agree to previous findings, no obvious plant height defects were observed in mtga20ox7-1, mtga20ox7-2, and mtga20ox8 compared to the wild-type plants (Ma et al., 2019; Figure 5A; Supplementary Figures 2C, 3C). Next, we generated double and triple mutants with combinations of msd1-1, mtga20ox7-1, and mtga20ox8 to investigate the genetic relationship among MSD1, MtGA20ox7, and MtGA20ox8 in M. truncatula shoot elongation. Consistent with the notion that MSD1 acts as an essential regulator in M. truncatula main stem elongation, the msd1-1 showed the most severe phenotype, with significantly reduced main stem elongation relative to the mtga20ox7-1 and mtga20ox8 single mutants, which are comparable to wild type. However, the mtga20ox7-1 mtga20ox8 double mutants exhibited reduced main stem height, indicating that the contributions of MtGA20ox7 and MtGA20ox8 to M. truncatula main stem elongation are secondary and redundant (Figures 5A,B). Notably, the msd1-1 mtga20ox7-1 and msd1-1 mtga20ox8 double mutants and the msd1-1 mtga20ox7-1 mtga20ox8 triple mutant exhibited drastically reduced main stem height, showing an additive defect on main stem elongation (Figures 5A,B). In addition, phenotypic observations showed lateral shoot length and leaf size was reduced in both msd1-1 mtga20ox7-1 and msd1-1 mtga20ox8 double mutants, but the msd1-1 mtga20ox7-1 mtga20ox8 triple mutant showed drastically reduced lateral shoot length and leaf size relative to wild type plants (Figures 5C, 6). Collectively, these results indicated that MSD1 and its homologs MtGA20ox7 and MtGA20ox8 coordinately regulate shoot elongation and leaf development in M. truncatula.
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FIGURE 5. Genetic analyses of MSD1, MtGA20ox7 and MtGA20ox8 in regulating M. truncatula shoot elongation. (A) Phenotypic comparison of 4-week-old wild type (WT) and mtga20 mutants. Red arrows indicate main stem. The insets show close-up views of the main stem. Bars = 2 cm. (B) Comparison of the main shoot length in 4-week-old WT and mtga20 mutants. Bars represent means ± SD (n = 16); asterisks indicate significant differences from the WT (∗∗P < 0.01, Student’s t-test). (C) Comparison of the lateral shoot length in 4-week-old WT and mtga20 mutants. Bars represent means ± SD (n = 16); asterisks indicate significant differences from the WT (∗P < 0.05, ∗∗P < 0.01, Student’s t-test).
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FIGURE 6. Comparison of leaves in wild type and mtga20ox mutants. (A) Phenotype of leaves in 4-week-old wild type (WT) and diverse mtga20ox mutants. Bars = 2 cm. (B) Comparison of leaf size in WT and mtga20ox mutants. Bars represent means ± SD (n = 16); asterisks indicate significant differences from the WT (∗∗P < 0.01, Student’s t-test).




DISCUSSION

Plant height is one of the most important agricultural traits that determines biomass production and grain yield (Salas Fernandez et al., 2009). Despite the genes encoding GA20ox have been identified and characterized in several plant species (Rieu et al., 2008; Asano et al., 2011; Plackett et al., 2012; Chen et al., 2019), relatively little progress regarding the biological function of the GA20ox family genes is demonstrated in legumes with complex genomes (Igielski and Kepczynska, 2017). In this study, we reported that the disruption of MSD1, a putative GA 20-oxidase, by Tnt1 retrotransposon insertion resulted in severely reduced main stem elongation, which is associated with reduced content of GA in the model legume M. truncatula (Figures 2A,B), suggesting the functional conservation of the GA20ox family genes in the regulation of plant height in legumes. The contents of the bioactive GA1 and GA4 were both reduced in the msd1 mutant compared with the wild type (Figure 3B), indicating that MSD1 catalyzed the synthesis of bioactive GAs. Nevertheless, in contrast to GA20 and GA1, which show a relatively small reduction, the concentrations of GA9 and GA4 were significantly reduced in the msd1 mutant, suggesting that MSD1 may have a much greater effect on the biosynthesis of non-13-hydroxylated GAs in M. truncatula. Histological analysis showed the main shoot dwarf phenotype of msd1 is caused by the decrease of the cell elongation and cell division in the main stem (Figures 1K–N). This is consistent with previous studies demonstrating that GAs enhance cell elongation and proliferation (de Lucas et al., 2008; Hedden and Thomas, 2012; Lee et al., 2012; Tong et al., 2014). It has been reported that the cell elongation is regulated by cell wall-loosening protein expansin (EXP) and xyloglucan endo-transglycosylases (XET), which have been shown to be specifically upregulated by GAs in Arabidopsis and rice (Xu et al., 1995a; Lee and Kende, 2001, 2002). In addition, GAs can also induce cell elongation via upregulating the transcription levels of cell division-related genes including cell cycle genes CYCA1;1 and CDC2Os-3 in deepwater rice (Lee and Kende, 2002). Nevertheless, so far, the underlying mechanism by which GA regulates the expression of these genes remains to be elucidated in legume plants. Thus, the identification of msd1 mutant may provide a model system to further investigate the regulation mechanism of GA in determining cell proliferation and elongation in M. truncatula and other legumes.

It is worth noting that the msd1 plant showed a severely reduced main stem height but with normal lateral branch elongation (Figures 1A–J), which is rarely observed in GA20ox mutants identified in other plant species, suggesting the functional diversity of GA20ox in regulating plant height in legumes. The specific function of MSD1 in controlling main stem elongation may be explained by its spatial expression profile. Quantitative RT-PCR analysis revealed that MSD1 is expressed at significantly higher levels in the main shoot apex than in the lateral shoot apices, suggesting that tissue specificity appears to be important for the functional diversification among GA20ox gene family. Nevertheless, the finding that differential expression of MSD1 in main and lateral branches leads to significant different shoot length may provide a cue for further investigating the regulation mechanism of GA in M. truncatula shoot development and may be valuable in plant breeding.

The M. truncatula genome contains eight GA20ox family members and phylogenetic analyses showed that MSD1, MtGA20ox7 and MtGA20ox8 are close to AtGA20ox1-4, OsGA20ox1 and OsGA20ox3, which are involved in regulating plant height in Arabidopsis and rice (Figure 4A; Igielski and Kepczynska, 2017). Phenotypic analysis in single mutant of msd1-1, mtga20ox7-1 and mtga20ox8 suggested that MSD1 plays an essential role in controlling main shoot height, while MtGA20ox7 and MtGA20ox8 showed no obvious influence in regulating main shoot height in M. truncatula (Figures 5A,B and Supplementary Figures 2C, 3C). Nevertheless, the double mutants of msd1-1 mtga20ox7-1 and msd1-1 mtga20ox8 both exhibit more severe dwarf in main shoot height compared to msd1-1 (Figures 5A,B). The triple mutant msd1-1 mtga20ox7-1 mtga20ox8 has the most seriously decreased main shoot height and leaf size (Figures 5A,B, 6), suggesting that MtGA20ox7 and MtGA20ox8 are functionally redundant to MSD1 in the regulation of shoot elongation and leaf development. Therefore, further elucidating the actions of diverse MtGA20ox members and investigating their genetic interactions will enlighten our understanding of biological function of MtGA20oxs in controlling M. truncatula growth and development.

Taken together, our studies reveal the molecular mechanism of MSD1-mediated regulation of main stem elongation and demonstrate the coordination of MSD1 and its homologs MtGA20ox7 and MtGA20ox8 in controlling M. truncatula shoot elongation and leaf development, which provide insights into understanding the functional diversity of GA 20-oxidases in optimizing plant architecture in legumes.
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A genetic continuity of living organisms relies on the germline which is a specialized cell lineage producing gametes. Essential in the germline functioning is the protection of genetic information that is subjected to spontaneous mutations. Due to indeterminate growth, late specification of the germline, and unique longevity, plants are expected to accumulate somatic mutations during their lifetime that leads to decrease in individual and population fitness. However, protective mechanisms, similar to those in animals, exist in plant shoot apical meristem (SAM) allowing plants to reduce the accumulation and transmission of mutations. This review describes cellular- and tissue-level mechanisms related to spatio-temporal distribution of cell divisions, organization of stem cell lineages, and cell fate specification to argue that the SAM functions analogous to animal germline.
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INTRODUCTION

Each living organism inevitably accumulates mutations due to errors in DNA replication, activity of transposable elements, free radicals, or UV radiation. If not lethal, a mutation is passed on to the descendant cells via mitotic cell divisions and generates a clone of mutated cells (Gill et al., 1995). Even though the vast majority of mutations are selectively neutral or only slightly deleterious, they will accumulate with time and eventually decrease an individual’s fitness, presumably causing aging, cancer, and other diseases in case of animals and humans (Erickson, 2014; Vijg, 2014). However, the mutations will not be transmitted to the next generation unless they occur in progenitors of gametes.

Sexually reproducing animals separate a dedicated cell lineage (germline) that gives rise to gametes responsible for genetic continuity of the species. The most prominent feature of animal germline is early specification and separation from somatic lineages already during embryogenesis, which combined with a low mitotic activity, effectively reduces the number of mutations resulting from DNA replication errors (Extavour, 2007). Therefore, functioning of the germline is closely associated with the protection of the genetic material that is transmitted to next generations.

In contrast to animals, the germline in plants is specified late during post-embryonic development (e.g., Berger and Twell, 2011; Grossniklaus, 2011). This may be not risky for a short-lived plant, such as Arabidopsis, however, in long-lived species, late germline specification and continuous mitotic activity could be expected to lead to a high number of cell divisions per generation, the accumulation of mutations, and ultimately “mutational meltdown” (Lynch et al., 1993). Yet, some plants can live and reproduce for several thousands of years (Lanner, 2002; Munne-Bosch, 2018).

This review addresses the question how plants protect their genetic material from mutations occurring during prolonged lifetime via mechanisms acting at cellular and tissue levels. First, key features of animal germline and mechanisms are described that reduce the risk of heritable mutations. Then, it is argued that the similar protective mechanisms exist in plants, although they extend beyond the germline sensu stricto, and involve the system of continuously generated shoot apical meristems (SAMs). Thus, in this sense, the SAM is functionally analogous to animal germline.



GERMLINE AND MUTATION RATE IN ANIMALS

One of the most recognizable features of the animal germline is its early specification (Figure 1A; Saffman and Lasko, 1999; Extavour and Akam, 2003; Strome and Updike, 2015). During the specification, precursors of gametes called primordial germ cells (PGCs) are established that are distinguished from somatic cells by their characteristic histology and molecular markers (Saffman and Lasko, 1999; Extavour and Akam, 2003). After the specification, PGCs are separated from somatic cells, in the sense, that their mitotic activity is reduced, and they do not respond to factors promoting somatic differentiation often being transcriptionally quiescent (Strome and Updike, 2015; Swartz and Wessel, 2015).
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FIGURE 1. Cell lineages minimizing the risk of heritable mutations. Establishment of the germline and somatic lineages in animals (A,B) and plants (C). (A) In most of vertebrates (e.g., mouse and chicken) and ecdysozoans (e.g., Drosophila and Caenorhabditis elegans) the germline (blue) producing gametes (cyan) is specified and separated from somatic lineages (black) during embryogenesis. (B) In other animals (e.g., flatworms, cnidarians, or sponges), the germline is specified during post-embryonic development from multipotent lineages (gray) that produce also somatic lineages. (C) In plants, the germline is specified during post-embryonic development from meristematic cell lineages (gray), that produces also somatic lineages. Empty circle, zygote; black circle, somatic lineage; blue circle, germline; cyan circle, gametes; gray circle, multipotent or meristematic lineage. (D) Hierarchical organization of stem cell lineage. Slowly dividing stem cells (red) produce descendant stem cells and faster dividing transit-amplifying cells (yellow) that eventually enter a differentiation pathway (green). (E–G) The fate of stem cell descendants. (E) Stem cell descendants after the asymmetric division acquire a different fate: the stem cell (red) and the cell that ultimately differentiate (yellow). Stem cell descendants after the symmetric division acquire the same fate: either both become stem cells (F), or both cells ultimately differentiate (G).


In many animals, germline specification and separation occur during embryogenesis. For example, Drosophila germline is specified after a series of 10 nuclear divisions in the early syncytial embryo, before cellularization. In Caenorhabditis elegans the germline is specified progressively during the first four embryonic divisions, and becomes fully established at the 16 or 24-cell embryo. Early germline specification occurs also in Xenopus, that is at 32-cell embryonic stage, or in chicken – at the 300-cell embryonic stage, whereas in the mouse, the germline is specified before or during gastrulation. Therefore, in most of animal model species, the germline is the first established lineage, and its specification occurs before the specification of somatic lineages.

Early specification, however, is not a universal feature of animal germline. For example, differently from most model species, the germline in axolotls is established after gastrulation, thus, after the specification of somatic lineages (Chatfield et al., 2014). The germline can be specified even later, for example, after embryogenesis in annelids or echinoderms, or throughout the adulthood in some flatworms, cnidarians, or sponges (Buss, 1983; Extavour and Akam, 2003; Johnson and Alberio, 2015). In these cases, the germline develops from multipotent stem cells, that give rise to both the germline and somatic cells (Figure 1B; Agata et al., 2006; Juliano and Wessel, 2010). However, these multipotent cells, for example in sea urchin, are separated from other cells already in the embryo, and at least initially remain mitotically quiescent (Juliano et al., 2010). Clearly, the timing of germline specification and separation is not fixed in animals, and it ranges from different stages of embryogenesis to the adulthood.

Early germline specification and separation has an advantage of reducing the number of cell divisions which is expected to protect from the accumulation of somatic mutations (Extavour, 2007). Indeed, typically the mutation rate (defined in this review as the number of mutations per generation) is significantly lower in the germline than in somatic lineages (Lynch, 2010; Milholland et al., 2017; Whittle and Extavour, 2017). Moreover, a difference in germline mutation rate exists between females and males that can be explained by the different number of cell divisions. In mammal females, there is a relatively small number of cell divisions preceding the production of the ovum, which does not increase with age, because all cell divisions are completed before the birth. In mammal males, however, sperm cells are continuously produced during reproductive life, thus, the number of cell divisions increases with the age. For example, in female mice there are 25 germ-cell divisions compared to 62 divisions in males (Drost and Lee, 1995). This difference is even higher in humans, where the number of germ-cell divisions is about 31 in females, while for a 20-year old male this number is already 150, and further increases by more than five times for a 50-year old male (Crow, 2000). Accordingly, the mutation rate in males is much higher than in females, and it increases rapidly with the individual age (Drake et al., 1998; Crow, 2000; Campbell and Eichler, 2013). Interestingly, the difference in germline mitotic activity between sexes is not conserved in animals. In Drosophila, numbers of germ-cell divisions for females and males are similar (about 35–36 divisions), as is the mutation rate (Drost and Lee, 1995).

These data support the idea that there is a relationship between the number of cell divisions and the mutation rate. Therefore, reduced mitotic activity can contribute to the protection of the germline from somatic mutations. However, given the risk of mutation accumulation in the germline where the number of cell divisions is higher, for example, due to late separation, alternative cellular- and tissue-level mechanisms have evolved to minimize the mutation rate (molecular mechanisms have been reviewed, e.g., Strome and Updike, 2015; Raz and Yamashita, 2021).

The organization of the germline, as other types of stem cell lineages in animals, is hierarchical. This means that the lineage consists of slowly dividing self-renewing stem cells, that give rise to faster dividing transit-amplifying cells (undifferentiated cells in a transient state between “stemness” and differentiation), that ultimately produce differentiating cells, e.g., gametes (Figure 1D; Kay, 1965; Cairns, 1975). Consequently, the lineage with relatively few stem cell divisions can generate numerous differentiating cells, the number of which depends on divisions in transit-amplifying cells. This hierarchical lineage organization can limit the accumulation of mutations in the germline. Low mitotic activity of stem cells reduces the probability of replication errors and resulting mutations, which is particularly important, because any mutation that occurs in a stem cell is prone be fixed (Pepper et al., 2007; Derenyi and Szollosi, 2017). Mutations in transit-amplifying cells, even if they are more likely to occur due to higher mitotic activity, never reach fixation and are lost from the cell lineage during cell differentiation.

Moreover, the fate of stem cells is not fully predictable. Although, a stem cell often gives rise to one descendant which retains stem cell fate and the other descendant which differentiates (asymmetric division) (Figure 1E), sometimes both the descendants can acquire the same fate (symmetric division): either of the stem cell or of differentiating cell (Figures 1F,G; Morrison and Kimble, 2006). Indeed, male germline stem cells can stochastically lose their stem cell fate by symmetric cell division, and be replaced by neighboring transit-amplifying cells (Klein and Simons, 2011; Stine and Matunis, 2013). This means that stem cells are not permanent, which have an important consequence in the fate of mutations. Namely, in a cell lineage with permanent stem cells (where at least one stem cell descendant retains stem cell fate), a mutation occurring in the stem cell will indefinitely propagate to all descendants. However, in the case of impermanent stem cells (where both stem cell descendants lose stem cell fate), the mutation is more likely to be lost by stochastic elimination of mutated stem cell followed by its differentiation (Shahriyari and Komarova, 2013; McHale and Lander, 2014).

Therefore, regardless of the diversity in the germline specification and separation, several protective mechanisms, such as low mitotic activity, hierarchical lineage organization, or impermanency of stem cells, have been developed in animal germline to reduce the risk of mutations, restrict fixation of mutations and their accumulation in the germline.



GERMLINE IN PLANTS

In contrast to animals, in which organ formation is usually completed after embryogenesis, plants generate organs throughout their entire lifetime. The formation of above-ground organs occurs at the SAM containing a population of potentially immortal stem cells that give rise not only to somatic cells, but also gametes (Figure 1C). Other unique feature of plants is the presence of diploid (sporophyte) and haploid (gametophyte) phases of the life cycle (Walbot and Evans, 2003). A cell lineage committed to producing gametes (the germline sensu stricto) is specified late in sporophyte development. However, whether the plant germline initiates with spore mother cell formation (Grossniklaus, 2011; She and Baroux, 2014), or with the mature gametophyte (Berger and Twell, 2011), is still a matter of debate. It is also unclear when exactly plant germline is separated from somatic lineages (Lanfear, 2018). In this review, evidences are presented for extending the narrow meaning of germline in plants. In agreement with the concept of functional plant germline first proposed by Romberger et al. (1993), it is argued that SAM functions analogous to animal germline, in that it limits the accumulation and transmission of somatic mutations to next individuals and generations.

In Arabidopsis, the SAM is specified in the 16-cell embryo and subsequently forms between cotyledons (Capron et al., 2009). From then on, all above-ground organs derive from the SAM. During the vegetative phase of development, the SAM produces either leaves (organs with determinate growth) or indeterminate axillary meristems. These meristems give rise to lateral shoots and form SAMs, which, again, produce determinate organs and meristems (Domagalska and Leyser, 2011). During the reproductive phase, the SAM produces flower meristems that are homologous to axillary meristems (Long and Barton, 2000; Kwiatkowska, 2006). The flower meristem generates sexual organs where ultimately gametes are formed, which is preceded by development of haploid gametophytes (Feng et al., 2013). Thus, the process of meristem formation is continuous, and consequently, lineages of meristematic cells exist in plants from the embryo to gametes, even though they are not separated from somatic lineages.

The functioning of the SAM depends on activity of stem cells localized at SAM center. The stem cell can be defined as a cell that self-renews and generates differentiating cells (Heidstra and Sabatini, 2014; Slack, 2018). However, there has been a confusion in the plant literature about which cells in the SAM should be named stem cells (Laux, 2003; Kuhlemeier, 2017). In Arabidopsis, CLAVATA3, which is expressed in approximately 10–20 cells at SAM surface, is often used as a marker for stem cell identity due to its role in the regulation of stem cell maintenance (Fletcher et al., 1999; Brand et al., 2002). In contrast, observations of clonal sectors at shoots of plant chimeras, or identification of cell clones at single time-point SAM images revealed 2–4 stem cells (called initials or apical initials in classical botanical terminology) in many vascular plants (Stewart and Dermen, 1970; Christianson, 1986; Gola and Jernstedt, 2011; Zagórska-Marek and Turzańska, 2014; Conway and Drinnan, 2017). In Arabidopsis and tomato, tracing of cell lineages based on time-lapse imaging provides a direct method to identify 3–4 stem cells at the SAM surface (Figure 2A; Burian et al., 2016). Therefore, only a subset of CLAVATA3-expressing cells meets the functional criteria of stem cells, that is, self-renewal and generation of differentiating cells.


[image: image]

FIGURE 2. Stochastic and semi-permanent behavior of plant stem cells. (A) Dynamics of stem cells at the surface of vegetative SAM in Arabidopsis (top view, based on the figure 4, Burian et al., 2016). Stem cells were identified at L1 (the outermost cell layer of tunica) by tracing of cell lineages based on time-lapse imaging with laser confocal microscopy. A stem cell (red) divides asymmetrically producing the descendant cell that maintains its position at SAM center and stem cell fate, and the cell that loses stem cell fate by its displacement to the periphery, and becomes transit-amplifying cell (yellow) undergoing series of cell divisions. Note, that the same set of four stem cells is functioning for at least 9 days. Scale bar, 20 μm. (B) Computer simulation of stochastic stem cell behavior (modified, based on the Video S4, Kucypera et al., 2017). In Kucypera et al. (2017), stem cells were defined by a stable point corresponding to the geometric center of SAM surface. Here, stem cells (red) were defined at t1 by a stable positional information marked by a blue circle. The simulation shows that although these stem cells generally divide asymmetrically, symmetrical divisions can also occur leading to rearrangement of stem cells. Due to cell displacement, both descendants of the stem cell (indicated by an asterisk at t1) lose stem cell fate at t2, and undergo series of cell divisions (yellow). Consequently, the cell clone is displaced from the SAM center at t3. In contrast, both descendants of the other stem cell (indicated by a hash at t1) keep stem cell fate at t2 as they maintain the position at the center. (C) Plausible stem cells below SAM surface. At longitudinal section across the SAM (from A), thicker lines indicate outer cell layers of the tunica (L1 and L2) and inner corpus (L3). Arrows indicate the direction of cell displacement due to oriented cell divisions. Each tunica layer and the corpus contain their own sets of stem cells. Red circle, stem cell of the L1 (identified at A), empty circle, plausible stem cells of L2 and L3. Stem cells of L1 give rise to epidermis, L2 – subepidermal tissues, and gametes, L3 – internal tissues. Scale bar, 20 μm.


Similar to animals, the organization of stem cell lineage at the SAM is hierarchical. Namely, descendants of stem cells either retain stem cell fate at the SAM center, or lose this fate and undergo several cell divisions at SAM periphery, before they will give rise to a new organ, e.g., a leaf (Figure 2A; Heidstra and Sabatini, 2014). As these cells are in transition between stem cells and differentiating cells, they are equivalent to animal transit-amplifying cells. At the time of leaf initiation, few of these transit-amplifying cells are arrested in cell divisions and locate at the boundary between a leaf primordium and the SAM (future axil), where they persist in a quiescent state until they give rise to the axillary meristem (Burian et al., 2016; Shi et al., 2016). This quiescent state can last weeks, months, or even years in some trees (Garrison, 1955; Fink, 1984; Meier et al., 2012). Thus, rather than being generated de novo from differentiated cells in leaf axil, axillary meristem originates directly from undifferentiated cells of the SAM, in agreement with the “detached meristem” hypothesis (Romberger, 1963; Grbić and Bleecker, 2000; McSteen and Hake, 2001; Greb et al., 2003; Alvarez et al., 2006).



MITOTIC ACTIVITY IN PLANT MERISTEMS

Since the germline sensu stricto is specified late in plant ontogeny, the high number of cell divisions from the zygote to gametes (or per generation) is expected, especially in large long-lived plants. Although the estimation of this number is still a major challenge, the already existing evidence suggests that this number cannot be simply extrapolated from plant age or size. Instead, given the continuous mode of meristem formation, per-generation number of cell divisions depends on the mitotic activity of stem cells, and on the number of cell divisions separating axillary meristem from the SAM. The cell divisions accompanying the formation of sexual organs and those directly preceding the specification of the germline, are not considered here, because their number is fixed for a given plant and is not expected to increase during prolonged growth, in contrast to the number of cell divisions in the SAM.

Like in animals, a common feature of plant stem cells is their low mitotic activity (Laufs et al., 1998; Reddy et al., 2004; Kwiatkowska, 2008). In particular, a long cell cycle of 40 days or more has been estimated for trees as compared to 3–12 days in annual plants (Stewart and Dermen, 1970; Lyndon, 1990; Romberger et al., 1993). Importantly, due to hierarchical organization of stem cell lineage, the mitotic activity in stem cells is not proportional to the size of a plant body. For example, stem cell mitotic activity is not correlated with the number of lateral organs (Watson et al., 2016). Instead, the amount of new organs depends on the activity of transit-amplifying cells at SAM periphery, where new organs are initiated. Also, shoot elongation per se does not depend on the mitotic activity of stem cells, as it is a result of subapical growth activity in the region comprising internodes between leaves (Romberger, 1963; Maksymowych et al., 1985). Finally, the per-generation number of cell divisions can be further decreased by early detachment of axillary meristem. The number of cell divisions separating the SAM and axillary meristem is relatively low and depends on the size of SAM, rather than on post-meristematic growth of the shoot (Romberger et al., 1993; Burian et al., 2016).

Altogether, for example, about 100 stem cell divisions have been estimated per generation in a 50-year-old tree (Romberger et al., 1993), 120 divisions in a tree with 106 terminal branches (Burian et al., 2016), or 135 divisions in 76-m high spruce (Hanlon et al., 2019). By contrast, 34–50 cell divisions are estimated for annuals, like Arabidopsis or maize (Otto and Walbot, 1990; Watson et al., 2016). Clearly, the number of cell divisions per generation does not increase proportionally to plant growth or lifetime. Given the relationship between the number of cell divisions and the mutation rate, similar tendency is predicted also in the case of the mutation rate.

Indeed, recent genetic analyses show that even long-lived plants achieving considerable sizes do not accumulate as many somatic mutations per generation that could be expected from their extended lifetime and growth (Schmid-Siegert et al., 2017; Plomion et al., 2018; Hanlon et al., 2019; Wang et al., 2019; Hofmeister et al., 2020; Orr et al., 2020). However, the estimation of mutation rate needs further studies, because other analyses (Klekowski and Godfrey, 1989; Ally et al., 2010; Bobiwash et al., 2013; Schoen and Schultz, 2019) predict higher mutation rate. Nonetheless, plants like trees can live for centuries without (or with only weak) physiological signs of aging, that would result from the accumulation of somatic mutations (Lanner and Connor, 2001; Mencuccini et al., 2014; Wang et al., 2020). Thus, reduced mitotic activity in stem cells may contribute to low mutation rate in long-lived plants. Interestingly in this context, there is also no correlation between body size, longevity, and a cancer risk in animals (Caulin and Maley, 2011).



STOCHASTIC AND SEMI-PERMANENT BEHAVIOR OF PLANT STEM CELLS

Although the mutation rate can be limited by reduced mitotic activity in stem cells, indeterminate growth inevitably increases the risk of mutations in plant germline. Further protective mechanisms are related with behavior of stem cells.

Botanists have known for a long time, that stem cells do not function permanently in most of vascular plants (Ruth et al., 1985; Klekowski, 1988; Green et al., 1991; Gola and Jernstedt, 2011; Zagórska-Marek and Turzańska, 2014; Conway and Drinnan, 2017; Jill Harrison, 2017). The same set of 3–4 stem cells can persist at the SAM center and function for quite a long time, as long as each cell divides asymmetrically, so that one descendant cell retains stem cell fate, whereas the other loses this fate, becomes transit-amplifying cell, and after series of cell divisions, ultimately differentiates (Figure 2A). For example, tracing of cell lineages in Arabidopsis revealed that the same set of stem cells can function for 7–9 days (Burian et al., 2016), while in other annuals, the same stem cells function through both vegetative and reproductive phase of development (Lyndon, 1998). However, like in animals, plant stem cells can be also stochastically lost and replaced by neighboring cells meaning that they do not function permanently. How then the fate of plant stem cells is regulated? Stem cell fate is controlled by a positional information provided by the WUS-CLV feedback, hormone action (reviewed in Heidstra and Sabatini, 2014; Fuchs and Lohmann, 2020; Lopes et al., 2021), and perhaps also by mechanical signals (Kierzkowski et al., 2012). Thus, plant stem cells are better viewed as “the temporary occupants of a permanent office” (Newman, 1965). Once a stem cell leaves the “office,” it loses its fate. Accordingly, if positional information is stable at SAM center, the loss or acquirement of stem cell fate depends on cell displacement which is determined by the direction of growth and the orientation of cell division plane. Cell growth is slow and isotropic (uniform in all directions) at SAM center, and the orientation of anticlinal cell division planes is random (Kwiatkowska, 2004; Louveaux et al., 2016). In a consequence, eventually both descendants of a stem cell can be displaced from the center and lose the stem cell fate, while a new stem cell can be recruited from descendants of the other neighboring stem cell (Figure 2B). However, to understand the role of growth and cell division patterns in determination of stem cell fate, further studies are needed.

Summarizing, since plant stem cells persist at the SAM center through prolonged time, but ultimately are stochastically lost, they can be described as semi-permanent. Such a behavior arises from the position-dependent control of stem cell fate and cell displacement that decides whether a cell retains or loses its fate. Therefore, the fate of stem cells is to some extent stochastic, as long as the growth at meristem center is isotropic and the orientation of cell divisions is random.



THE FATE OF SOMATIC MUTATIONS

A mutation, if not eliminated by DNA repair system, cell cycle arrest, or cell death (Bray and West, 2005; Fulcher and Sablowski, 2009; Hu et al., 2016), will be propagated in dividing cells. Thus, cell divisions are not only a major source of mutations, they also allow the mutation to spread within individual organism and to the offspring. Here, only neutral mutations are considered because they cannot be eliminated by the natural selection (mechanisms underlying the selection of non-neutral mutations at different levels of plant organization have been described, e.g., Whitham and Slobodchikoff, 1981; Walbot and Evans, 2003; Schoen and Schultz, 2019).

The highest chance that a mutation will be fixed at the SAM and propagate infinitely, is when the mutation occurs in stem cells. Mutation fate, however, will depend on the number and permanency of stem cells. For example, the mutation in a single permanent stem cell, which occurs at the SAM of mosses or some ferns (Philipson, 1990; White and Turner, 1995; Gola and Banasiak, 2016; Jill Harrison, 2017), will be immediately fixed (Klekowski, 2003). In contrast, larger number of stem cells and their semi-permanency will favor stochastic loss of mutations. The rate of spontaneous mutations estimated for Arabidopsis is 7⋅10–9 base substitutions per site per generation, which gives approximately 1 mutation per genome per generation (Ossowski et al., 2010; Yang et al., 2015). Given 3–4 semi-permanent stem cells, it is unlikely, that mutations occur in all of them at the same time. Also, if the mutation occurs in one stem cell, there is a low chance that this mutated cell will keep the position at SAM center and replace all other stem cells (Burian et al., 2016). Instead, it is more likely, that the mutated stem cell will be ultimately displaced from the center, so that the mutation will be lost by differentiation, or it will be transmitted to axillary meristem. However, the mutation can be fixed only in those axillary meristems that are generated within a mutated sector occupying 1/3 or 1/4 of the circumference of the shoot (i.e., the sector generated by one stem cell, that width depends on the number of stem cells; Figure 2A). Thus, continuous formation of axillary meristems that ultimately give rise to new branches, prevents the uniform distribution of somatic mutations throughout the shoot, but instead, it may lead to hierarchically extending mutated sectors, such as recently found in oak tree (Schmid-Siegert et al., 2017).

The fate of mutations depends also on the SAM structure. In dicots, SAM structure is layered, meaning that the displacement of stem cells and their fate is partially restricted by prevalence of anticlinal cell divisions (Figure 2C; Lyndon, 1998). In a consequence, such structure enhances the retention of mutated cell clones, for example, in the form of stable periclinal chimeras (Klekowski, 1988; Frank and Chitwood, 2016). In monocots and gymnosperms, however, stem cell division plane is not restricted, or is restricted to a lesser extent (Stewart and Dermen, 1979; Lyndon, 1998; Conway and Drinnan, 2017), thus, the elimination of mutated stem cells and their clones can be more efficient (Klekowski, 1988).

Altogether, the fate of somatic mutations depends on stem cell behavior and cellular processes such as cell divisions or cell growth. Permanency of stem cells and layered SAM structure, promote the fixation of mutations in a plant, while larger number of stem cells, their semi-permanency, and non-layered SAM structure allow for stochastic loss of mutations.



CONCLUSION

Despite fundamental differences in animal and plant development, similar cellular- and tissue-level mechanisms exist to reduce the amount of heritable mutations. These mechanisms include low mitotic activity and hierarchical organization of stem cell lineage, which minimizes the risk of mutations, and stochastic behavior of stem cells which facilitates the loss of mutations. In plants, a body plan is not determined during embryogenesis, but develops progressively during entire lifetime, and cell lineages in the SAM give rise to both somatic cells and gametes. Nonetheless, these cell lineages are continuous from the embryo to gametes, and transmit genetic information to next generations or to clonally propagated individuals. Thus, given the presence of protective mechanisms and cell lineage continuity, the SAM is functionally analogous to animal germline. Because somatic mutations not only decrease individual and population fitness, but also enable evolution, the SAM participates in the protection of genetic information, but at the same time allows the adaptation to changing environment and to rapidly evolving pathogens or insects (Whitham and Slobodchikoff, 1981; Simberloff and Leppanen, 2019).

It is still an open question whether similar protection against the accumulation of somatic mutations occurs in flower organs. Recent advances in live imaging techniques, which enable to follow cellular events during the specification of spore mother cells or during the gametophyte development, will likely help to reveal mechanisms of such protection in future (Prusicki et al., 2019; Valuchova et al., 2020; Hernandez-Lagana et al., 2021; Susaki et al., 2021; Vijayan et al., 2021).
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Modeling has become a popular tool for inquiry and discovery across biological disciplines. Models allow biologists to probe complex questions and to guide experimentation. Modeling literacy among biologists, however, has not always kept pace with the rise in popularity of these techniques and the relevant advances in modeling theory. The result is a lack of understanding that inhibits communication and ultimately, progress in data gathering and analysis. In an effort to help bridge this gap, we present a blueprint that will empower biologists to interrogate and apply models in their field. We demonstrate the applicability of this blueprint in two case studies from distinct subdisciplines of biology; developmental-biomechanics and evolutionary biology. The models used in these fields vary from summarizing dynamical mechanisms to making statistical inferences, demonstrating the breadth of the utility of models to explore biological phenomena.
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INTRODUCTION

Biological systems represent nested hierarchies of complex patterns and processes. Models have arisen as a tool to reveal salient aspects of these systems (May, 2004). Models help expose the function of complex systems: For example, by representing processes on the sub-phenotype scale, models can reveal emergent properties of a system such as tissue patterning that occurs despite local cellular variability (Hong et al., 2016). Modeling can also reveal the source of counterintuitive effects; for example, a gene promoting expression of its own negative regulator to obtain stable expression in a feedback loop (Alon, 2007; Ding et al., 2020). Complementarily, models can use statistical inference to discover patterns in large datasets like inferring evolutionary phylogenies or gene regulatory networks (Beaulieu and Donoghue, 2013).

Modeling and computational literacy have become ever more pressing skills as high-throughput methods of data acquisition become more accessible. With modern datasets getting ever larger, biologists have turned to advanced statistical methods and modeling approaches to process and interpret these large datasets.

Modeling biological systems requires extensive background in mathematics, statistics, programming, and biology. As most researchers fall somewhere within the wide spectrum of skill levels in each of these fields, it can be difficult for a single individual to efficiently and correctly obtain the biological information about a question, formalize the question into rigorous mathematics, and apply appropriate statistics. Interdisciplinary collaborations with mathematicians and statisticians are an invaluable solution to this lack of knowledge. However, careful communication must be maintained between collaborators to make sure the original biological question does not become lost in the details (Bak-Maier and Inger, 2007; Palmer, 2018; Kluger and Bartzke, 2020). Biologists are often competent users of specific programs that model processes of interest with a general understanding of how these models relate to others, yet knowledge gaps remain that can lead to the misinterpretation of the model or a lack of knowledge of field standards for applying certain formalisms. It can be argued that a general level of understanding is sufficient. However, as the use of models to describe biological mechanisms becomes more pervasive, all biologists must move to improve their competencies to critically analyze models and ensure that the assumptions they, a collaborator, or other researcher are applying are sound (Makin and Orban de Xivry, 2019). The time necessary to properly implement a model and interpret its results relative to the biological question can be daunting. Nevertheless, it is necessary to prevent improper use of statistical methods and modeling approaches, which can diminish their utility or worse lead to misinformed conclusions.

Motivated by this need, we take a bird’s-eye view and present a blueprint for the life cycle of a biological model. While previous reviews have focused on specific mathematical models (Bartocci and Lió, 2016), the overall goals of biological modeling (Sharpe, 2017) or specific biological processes to model (Bucksch et al., 2017), we instead highlight the logic behind biological abstraction and how a model and its development can be used to refine hypotheses. While non-exhaustive, our framework focuses on how to formalize biological hypotheses into mathematical language, and how to design data driven experiments to test these hypotheses. By putting forward these basic tenets of modeling, we hope this manuscript serves as a guide for researchers to apply models to their own investigations and to critically assess the validity of models in the literature.

We use the two case studies that follow to demonstrate the utility of this blueprint. The first case study details a model that attempts to predict the change of a system over time from a set of initial conditions, while the second case study is concerned with statistical inference of present states due to past events. In order to establish the broad applicability of this blueprint, we source these examples from two distinct fields of biology; developmental biomechanics and evolutionary biology. These fields are historically distinct and concerned with different levels of biological organization and different temporal scales: the development of individual organs vs. the macroevolution of species. Despite the distinct research programs and models applied, they both can be examined under our unifying blueprint. By demonstrating how the principles of our life cycle can be adapted and reinterpreted at two distinct spatial and temporal scales, we hope readers can infer how to approach biological modeling problems at many scales.



THE MODELING LIFE CYCLE

Here, we highlight a general blueprint for modeling biological systems (Figure 1). We draw the basic tenets of “design, build, and test” from the field of engineering and elaborate on how they can be broken down into steps of a modeling pipeline. We define design as the definition of the biological problem and its translation into formulas, build as the selection of methods to solve the formulas, and test as the analysis of the solution and results in relation to the modeler’s goals. These stages are fluid and likely interchangeable, but we chose this framework to suggest breakpoints in the process where concordance between the question, the model, and the modeler’s goals can be evaluated. We aim to illuminate key areas to troubleshoot in a developing model where there is a disconnect between the information used and the question being asked. The cycle may also help validate and explain key, unintuitive insights of the model. In the same way that in a lab, the experimental system must be matched to the question and the question refined to fit within the confines of experimental resources, so too must the theory and implementation of a model be refined. We hope that tracing a model along this framework will offer the researcher, reviewer, or reader a flexible and iterative guide to assess models as well as to build their own.

[image: Figure 1]

FIGURE 1. Summary of the modeling life cycle.



Pose Biological Question

Not all biological questions require modeling approaches. Often much can be figured out through descriptive “models.” For example, classic “models” of plant development like the ABC model of floral morphogenesis and the CLAVATA-WUSCHEL feedback did not require computational investigation to uncover the fundamental mechanisms governing these phenomena (Coen and Meyerowitz, 1991; Somssich et al., 2016). However, our understanding of even these systems has benefitted from computational models. Formal gene regulatory models allowed researchers to investigate the molecular dynamics underlying the descriptive models (Espinosa-Soto et al., 2004; Jönsson et al., 2005; Alvarez-Buylla et al., 2008; Gordon et al., 2009; Chickarmane et al., 2012; Zhou et al., 2018; Refahi et al., 2021). A biologist must critically assess whether new insights will be gained from modeling. Determining whether or not a model will contribute new insights relevant to a particular hypothesis or set of hypotheses depends on what data are available, and what remains unknown or unsolvable. Models are well-suited for questions where connections between well-studied inputs and outputs, key regulatory hubs in complex systems, or patterns in data are not clear from empirical observation alone. Models also may assist in choosing between hypotheses by rapidly testing what combination of relationships or system characteristics (parameters and topologies) do or do not approximate empirical results. Models are also helpful if they can offer quantitative predictions (Ellner and Guckenheimer, 2011; Transtrum and Qiu, 2016). The modeler must decide which type of question they would like to investigate, and if they have (or can obtain) enough data to fit and test the model (see Incorporating Data).




DESIGN

The goal of model design is to explicitly define the biological hypothesis and formalize it into mathematical equations.


Biological Theory

With a biological question in mind, the modeler must enumerate the known biological inputs, outcomes, and relative spatial and temporal scale at which these relationships are predicted to occur. It can be helpful to summarize these details into a diagram indicating the hypothesized interactions between inputs and outcomes. This information will help determine the definition of states and the equations linking the states together. The modeler should decide which temporal scale(s), spatial scales, biological relationships, and characteristics they want the model to represent and what evidence they have for identifying these factors. This will be used in analyzing the fit of the model (see Test: Predictive Value) and choosing which simplifications and assumptions can be made (see Build: Implementation). For dynamic models, modelers should have an idea of the spatial resolution of the interactions they want to study. This will help the modeler represent their system geometrically (see Build: Implementation).



Mathematical Theory

The biological processes must be converted into a system of equations that can account for the changes exhibited by the biological system. Choosing the form of the equations will impose assumptions on the result that should not be forgotten when interpreting the solution (see Case Studies for examples of valid and overstretching conclusions). For a classically trained plant biologist, this is a great opportunity to explore establishing an interdisciplinary (Palmer, 2018) collaboration or further mathematical training (Bak-Maier and Inger, 2007; Kluger and Bartzke, 2020).



Define System

Working through biological and mathematical theory should reveal what data can be collected from the biological system to inform the model, what mechanisms and relationships are known to exist, which will be inferred, and what outcome predictions will be tested. This may offer the first opportunity for refining what question the researcher is most interested in and suggest simplifications for other aspects of the system. Classically trained plant biologists may struggle to refine a model because they are used to looking at problems holistically. Whereas physicists and mathematicians are more comfortable knowingly excluding certain aspects of a system in order to study behavior under a particular set of circumstances. This latter approach is not only necessary to enable mathematical implementation, but it also helps to quickly identify areas where a model and its assumptions will no longer apply – and thus where more research, data, and hypotheses are needed. A hybrid approach of different models with different spatial resolutions can provide a helpful link between these two inclinations. Before proceeding to implement the model, the mathematical formulas should be explicitly stated and the extent to which they, and their corresponding parameters, adhere to or abstract from biology should be understood. The system definition locks in the modeling goals, the researcher will be able to achieve. The relationship between the biological and mathematical theory determines the balance of phenomenology and quantitative prediction. This step may become iterative as the modeler balances the complexity of the biological inputs included in the system with the level of mathematical theory, the researcher is comfortable employing.




BUILD

The second stage is solving the defined equations, often by implementing the equations into code.


Implementation

Often to address the specificities of a biological question, it is infeasible to perform calculations by hand. Therefore, most contemporary models require a computer implementation. Computers provide the processing power to handle equation-dense systems and to numerically solve equations that do not allow for a closed form solution (see Box 1: Analytical vs. numerical solutions). Many decisions and tradeoffs must be made at this stage that require knowledge of computer language formalisms, which libraries already exist in a given language and how they are implemented. These implementation details can greatly influence what conclusions and interpretations of the model are valid (Kursawe et al., 2017).


BOX 1 | Technical considerations

Below, we provide a brief summary of some of the technical considerations that are involved in the implementation of a model. Further detail is beyond the scope of this review as it concerns a deeper dive into the fields of mathematics and computer science.

1) Analytical Vs. Numerical Solutions

Analytical solutions are possible when the equations can be rearranged to solve for a variable of interest. This is possible if the functions defining a system are only dependent on one variable (position, time, etc.). Or if certain parameters would be orders of magnitude less than others, their influence can be ignored as negligible and the equations simplified to the aforementioned form (Alon, 2007; Ellner and Guckenheimer, 2011). When analytical solving is not possible, a numerical method is employed. For example, in calculus, this is the estimation of an integral through summing the area of small rectangles under a curve. The numerical approximation chosen determines a certain level of over- or under-estimation error that will be accepted in the solution (Hairer et al., 1993). For models with multiple continuous variables, a discretization method must be selected to obtain a numerical solution. Discretization provides rules for how the continuous aspects of a model will be broken into smaller problems for solving. For example, to discretize time, the time step and equations to be solved at each time step must be defined. To discretize space, a geometry (line, plane, surface, etc.) must be chosen and broken up into distinct parts (line segments, triangles, etc.). Choosing the numerical and discretization methods can significantly impact the results of modeling so the researcher should be able to justify their decisions by extensive literature search or support from work with experienced collaborators. Some researchers may want to begin by stating their problem in terms of discrete mathematics in order to avoid the need to discretize later. This may make the implementation more straightforward as the discrete equations can directly translate into code. In either case, the researchers still should analyze the solution in areas of parameter space deemed biologically relevant to ensure the implemented solution upholds biologically prescribed behavior. These exercises are often referred to as “sanity checks.” Sanity checks can include ensuring solutions converge where expected, analyzing regions where parameters are asymptotic (get very big or very small), and checking assumptions using analytical simplifications to solve the equations under conditions that can be measured empirically. When analyzing discrete-time models, it is important to use time scales much larger than the time step used in implementation.

2) Implementation Strategy

In the simplest case, where a researcher would like to apply a previous model to a new system, they may be able to utilize code or a graphical user interface (GUI) as-is, with minimal additional programming or a few parameter adjustments. However, as the technical details of a model diverge more from existing implementations, the researcher must become better versed in the programming languages and libraries available to answer their questions and which underlying assumptions are hard-coded or parameter-adjustable. The former might entail using the classic spring model to represent a cell wall, but only changing the spring constant to match a measurement of cell wall resistance to growth (elasticity, or stiffness) to obtain a simple force relationship calculation. Whereas, the latter, more intensive implementation might arise from a desire to model the forces experienced by each cell in a tissue. This could be accomplished by specifying behavior (e.g., a field of biomechanical relationships) for a computational structure (e.g., a mesh; see Case Study I).

3) Computational Complexity

Another consideration in implementation is that the computer solves the problem in such a way that the number and types of simulations that are required will not be so computationally expensive as to become time or cost prohibitive (e.g., determining the number of iterations and when results are logged; Arora and Barak, 2009). This can be influenced by the type and structure of data, the researcher supplies to the pipeline (e.g., processing of strings vs. lists requires different amounts of compute-time based on the way they are stored and accessed in memory; Cormen, 2009).





Incorporating Data

A defining part of building a model is the integration of real data. Data may be used to inform how model parameters are set and thus limit the range of outcomes. Here, it is important that modelers and scientists are on the same page about what has physically been measured and how directly that relates to parameters in the model. Parameter values can be fixed by summarizing collected data using statistics (e.g., average, median etc.), or, probability distributions for collected data can be sampled during simulations. Measurements may also be combined and incorporated into a model as single parameters. Oftentimes ratios that combine measurements turn out to be key parameters in determining a process (Munoz and Ortega, 2019). For a few examples of experimental strategies to collect data relevant to model parameters, see Table 1. If a large enough dataset can be collected, it can be helpful to separate the data into testing and training sets. The training set will be used to fit model parameters, while the testing set is set aside to ensure that the trained model is predictive (see Test: Predictive Value). Often models can contain many more parameters than is practical or feasible to measure. At this point, the researchers must decide what simplifications or assumptions they will make about parameter values to solve the model.



TABLE 1. Examples of biological questions to model and typical approaches for mathematic representation and data collection. Other probabilistic approaches can be added to account for randomness.
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TEST

Once a model has been implemented, the model must be tested for functionality and utility.


Exploring Parameters

Certain parameters inevitably cannot be measured because it would be technically challenging or time intensive to do so (Huang et al., 2018; Munoz and Ortega, 2019). Based on the measurements that can be made, these parameters must be explored and set within a range that creates biologically relevant model outputs. When no measurement has been taken or the researcher wants to widely vary the value of a parameter, the researcher may simply choose a set of numbers for a given parameter (i.e., designating a parameter as being composed of only integers or all Real numbers). The field of parameter estimation provides rigorous methods for testing parameter sets to fit a model to data (see Box 2: Parameter Estimation).

Once a model has been produced with “reasonable” parameters, the relative influence of each parameter on a model’s output can be tested to reveal key steps in a process. The parameter space should be explored by modifying parameters one at a time and in different sets across many orders of magnitude. Parameter space exploration will point out which parameters must remain relatively stable, and which can be allowed to vary and still produce similar simulations (Murray, 1982; Huang et al., 2018; Ren and Murray, 2018). Parameters that can be varied over many orders of magnitude without significantly changing the model output may represent sources of robustness in a system. Robust components allow organisms to develop reliably in changing environments because the outcome of a process can remain stable even given variable inputs (Nijhout, 2002; Abley et al., 2016).

Parameter sensitivity analysis is another parameter exploration strategy that asks how much a model output depends on a given parameter. This can reveal which motifs, rates, or transitions are key elements underlying a particular pattern or process and therefore cannot change without impacting the system. Parameters with high sensitivity may represent good targets for manipulation when the goal is to change a phenotype (Hamby, 1994; Cho et al., 2003) or evolutionary outcome (Wheeler, 1995).

For machine learning models, data visualization strategies have been developed to probe the aspects of input data that are captured by different model features (Samek et al., 2017).


BOX 2 | Interpretation standards

Choosing a final model to summarize or predict a process is a balance of accuracy and simplicity. Models can be tested for their utility and accuracy using statistical methods, summarized below.

1) Parameter Estimation

The goal of parameter estimation is to obtain values for each parameter in a model by fitting experimentally derived inputs and outcomes. For example, calibrating branch lengths in a phylogeny to the fossil record will limit the possible rate of speciation by bounding (constraining) time (Steel et al., 1996). In another case, setting a parameter to the measured degradation rate of a protein or signaling molecule could set a realistic range for its rate of diffusion from a modeled source (Levine et al., 2007; Howard et al., 2011).

Parameter estimation is achieved by minimizing a cost function that calculates the difference between the model prediction and the measured outcome, given the parameter values used. Parameter values are changed until a reasonably small value is obtained for the cost function (Ellner and Guckenheimer, 2011; Myers, 2018). The likelihood is a common cost function. The likelihood of a model calculates the probability that the data collected could have been produced from the parameters, given the model. Recent work has shown that often many parameter values are “sloppy.” That is, they can be allowed to vary over large ranges without having a significant impact on the output of the model. Meanwhile, a few “stiff” parameters have much larger impacts. By analyzing the relative “sloppiness” of parameter sets, it may also become apparent that it is not individual parameters, but specific composites (ratios etc.) of parameters that create “stiff” regions in the model (Brown et al., 2004). The SloppyCell framework provides methods to analyze the “sloppiness” of parameter sets in dynamic models (Gutenkunst et al., 2007; Daniels et al., 2008). A new model refinement method has been proposed to use the discernment of these “stiff” parameter spaces to remove or merge these “sloppy” parameters (Transtrum and Qiu, 2016).

2) Model Selection

Comparison between similar models can help select the best model based on the modelers’ goals. The likelihood cost function can be used to compare models. Likelihoods can be compared by likelihood ratio tests. Programs can be told to examine different models until a minimum improvement in likelihood is achieved.

Models may also be selected based on their simplicity, i.e., the minimum number of parameters that can provide valid and insightful predictions. The field of information theory offers a few solutions for selecting models by penalizing the number of parameters they contain. A common strategy is computing the Akaike Information Criterion (AIC; Johnson and Omland, 2004; Arnold, 2010; Neath and Cavanaugh, 2012).

Where quantitative prediction is the goal, “usefulness” is best quantified using a testing set of data. The test set is a subset of the data set aside before fitting the model. It provides a complete set of inputs and outcomes and therefore can statistically quantify the validity of the prediction made. A testing set will help determine if overfitting has occurred. Overfitting is when the model has been fit to noise in the training data set and cannot make inferences if provided new input data (Hawkins, 2004; Srivastava et al., 2014; Makin and Orban de Xivry, 2019).





Predictive Value

Assessing the predictive value of a model requires that the researcher revisit their biological question and modeling goals. These goals will determine how the accuracy of model outputs over the interpretability of individual model states or parameters is weighed. If the modeler is trying to make quantitative predictions, they will need to undergo more rigorous statistical analysis of the model outputs compared to measurements. However, the underlying components of the model may be allowed to stray more from biological principles. A “black box” model, where the internal configuration of the model is determined more by statistical fit than biological principles, may be acceptable if it can achieve quantitative prediction goals, however, it is less valuable for describing phenomenological underpinnings. If the modeler is more interested in understanding conceptually how a biological system works the qualitative reproduction of states may be more important, while the quantitative outputs of the model are less important (Ellner and Guckenheimer, 2011; Transtrum and Qiu, 2016). In this case, simulations can be designed to visually present model states and outcomes for qualitative comparison to the data. The internal structure of the model will also be more important to the researcher in this case. It will be more important that functions contain plausible biological relationships. With either goal in mind, most modelers seek the simplest representation of their system – with as few parameters as possible (see Box 2: Model selection).




CASE STUDIES

We offer two case studies below to guide the reader through the life cycle of a model. Each case study will provide concrete examples of the basic principles outlined in the life cycle, taking the reader directly from principles to practice. Most of what we describe can be found in the Materials and Methods or Supplementary Information provided with the cited texts. However, in certain cases, we made assumptions based on field standards or conferral with the authors. While our life cycle aims to encompass the entire development of a model, from first principles to final simulation, often a single publication (including ours selected) does not explicitly cover each of these stages. Therefore, in the analysis of the case studies, we elaborate on how the theoretical context and prior advancements enabled the advancement of a new model, beyond what is explicitly covered within the paper.

The first case study focuses on the interplay between genetic and biomechanical factors in floral organ development (Hong et al., 2016). The second case study focuses on the study of fruit evolution using models to make inferences regarding timing and order of evolutionary events (Beaulieu and Donoghue, 2013).



DEVELOPMENTAL BIOMECHANICS

Development is the study of the progressive deployment of genetic programs to create organisms. To move beyond description and test the dynamical connections between genetic players and their biomechanical outcomes, mathematical models must be employed. The following example comes from the field of computational morphodynamics. Computational morphodynamics investigates the relationship between genetic components and the biomechanical properties of cells (Chickarmane et al., 2010; Roeder et al., 2011). A few recent examples include investigating developmental identity domains, organ polarity, and the mechanics of leaf and floral organ morphogenesis (Hamant et al., 2008; Kuchen et al., 2012; Abley et al., 2013; Skopelitis et al., 2017, 2018; Fox et al., 2018; Kierzkowski et al., 2019). In the paper, detailed in this case study, the authors used this integrative strategy to explore how stable organ size and shape arise in nature.

Organisms have a surprising ability to establish body plans with organs of a standard size, despite the noisy environments in which they develop. As noted in the paper, intuition would predict that organs of reproducible size and shape would result from equivalent growth rates and directions amongst their cells (Hong et al., 2016). However, imaging living organs over many days revealed notable variability among the rates and directions of cellular growth (Tauriello et al., 2015). The authors turned to modeling to reveal the unintuitive leap necessary to understand how an organ could develop at a standard size despite underlying stochasticity in growth amongst its cells.


Pose Biological Question

How does stable organ size emerge? How is spatially and temporally variable growth at the cellular level coordinated toward this goal? Testing the biomechanical properties of tissues requires methods that lead to tissue deformation and destruction, but measuring development requires that the tissues of interest remain unmanipulated and undamaged during organ growth. Thus, modeling was also necessary to test the link between biomechanic inputs and the outcome of growth that the authors predicted from their experiments.




DESIGN


Biological Theory

The authors chose to investigate the development of sepals in the Arabidopsis flower to discover mechanisms of organ size and shape regulation. A mutant screen for sepals with unusually high levels of size and shape variability identified the vos1 (variable organ size and shape) mutant. A standard Arabidopsis flower initiates four small bulges along the perimeter of the bud to begin making sepals. These bulges then grow to enclose the bud, each obtaining an approximately elliptical shape. Unlike in wildtype flowers, in vos1 mutants, each of the primordial bulges grows to form sepals with different disjointed shapes, and the internal floral organs become exposed as the sepals fail to enclose the flower bud. The authors noticed a difference in the “correlation length” between vos1 vs. WT sepals whereby cell wall stiffness was less variable across space in vos1 mutants than in WT flowers (Figure 2). This prompted the hypothesis that the different stiffness distribution between WT vs. vos1 mutants was impacting growth (due to different yielding of cell wall material to turgor pressure) and thus causing the variable organ development phenotypes. Since the cell wall properties can be variable within an organ in both space and time, the authors aimed to develop a model that could represent growth and stiffness in independent subregions within the sepal.

[image: Figure 2]

FIGURE 2. The modeling life cycle used to implement a biomechanical model of sepal growth.




Mathematical Theory

Because this problem involved complex spatial and temporal information, the authors turned to a system of dynamic differential equations to simulate their system. These equations are based on the classic relationship expressed in Hooke’s Law. Hooke’s Law (F = kx) was originally used to define the displacement (x) of a spring by application of a given force (F). It can be adapted to any system in which there is a linear relationship between a force applied and the deformation of a material. If the problem is defined as discrete in time, Lockhart’s equations,[image: image], for the force of turgor pressure against plant cell walls applies (Lockhart, 1965). In this relationship, sigma is the turgor pressure (i.e., stress), E is the resistance to permanent deformation (i.e., stiffness) and epsilon is growth in the unit of time defined by the discretization (i.e., rate of strain). For more on applying mechanics to plant morphogenesis (see Boudaoud, 2010).



Define System

The authors modified an existing model of yeast growth to account for the starting and final geometry of a sepal (Bonazzi et al., 2014). The sepal primordium was defined as a semi-circle. The system of Lockhart equations was formulated in two dimensions so that the planar (x,y) deformation of the initial semi-circle could be tracked.

A few assumptions were made in the implementation of this model. Most notably, it was assumed that turgor pressure is homogenous in plant tissues and adhered to previous measurements (Beauzamy et al., 2014). It was also assumed the indentation achieved with atomic force microscopy (AFM) was indicative of cell wall stiffness. AFM measures the amount of force required to displace a cantilever a certain distance (Kirby, 2011). Recent work has demonstrated the importance of AFM indentation depth in measuring local vs. global material properties of a tissue (Long et al., 2020). Further, it was assumed that two dimensions are sufficient to summarize the growth of a sepal. In other words, the influence of cell layers and differences between epidermal and internal tissues is negligible. Recent work has shown the importance of moving toward modeling inner cell layers to account for organogenesis (Zhao et al., 2020) By using a simpler representation of the organ, the authors were able to model organogenesis on a larger time scale. Many biomechanical models do not attempt to summarize this biological time. They typically feature more of the biological reality (and therefore more computational complexity) by providing rules for cell division and by including more genetic regulatory inputs (Kuchen et al., 2012; Fox et al., 2018; Kierzkowski et al., 2019). Yet, this level of information limits the amount of time that can be represented before computational resources become limiting. While there is a tradeoff in the level of detail, the model represents along this larger time scale, this model has the benefit of being able to probe development continuously from primordia to final organ, rather than merely representing a few developmental stages as in others.




BUILD


Implementation

Differential equations in multiple dimensions (x-y space and time) cannot be solved analytically in general. The finite element method was chosen to discretize the problem and yield a numerical solution (see Box 1: Analytical vs. Numerical Solutions). Via this method, the initial sepal shape was subdivided into a mesh of interconnected triangles, known as “elements.” Six “elements” were approximated as representing one cell. It was decided that this scale would allow the level of spatial variability within and between cells to be captured, without making the simulations too computationally expensive. The modelers varied growth rates over space and time by assigning each element a stiffness, [image: image], at each step. The size of the mesh, i.e., the number of elements, was varied between simulations to mimic differences in the “length” (level) of correlation between stiffness of local regions. The mesh size therefore was used to test the spatial variability. With stiffness and turgor pressure set, Hooke’s law was solved to determine how the mesh representing the organ would deform at each step of the simulations. The model then “grew” the mesh shape to this new solution, and stiffness values for each element were recalculated based on this deformation. The program ran until a user-ascribed size was reached or other execution conditions were met.

Code was written in C++ to interface with the FreeFem++ finite element solving language and allow the user to control the number of iterations and output files produced (Hecht, 2012). Output files of stiffness distributions, tissue-wide growth rates, and other model parameters were processed using Python scripts.



Incorporating Data

By imaging the same plant organ (the Arabidopsis sepal) every day, every 12 h, the authors could measure growth at the cellular level (represented by epsilon, strain in the equations; de Reuille et al., 2015). These measurements were taken over the course of early to late development, so that the model’s deformation could be fit to this progression of states. Sepal geometry changes were factored into the model by taking many measurements of the contours of sepals and measuring the points on the perimeter of the simulation meshes. The variability of simulation contours was then fit to the variability of sepal contours. AFM and osmotic treatments were used to measure the stiffness of the cell walls (E in the Lockhart equation; Milani et al., 2013). Turgor pressure was assumed to be uniform across the organ and its value based on previous work (Beauzamy et al., 2014). Given these biological measurements, the other unitless weights in the expanded planar form of Lockhart’s equation were tuned so the final mesh contour would achieve approximately the same ellipsoidal shape of a WT sepal. The variability of the final shapes from simulation and experiment were analyzed by applying Fourier methods. Fourier methods are a common mathematical method used to solve equations, and in this case represent the shapes of the contours and thus allow for their comparison. Scripts similar to those used for the model outputs were developed to process biological sepal shape contour data so that the impact of variable stiffness on growth in simulations and experiments could be compared rigorously.




TEST


Parameter Exploration

WT plants seem to have quite a bit of spatial and temporal variability in cell wall properties and growth, which allows them to reproducibly yield stable organ size and shape. A parameter sensitivity analysis was conducted to ask: how does stiffness varying in space and time yield stable organ shapes? Exploring the parameter space by varying the mesh size showed at what point the relative local variability was large enough to simulate sepals with vos1 phenotypes. WT observations were more consistent with simulations that included smaller mesh sizes.



Predictive Value

The differences between WT and mutant populations obtained by experiment and model simulation were compared using permutation tests. Permutation tests indicate whether the statistics of populations are the same, agnostic of the underlying distribution of the datasets. The model was deemed accurate for its ability to recapitulate the statistical level of variability between the shape of WT and vos1 contours. The authors mostly aimed to have a qualitative representation of the underlying biology and were able to tie mechanisms implemented in the model to empirical measurements, so they did not rely on a quantitative output of the model to determine its predictive value.




SUMMARY

The simulations showed that given spatial mechanical variability, temporal mechanical variability allows the production of standard organ shapes. When the stiffness could not vary enough in space, the sepal grew into odd and unnatural shapes, like vos1 mutants that do not perform the sepal function of protecting the bud. Therefore, the authors concluded, the key determinant of a sepal obtaining a final standard size was the maintenance of stiffness variability in space. This model was useful because it introduced new questions to the field: over what time spans is variability important? What signals help enforce the variability and act on timing? The flexibility of the basic model allowed the authors to continue adjusting biomechanical inputs and simulate new mechanisms of growth regulation. This model shed light on the flexibility of development to handle stochasticity in environmental conditions (Debat and David, 2001; Lempe et al., 2013). The aspects of growth that were not probed in this model leave room for the expansion of these ideas to account for cellular divisions and multiple cell layers.



EVOLUTIONARY BIOLOGY

An integral part of evolution is understanding the order of trait evolution (e.g., ancestral vs. derived). Assessing this is a challenge as the ancestral conditions that gave rise to the diversity of present day species and their traits occurred millions of years ago, leaving us with only traces of past processes. Thus, models of evolution must use evolutionary theory to incorporate data from modern species, fossil data if available, and phylogeny, to infer diversification events in the past. The interpretation of these models forms the basis of comparative developmental biology as they allow us to infer homology (Wake et al., 2011; Church and Extavour, 2020). In the following example, we discuss the logic and assumptions of an evolutionary model of fruit evolution (Beaulieu and Donoghue, 2013). The methodology employed by the authors is commonly termed ancestral state reconstruction (O’Meara, 2012). The authors were interested in investigating the evolution of fruit-type as this morphological trait can determine the dispersal ability of the species of interest. Dispersal distance (dispersibility) is positively-correlated with diversification potential since this distance determines the probability of establishing new populations distant from the parent, increasing opportunities for establishment, and filling new niches while reducing competition from the parental plant.


Pose Biological Question

Many different questions regarding the evolution of fruit can be answered from such an approach. One question the authors ask is: what was the ancestral fruit state of the Campanulids (the clade including sunflowers, carrots, honeysuckles, and relatives)?




DESIGN


Biological Theory

The group of study, the campanulids, is a diverse group of plants with variation in fruit-type. Historically, the fruits of campanulid species have been separated into four botanical types – drupe, berry, capsule, and achene. However, the authors reclassified the fruit type based on three binary (coded 0 or 1) traits: dehiscent or indehiscent, single- or multi-seeded, and dry or fleshy. The use of binary traits helped clarify the typological classifications that have the tendency to cluster phenotypes based on single traits (for example; you can have a dry or a fleshy berry and these might have different developmental origins). Additionally, they enabled the possibility of exploring two fruit types that are not readily classified into canonical fruit types: indehiscent, dry, and multi-seeded (IDM) and dehiscent, dry, and single-seeded (DDS).

This model is based on the assumption that the exhibited traits are heritable and their modifications are passed between generations, eventually spawning distinct species with distinct fruit types (Darwin, 1876).



Mathematical Theory

The authors chose to use a continuous-time Markov process to account for the evolutionary transitions between the combinations of fruit-type binary pairs; an approach commonly used to infer ancestral condition of discrete traits (Pagel, 1994). A markov chain represents evolutionary changes in fruit-type as a directed graph that summarizes the transitions (i.e, graph edges) between discrete states (i.e., graph nodes) with certain probabilities (i.e., weights on graph edges). Probabilities of transition (aka transition rates) represent the expected amount of changes between two states for a given phylogeny. As data for extant organisms are located at the tips, transition rates are dependent upon relative ages of divergence represented in the phylogeny. The Markov chain is summarized using a “Q matrix,” in which the rows and columns reflect the different states and matrix values represent the transition probabilities between the respective row-and-column states. In order to fit the model, a maximum likelihood framework is used to estimate the parameter values (e.g., transition probabilities and ancestral states) that best explain the data. To do this, a modification of the Felsenstein pruning algorithm is used to calculate the likelihood of the data (see section “Incorporating data” below) given a set of parameter values (Felsenstein, 1973; Pupko et al., 2000). The algorithm uses fruit type data for species at the tips, the phylogeny tree structure and a given set of transition probabilities to guide the stepwise calculation of each ancestral state at the speciation events in the phylogeny (i.e., nodes in the phylogeny). A heuristic search algorithm is used to find the set parameters values that maximize the likelihood for the entire tree. While this study used a maximum likelihood framework as a goodness-of-fit criterion to fit parameter values, other frameworks can be used such as parsimony and bayesian (Swofford and Maddison, 1987; Huelsenbeck and Bollback, 2001). Continuous time markov model can be used to model the evolution of any discrete traits, including for nucleotide substitution used for phylogenetic inference (O’Meara, 2012).



Define System

The authors model the shift of character states at the scale of morphological fruit-types (Figure 3). Some genetic information is retained as the phylogenetic tree is inferred from genetic sequence. The authors defined two different Q matrices to summarize transitions between fruity types. The first defined transitions between all six combinations of their binary traits observed in extant species, termed the “multi-state” model (e.g., drupe, berry, capsule, achene, IDM, and DDS). This model required multiple changes between fruit types, so the authors set up another Q-matrix, termed the “correlated paths” model. In this model, only one state out of the three binary characters is allowed to change for a given transition, therefore, all transitions represent one evolutionary change. The authors were concerned about the artifacts that might arise in calculating transition probabilities for states that are not measured in extant species. Based on genetic evidence they accepted the assumption that these states were not possible and omitted them from the “correlated paths” model. The model also assumes that diversification rates did not co-vary with fruit-type. In other words, if a particular fruit type influences speciation and/or extinction rates, as predicted by evolutionary theory, this influence would not be modeled (Maddison, 2006). Other assumptions stem from the phylogeny. The authors used a fully bifurcating phylogeny, this disregards evolutionary processes, such as incomplete-lineage sorting and hybridization, non-bifurcating speciation events, and extinction that may have shaped the evolution of fruit type. Inference of these factors in phylogenies remains its own challenge. Development of coherent models of trait evolution for non-bifurcating phylogenies remains an active area of research (Bastide et al., 2018).

[image: Figure 3]

FIGURE 3. The modeling life cycle used to implement the multistate model of the evolution of fruit-type.





BUILD


Implementation

Ancestral state inference by continuous time markov models has been implemented in a number of software packages (Pagel et al., 2004; Paradis et al., 2004; Revell, 2012; Maddison and Maddison, 2019). The authors used a software package they developed for the statistical language R, called corHMM (Beaulieu et al., 2013). This package provides users with the ability to specify a number of models, the method used to infer the root (Yang, 2006; FitzJohn et al., 2009) and whether the rest of the tree is solved via joint, marginal, or scaled approaches. Interested readers are encouraged to refer to the materials and methods of the paper or R documentation for details.



Incorporating Data

The two types of data the authors used are the fruit type characters for all species studied and molecular data for all species in the phylogeny. The authors used a previously published phylogeny inferred by aligning 12,094 nucleotide sites from 8,911 extant species. The sites consisted of sequences from chloroplast genes and nuclear ribosomal Internal Transcribed Spacer regions (Beaulieu and Donoghue, 2013). This set of genes allowed for the largest species sampling available at the time. The authors felt confident in this phylogeny’s representation of the evolution of campanulids because it was consistent with relationships recovered from many other phylogenies derived from traditional character-scoring methodologies and including varied taxonomic sampling of the campanulid lineage. Fruit-type data for each of the extant species were scored for the three binary traits either from samples collected in the field, herbarium specimens, or published accounts of the species (i.e., species descriptions).




TEST


Exploring Parameters

Unlike models of extant plant morphology (see Case study I) in which the model parameters can be directly compared to a real plant organ, the evolutionary history of transitions in fruit morphology across species is not observable. As such, model selection, a method to compare the parameters of competing models, was used. The authors used the AIC as a measure of model fit (Akaike, 1998). AIC weighs the log likelihoods of a model by the number of parameters, this way it accounts for overparameterization, and models of different parameters can be directly compared. The authors calculate AIC for two variations of the “multi-state” and “correlated paths” models, each under two assumptions: that either all the transition rates were the same – “equal rates model”– or with all transition rates different – “all rates free.” In this way, they compare four different models of trait evolution.



Predictive Value

Again, as inferences of the model cannot be directly observable, it is a challenge to determine whether these results predict natural phenomena. One possible source of validation is if a fossil is discovered that confirms the results of these models: however, associating a fossil with a particular extant clade has its own challenges (Steel et al., 1996). A slight variation is to simulate multiple datasets under the best fit model and test if some salient aspect of observed data is reflected in the distribution of the simulated datasets. This is termed model adequacy (Pennell et al., 2015), here, fruit types are simulated using the Q-matrix of the best fit model and a t-test is used to assess if the observed data (i.e., extant species fruit) reflects simulated data. For example, we can measure the frequency of fruit type for extant taxa (e.g., 10% capsule), simulate data, and check if the simulated dataset has a similar distribution. The study at hand did not do this but the authors have in subsequent publications (Beaulieu et al., 2013).




SUMMARY

Using this approach, the authors find that the “correlated paths” model with all rates free for transitions had the best fit (i.e., lowest AIC). Under this model, the ancestral condition of the campanulids is a capsule. Interestingly, this model predicts zero transitions from single to multi-seededness fate and from any other state to capsule. These zero transition rates offer fascinating hypotheses about the directionality of evolution, indicating that while all transitions are theoretically possible, they are not observed in this group. Further, some of the highest transition probabilities were associated with the evolution of the achene fruit-type, which matches well with the overall abundance of this fruit-type represented in the clade. Their model assumes that the evolution of this trait is only governed by a transition probability but note their conclusions may be confounded by the fact that a large group with the achene fruit-type exhibited much higher rates of diversification than clades bearing other fruit types. A class of models, the species-dependent speciation extinction (SSE) models jointly account for both transition rates and diversification rates associated with a character state (Maddison, 2006). The authors did fit a SSE model, the Binary SSE (BiSSE) model, which they used to show that species with achenes have higher rates of diversification compared to species with other fruit types (Maddison et al., 2007) BiSSE can only model a character with two character states (i.e., achene vs. non-achene). More complex SSE models that allow for greater than two character states (e.g., MuSSE) were in their infancy at the time (FitzJohn, 2012). Explicit definition of the model assumptions will allow these data to be explicitly integrated with new data and analyzed with advancing methods in future studies.



CONCLUSION

In this review, we provide a framework to guide the development and interrogation of biological models. We acknowledge that the process of modeling often will not neatly fit into the compartments we have provided. However, we hope that the compartments that we provide help modeling paper readers, reviewers, and writers better question their understanding of a given model and interrogate its value in answering a given biological question.

Determining the value of a model is a difficult and at times contentious exercise (Prusinkiewicz and Coen, 2007). The outcome depends on the modelers’ goals (which may differ greatly from the expectations of a reader or reviewer). Typically, the goals of modeling are either to (a) use abstraction and refinement to get to the simplest explanation of a process and often at the expense of strict adherence of parameters to biological analogs or (b) incorporate all known biological inputs and attempt to recapitulate a general behavior or system property, at the expense of a comparable numerical output.

Authors should strive to be explicit in the publication what the goals of the model were to temper the interpretation of quantitative vs. qualitative results for their audience. Authors could explain how it is sufficient to publish a “black box” model by proving it to be highly predictive of an important input-output relationship. Similarly, authors can justify the inability of a model to necessarily match measurements if the model can qualitatively recapitulate observable biological behaviors with model components that have biological analogies (see Box 3: What to Publish). Properly contextualized models will guide research forward by illuminating “control knobs,” for a process, general design principles of a system and/or by providing quantitative predictions.


BOX 3 | What to publish

When a model is ready for publishing, it is critical to detail experimental materials and methods such that readers can reproduce the presented results. Reviewers and readers should have a clear explanation of the theoretical equations and the implementation of their numerical approximations. Modelers should strive to adhere to high standards of code readability and availability. Just as raw data should be made available, code should be either provided in the supplemental information or hosted in a virtual repository and the link provided with the text (free versions exist for GitHub, Bitbucket). For models of biochemical processes, the Systems Biology Markup Language (SBML) offers notable portability of models between analysis software (Hucka et al., 2004). Modelers can specify their models in this format or use SBML tools to read/write their models in/out of various network analysis tools. This provides the opportunity for easier sharing of model specification while allowing end users to choose in which programming environments they want to explore the model (Hucka et al., 2004). For model implementations, where SMBL is not applicable, modelers might want to implement a command-line interface or GUI. This would allow researchers without familiarity with a given language to input their data and parameters through passed arguments or computer dialog screens without requiring the underlying code to be edited. When models are easier to use and share, science progresses faster because hypotheses can be retested in different biological systems.
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During cotyledon growth, the pavement cells, which make up most of the epidermal layer, undergo dynamic morphological changes from simple to jigsaw puzzle-like shapes in most dicotyledonous plants. Morphological analysis of cell shapes generally involves the segmentation of cells from input images followed by the extraction of shape descriptors that can be used to assess cell shape. Traditionally, replica and fluorescent labeling methods have been used for time-lapse observation of cotyledon epidermal cell morphogenesis, but these methods require expensive microscopes and can be technically demanding. Here, we propose a silver-nano-ink coating method for time-lapse imaging and quantification of morphological changes in the epidermal cells of growing Arabidopsis thaliana cotyledons. To obtain high-resolution and wide-area cotyledon surface images, we placed the seedlings on a biaxial goniometer and adjusted the cotyledons, which were coated by dropping silver ink onto them, to be as horizontal to the focal plane as possible. The omnifocal images that had the most epidermal cell shapes in the observation area were taken at multiple points to cover the whole surface area of the cotyledon. The multi-point omnifocal images were automatically stitched, and the epidermal cells were automatically and accurately segmented by machine learning. Quantification of cell morphological features based on the segmented images demonstrated that the proposed method could quantitatively evaluate jigsaw puzzle-shaped cell growth and morphogenesis. The method was successfully applied to phenotyping of the bpp125 triple mutant, which has defective pavement cell morphogenesis. The proposed method will be useful for time-lapse non-destructive phenotyping of plant surface structures and is easier to use than the conversional methods that require fluorescent dye labeling or transformation with marker gene constructs and expensive microscopes such as the confocal laser microscope.

Keywords: Arabidopsis thaliana, machine learning-based cell segmentation, metallographic microscopy, pavement cell morphogenesis, quantitative evaluation of cell shapes


INTRODUCTION

The cotyledon pavement cells of most dicotyledonous plants have a simple rectangular shape just after germination, but drastically change into a jigsaw puzzle-like shape with waving lateral cell walls as the leaf expands (Higaki et al., 2016, 2017). The physiological significance of the jigsaw puzzle-like morphology has not been fully elucidated, although it has been suggested that it may have a role in strengthening the leaf surface (Glover, 2000), stomatal spacing (Glover, 2000; Higaki et al., 2020), organ-level morphogenesis (Kierzkowski et al., 2019; Eng et al., 2021), and reducing mechanical pressure on the cell wall from inside the cell (Sapala et al., 2018). Time-lapse observation is a fundamental and important technique for studying temporal changes of the epidermal cell morphology. The conventional replica and fluorescent labeling methods have been commonly used for time-lapse observation of cotyledon epidermal cells. In the replica method, a silicon polymer is pressed onto the leaf surface to copy the cell shapes (Elsner et al., 2012; Borowska-Wykręt et al., 2013). It is relatively easy to observe cell shapes over time with this method, but it possibly causes contact damage to the cotyledon with each observation. The most common technique is fluorescent labeling, in which fluorescent proteins or dyes are used to label cell walls or plasma membranes (Zhang et al., 2011; Armour et al., 2015; Kierzkowski et al., 2019; Higaki and Mizuno, 2020; Seerangan et al., 2020; Eng et al., 2021). However, transformation is required when using fluorescent proteins, and therefore the plant species that can be studied with this method are limited. In the case of vital staining with fluorescent dyes, it is difficult to maintain the localization of fluorescent dyes during long-term observation over several days, and the cytotoxicity of the dyes may become a serious problem. In addition, phototoxicity due to the laser light irradiation required for fluorescence excitation should be considered even though the development of fluorescence probes with low toxicity has progressed (Uno et al., 2021; Yagi et al., 2021). Furthermore, the acquisition of sufficiently high-quality images to quantitatively evaluate the cell shapes requires an expensive confocal laser microscope and skill in its use. Considering these technical limitations, we tried to develop an easy and versatile method to monitor and quantitatively evaluate the changes in cotyledon epidermal cell shapes.

In this study, we propose an observation system for quantitative analysis of epidermal cell morphogenesis in growing Arabidopsis thaliana cotyledons using a metal nanoparticle ink (metal nanoparticle dispersion solution; hereafter referred to as metal ink) coating (Zhuo et al., 2020) and a metallographic microscope. Metallographic microscopy uses reflected light to observe the surface of metal materials. Although it is mainly used in engineering and not commonly used in biology, it requires less skill than confocal laser microscopy. In addition, metallographic microscopes are inexpensive and have low installation costs compared with high-spec microscopes for biological research, such as confocal laser and light sheet microscopes. Unlike fluorescently stained images of cell walls or plasma membranes, our metallographic images contain a lot of information other than the epidermal cell contours, although these could be easily and accurately extracted by automatic cell segmentation based on deep learning. This machine learning-based cell segmentation technique allowed us to easily perform quantitative evaluation of epidermal cell morphology from our metallographic images. Here, we provide details of our proposed method and demonstrate its usefulness using examples of cotyledon epidermal cell morphometry with the triple knockout mutant of the basic Pro-rich protein (BPP) microtubule-associated protein family members bpp125, which shows severely abnormal jigsaw puzzle-type cell morphogenesis (Wong et al., 2019). Using our proposed system, we successfully analyzed the cotyledon epidermal cell shapes and morphogenesis without the need for fluorescent labeling and a high-spec microscope.



MATERIALS AND METHODS


Plant Materials

Seeds of the A. thaliana wild type (Col-0), bpp125 triple mutant (Wong et al., 2019), and the transgenic line expressing green fluorescent protein-tagged plasma membrane intrinsic protein 2a (GFP-PIP2a), which is a plasma membrane marker (Cutler et al., 2000), were sown in culture soil (Jiffy-7; Sakata Seed Corp., Kanagawa, Japan) in plastic pots and grown in a growth chamber (LH-241PFP-S; NK system, Osaka, Japan) at 23.5°C under a 16-h light/8-h dark cycle. The light intensity during the light period was 86.2 μmol–1 m–2. Seeds of carrot (Daucus carota) (Nichinou, Nagano, Japan), petunia (Petunia hybrida) (Nichinou), Japanese white radish (Raphanus sativus) (Nichinou), and snapdragon (Antirrhinum majus) (Nichinou) were grown under the same conditions as the A. thaliana seeds.



Preparation of Silver Ink Solution

Silver nanoparticle cyclohexanone dispersion ink (INAg 30–50 CHX; IOX, Osaka, Japan; average particle size 30 nm; hereafter referred to as silver ink) was used. First, 10 μl of silver ink stock solution (silver concentration 50 wt%) was diluted two times by adding an equal volume of distilled water in a microtube and pipetted. Then, the solution was sonicated for 10 min using an ultrasonic cleaner (SWT710; Citizen, Tokyo, Japan). The twofold dilution with distilled water and 10-min sonication procedure was repeated to prepare eightfold diluted silver ink solution. Next, 2 μl of the eightfold diluted silver ink was diluted to 160-fold (0.31 wt%) by adding 38 μl of distilled water, followed by pipetting and sonication for 10 min. This final silver ink solution was not stored, but prepared each time it was applied to the plant samples.



Metallographic Microscopy

A metallographic microscope (BX53M; Olympus, Tokyo, Japan) equipped with a CMOS camera (DP74; Olympus) was used for the observations. The cotyledons of the seedlings were placed on a biaxial goniometer (GN2; Thorlabs, Newton, NJ, United States) and observed with a 20 × objective lens [MPlan FL N × 20; Olympus; numerical aperture (NA) = 0.45]. The microscope imaging software cellSens (Olympus) was used for image acquisition. The imaging conditions were 50% LED power, 610 μs exposure time, and “Low” contrast. The instant EFI (Extended Focus Image) function of the cellSens software was used to acquire omnifocal images.



Examination of Illumination Conditions Using Coins

We used the Japanese five-yen coin coated with the silver ink (50 wt%) as a standard for metallographic microscopy. The surfaces were observed under bright-field and dark-field illumination using a 5 × objective lens (MPlan FL N × 5; Olympus; NA = 0.15). The exposure times were set to 610 μs and 12.0 ms for bright-field and dark-field illumination, respectively. The LED power and contrast parameters of the cellSens software were set to 50% and “Low,” respectively.



Confocal Imaging and Cell Segmentation

The plasma membranes labeled with GFP-PIP2a were captured with a microscope equipped with an objective lens (UPlanXApo × 20; Olympus; NA = 0.80), a spinning disk confocal scanning unit (CSU-W1; Yokogawa, Tokyo, Japan), a laser illumination homogenization unit (Uniformizer; Yokogawa), and a complementary metal-oxide semiconductor camera (Zyla; Andor, Belfast, United Kingdom). Cell segmentation was performed with the ImageJ plugin Morphological Segmentation (Legland et al., 2016). When the segmented images had apparent errors, the images were manually corrected. The assignment of cells between a manually traced image and the segmented image was performed manually using ImageJ.



Measurement of Cotyledon Area

The cotyledon was set as horizontal to the focal plane as possible, and then the whole cotyledons were captured using a 5 × objective lens (MPlan FL N × 5; Olympus; NA = 0.15). The microscopic images were blurred with a Gaussian filter (sigma = 3 pixels) to reduce noise. Thereafter, the images were binarized with manual thresholding to define the cotyledon region. The cotyledon area in the binarized image was measured using ImageJ (Schneider et al., 2012).



Image Processing for Morphometry of Cotyledon Epidermal Cells

To capture the entire cotyledon, omnifocal images taken at multiple positions were automatically stitched based on normalized cross-correlation using the ImageJ plugin LPX-Registration1 (Nagata et al., 2016; Supplementary Figure 1). For cell segmentation, we used the deep learning-based 2-D segmentation function of the image analysis software AIVIA (DRVision, Bellevue, WA, United States). First, we manually segmented the cell contours in 10 metallographic images using the ImageJ software. Then, the raw metallographic images and the manually segmented binary images were used as training data for AIVIA (Supplementary Figure 2). After training, the deep learning model output segmented images of cell contours from the input metallographic images. However, because the output image from the deep learning-based 2-D segmentation function of AIVIA was a grayscale image, not a binary image, the output image was binarized by threshold using ImageJ to determine the cell regions. Measurements of morphological features (cell area, perimeter, circularity, aspect ratio, and solidity) were performed using the “Analyze Particles” function in ImageJ (Schneider et al., 2012; Higaki et al., 2017; Kikukawa et al., 2021). Identification of the same cells in the time-lapse images [5– and 8-days after sowing (DAS)] was performed manually with ImageJ based on the cell shapes and locations. Regions where epidermal cells could not be captured even in the omnifocal images were excluded from the analysis. Circularity was defined as 4πSL–2, where S and L represent the cell area and perimeter, respectively (Higaki et al., 2017; Kikukawa et al., 2021).



RESULTS


Application of Silver Ink to Cotyledons and Metallographic Microscopy

Before applying the silver ink solution, the tilt of the seedling was adjusted using tweezers so that the cotyledon was as horizontal as possible to prevent the silver ink from flowing onto the other cotyledon. Then, 0.2 μl of silver ink solution (0.31 wt%) was dropped onto the adaxial surface of an A. thaliana cotyledon at 5 DAS (Figure 1A, Step 1). The seedlings were kept for 30 min at room temperature to allow the silver ink solution to dry (Figure 1A, Step 2). To observe the cotyledon surfaces, the seedlings were carefully transferred to a Petri dish lid (φ40 × 13.5 mm) using tweezers with the culture soil still attached to the roots. The petri dish lid with the seedlings was placed on a biaxial goniometer, and each cotyledon was observed by adjusting the angle to be as horizontal as possible to the focal plane (Figure 1A, Step 3). When the surfaces of the silver ink-coated cotyledons were observed under a metallographic microscope, the epidermal cell contours were clearly observed (Figure 1B), whereas for the cotyledons with no silver ink coating, the cell shapes were unclear (Figure 1C).
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FIGURE 1. Silver ink coating of cotyledon surfaces for visualization of cotyledon epidermal cells in Arabidopsis thaliana. (A) Schematic illustration of the metal ink coating process. Step 1: The adaxial surface of a cotyledon of a 5-day-old Arabidopsis thaliana seedling was coated with a 0.2-μl drop of silver ink solution. Step 2: The seedling with the ink-coated cotyledon was kept for 30 min at room temperature to allow the silver ink solution to dry. Step 3: The cotyledon angle was adjusted using a biaxial goniometer so that the cotyledon was as horizontal as possible to the focal plane. (B,C) Omnifocal metallographic images of the 5-day-old A. thaliana cotyledons with (B) and without (C) the silver ink coating. Scale bars indicate 100 μm.




Illumination Conditions for the Metallurgical Microscope

To determine the best illumination conditions for metallographic microscopy, we used the silver ink-coated coin as a standard sample and observed it under bright-field and dark-field illumination. For omnifocal metallographic images, we found that bright-field illumination was better than dark-field illumination for seeing fine scratches on the coin surface (Figure 2A). For the silver ink-coated cotyledons observed under the same lighting conditions, the epidermal cell shape was clearly visible in bright-field illumination, but obscured in dark-field illumination (Figure 2B). Therefore, all subsequent observations were performed in a bright field.
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FIGURE 2. Evaluation of illumination methods for visualizing cotyledon epidermal cell contours by metallographic microscopy. (A) Omnifocal metallographic images of the surface of the silver ink-coated coin captured with bright-field (left) and dark-field (right) illumination. Scale bar indicates 500 μm. (B) Omnifocal metallographic images of the surface of a cotyledon coated with silver ink captured with bright-field (left) and dark-field (right) illumination. Scale bar indicates 100 μm. The surface microstructure of both the coin and the cotyledon surface was better observed with the bright-field illumination than with the dark-field illumination.




Applicability of the Silver Ink Coating Method to Other Plant Species

To examine the wider applicability of the silver ink coating method, we applied silver ink to the cotyledons of non-model plants, carrot, petunia, Japanese white radish, and snap dragon, using the method described above for A. thaliana. The contours of the cotyledon epidermal cells were clearly observed in these plants (Supplementary Figure 3).

We also tested whether the proposed method would work for true leaves in A. thaliana. Simply dropping silver ink as we did for the cotyledons resulted in uneven application, probably because the trichomes prevented the silver ink from spreading on the leaf surface (Supplementary Figure 4A). However, by mechanical spreading the silver ink on the leaf with a micro spatula, we were able to observe the epidermal cell shape in a wide area of the true leaf as well as we did for the cotyledon (Supplementary Figure 4B).



Validation of Cell Shape Quantification With Metallographic Images

To quantitatively evaluate cell shapes from metallographic images, we performed cell segmentation using a deep learning approach. To evaluate the accuracy of the deep learning-based cell segmentation, we compared it with the established segmentation method for confocal images that is commonly used to analyze epidermal cell shape (Legland et al., 2016). The cotyledons of transgenic A. thaliana stably expressing the plasma membrane marker GFP-PIP2a were coated with silver ink and observed with a metallographic microscope (Figure 3A, Metallographic image). Immediately after the acquisition of the metallographic images, the silver ink-coated cotyledons were observed with a confocal microscope, which allowed us to obtain a confocal image of the same cells as those captured with the metallographic microscope (Figure 3B, Confocal image). The epidermal cells in the confocal images were segmented using the ImageJ plugin Morphological Segmentation (Legland et al., 2016), and the cell circularity, which is a basic cell shape indicator, was measured (Higaki et al., 2017; Kikukawa et al., 2021). The cell circularity values measured from the segmented confocal images were highly correlated with the values measured from the manually traced images (decision coefficient R2 = 0.9954) (Figures 3B,D). Likewise, the cell circularity values measured with the deep learning-based segmented metallographic images were highly correlated with the values measured from the manually traced images (decision coefficient R2 = 0.9961) (Figures 3A,C), suggesting that the deep learning-based cell segmentation detected the epidermal cell contours in the metallographic image, as accurately as the established confocal image segmentation. Furthermore, the correlation between the values measured with the segmented confocal and metallographic images was high (decision coefficient R2 = 0.9897) (Figure 3E), suggesting that the proposed method with silver ink coating provided almost the same results as those obtained with the confocal microscope.
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FIGURE 3. Cell segmentation and validation. (A) Manual tracing and segmentation based on deep learning of a metallographic image of a silver ink-coated A. thaliana cotyledon. Yellow indicates the cells that were used for measurements of cell circularity. N = 100. Scale bar indicates 100 μm. (B) Manual tracing and segmentation using Morphological Segmentation (Legland et al., 2016) of confocal images of a plasma membrane marker GFP-PIP2a. Yellow indicates the cells that were identical to those highlighted in yellow in (A). Scale bar indicates 100 μm. (C,D) Scatter plots of the circularity of the cells highlighted in yellow in (A,B), respectively. The relationships between the values measured with the manually traced images and the segmented images are shown. (E) Scatter plot of the circularity of the cells highlighted in yellow in the binary image in (A,B).




Effects of Silver Ink Coating on A. thaliana Cotyledon Growth

To examine the effect of silver ink coating on cotyledon expansion growth, the silver ink solution was applied to one side of the cotyledons of wild-type (Col-0) and bpp125 triple mutant seedlings at 5 DAS (Figure 4A, right cotyledon); the other cotyledon was untreated as a control (Figure 4A, left cotyledon). In both Col-0 and bpp125, the cotyledon area growth in the uncoated and coated seedlings was comparable for at least 3 days after the coating (Figures 4B–D). The effect of silver ink coating on cotyledon expansion growth was evaluated using by Mann-Whitney’s U-test. The P-values were found to be higher than the standard significance level [P = 0.072 (Col-0), 0.082 (bpp125)], which indicated that the inhibitory effect of silver ink coating on cotyledon growth was limited.
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FIGURE 4. Effects of silver ink coating on the expansion growth of cotyledons. (A) Growth of seedlings with only one side of one of the cotyledons coated with silver ink. Silver ink was applied to one cotyledon of wild type (Col-0) (top) and bpp125 triple mutant (bottom) seedlings. Growth was measured just after coating [5 days after sowing (DAS)] and again 3 days later (8 DAS). Both the silver ink-coated and uncoated cotyledons showed expanded growth. Scale bar indicates 1 mm. (B–G) Measurements of cotyledon blade area. The areas of wild type (Col-0) (B,C) and bpp125 (E,F) cotyledons without (B,E) and with silver ink coating (C,F) were measured. The same marker in the graph indicates the same cotyledon, and thus the lines in (B–F) show the expanded growth of the same cotyledons. Changes in cotyledon blade area from 5 to 8 DAS in the wild type (Col-0) (D) and bpp125 (G). P-values were determined by Mann-Whitney’s U-test (N = 5–8).




Time-Lapse Analysis on Cell Morphology in the bpp125 Triple Mutant

To demonstrate that our proposed method can be used to evaluate morphological changes of cotyledon epidermal cells, we measured the morphological features of growing cells in wild type and bpp125 triple mutant seedlings (Wong et al., 2019). To capture the entire cotyledon, we stitched the omnifocal images taken at multiple positions (Supplementary Figure 1) and performed automatic cell segmentation based on deep learning from stitched omnifocal images (Figure 5). Then, using the segmented images, we measured the morphological features of epidermal cells in wild-type (Col-0) and bpp125 mutant cotyledons coated with silver ink at 5 DAS (immediately after coating) and 8 DAS (3 days after coating) (Figure 6).
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FIGURE 5. Wide-area cotyledon surface images and the deep learning-based epidermal cell segmentation from tiled omnifocal metallographic images. Tiled omnifocal metallographic microscopic images and segmented images obtained based on deep learning of wild type (Col-0) (A) and bpp125 triple mutant (B) cotyledons. Growth was measured just after silver ink coating [5 days after sowing (DAS)] and again 3 days later (8 DAS). Scale bar indicates 1 mm.
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FIGURE 6. Measurements of morphological features of cotyledon epidermal cells. The results were obtained from 144 [wild type (Col-0)] and 119 (bpp125 triple mutant) cells from nine independent seedlings at 5 and 8 days after sowing (DAS). (A,B) Time-course of cell area in the wild type (Col-0) (A) and bpp125 (B). (C) Changes in cell area. (D,E) Time-course of cell periphery length in the wild type (Col-0) (D) and bpp125 (E). (F) Changes in cell periphery length. (G,H) Time-course of cell circularity in the wild type (Col-0) (G) and bpp125 (H). (I) Changes in cell circularity. (J,K) Time-course of cell aspect ratio in the wild type (Col-0) (J) and bpp125 (K). (L) Changes in cell aspect ratio. (M,N) Time-course of cell solidity in the wild type (Col-0) (M) and bpp125 (N). (O) Changes in cell solidity. P-values were determined by Mann-Whitney’s U-test (N = 119–144).


We found that the epidermal cell area was significantly increased in both the wild type and bpp125 cotyledons (Figures 6A,B), which was consistent with the measurements of cotyledon area (Figures 4C,F). The difference in the increase in cell area after 3 days in the wild type and bpp125 was not significant (P = 0.054) (Figure 6C). These results suggest that the epidermal cell area expanded in both the wild type and bpp125; however, the increase in cell perimeter in bpp125 was significantly lower than it was in the wild type (Figures 6D–F).

Circularity is a measure of the length of the cell periphery per unit cell area (see section “Materials and Methods” for the definition). The highest value of 1 indicates a perfect circle, whereas the lowest value of 0 indicates a highly complex shape. The circularity measurements showed that most cells in the wild type had negative values for the amount of change, indicating the cell shapes became more complex as the plants grew (Figures 6G,I). Conversely, no significant change was observed in bpp125 cells, suggesting that the balance between cell periphery length and cell area was maintained as the plants grew (Figures 6H,I).

The aspect ratio is the ratio of the length of the major axis to the length of the minor axis of a fitted ellipse of a cell, and this ratio is used as an index of cell elongation. The smallest value of 1 is obtained when the approximate ellipse is a perfect circle, and the value increases as the cell elongates (Higaki et al., 2017). The aspect ratio measurements showed no significant change in either the wild type or bpp125, suggesting that there was no significant change in cell elongation (Figures 6J–L).

Solidity is the ratio of cell area to the area of the convex hull of the cell and this ratio is used as an index of cell interdigitation. It reaches a maximum value of 1 when there is no waving in the lateral cell wall and approaches a minimum value of 0 when the lateral cell wall waving becomes more pronounced (Higaki et al., 2017). The solidity measurements showed a high percentage of cells in the wild type had decreased values, indicating that the cells became interdigitated (Figures 6M,O). Conversely, no significant change was observed in bpp125 cells, suggesting that almost no waving occurred in the lateral cell wall (Figures 6N,O).



DISCUSSION


Limitations and Strength of the Proposed Method

We proposed a novel method for monitoring the morphogenesis of A. thaliana cotyledon epidermal cells by coating the cotyledon surfaces with silver ink for metallographic microscopy. A limitation of this method is that it cannot provide three-dimensional shape information for cells because it captures only the cotyledon surface and is based on a two-dimensional approximation. To obtain three-dimensional structures of epidermal cells and their temporal changes (i.e., four-dimensional information), conventional confocal microscopy-based methods can be used (Wong et al., 2019; Haas et al., 2020; Higaki and Mizuno, 2020; Eng et al., 2021).

It was also difficult to observe epidermal cells in the region of the cotyledon margin using our method (Figure 5), probably because cells that are tilted to the focal plane are difficult to observe. Therefore, established techniques, such as confocal observation, still need to be used to capture margin cells (Bilsborough et al., 2011; Mansfield et al., 2018).

Although, under our conditions, the application of silver ink did not affect the A. thaliana cotyledon expansion (Figure 4), we cannot rule out the possibility of toxicity depending on the concentration of silver ink or the plant species. We used silver ink at a concentration of 0.31 wt%, which was determined to be the minimum concentration at which cell contours could be clearly visualized under our metallographic microscopy conditions, and automatic cell segmentation was achieved with high accuracy by deep learning (Figure 3).

Despite these limitations, a technical advantage of our proposed method is that it can be performed easily with low cost because metallographic microscopy is inexpensive and easy to use. More importantly, this method does not require transformation using fluorescent protein marker gene constructs but still allows accurate evaluation of cell shapes (Figure 3). This advantage will be useful in the analysis of non-model plants for which transformation methods have not yet been established (Supplementary Figure 3).



Tips for Applying Silver Ink and Re-applying for Long-Term Cell Tracking

Although our proposed method is simple and easy to reproduce, application of the metal ink drop requires technical attention. Application of a 0.2-μl drop of metal ink onto the axial side of the cotyledon surface is a simple process, but if the cotyledon is tilted the drop may run onto the shoot meristem or neighboring cotyledon. To prevent this problem, seedlings with cotyledons that are fully open and at a horizontal angle to the ground should be selected. Alternatively, the entire seedling can be tilted so that the tip of the cotyledon faces slightly downward before applying the metal ink. In our experimental system, the variation of cotyledon area at 5 DAS was not large (Figures 4B,C,E,F); therefore, we uniformly applied 0.2 μl of silver ink solution to all cotyledons. However, depending on the target area for analysis, it may be possible to vary the amount applied so that the density of metal ink remains constant.

We demonstrated the usefulness of the proposed method for time-lapse analysis using the bpp125 triple mutant, which has been reported to show abnormal morphology of cotyledon pavement cells (Wong et al., 2019; Figures 5, 6). The pavement cell morphology of bpp125 was previously evaluated using excised cotyledons from plants at different ages (Wong et al., 2019), and, in this study, we were able to track the same cells and measure changes in morphological features (Figure 6). Our measurements directly showed that most bpp125 pavement cells, unlike those of the wild type, grew isotopically with a constant cell morphology as evaluated by circularity, aspect ratio, and solidity from 5 to 8 DAS (Figure 6).

We coated the 5-DAS cotyledon with the silver ink and successfully observed the epidermal cell contours 3 days after coating (8 DAS) (Figure 5). However, after approximately 5 days (10 DAS), the intensity of the reflected light became weaker, probably because of thinning of the silver ink caused by cotyledon expansion (Supplementary Figures 5A,B). We confirmed that the cells could still be clearly visualized by re-coating 5 days after the first coating (10 DAS) (Supplementary Figure 5C). Of course, re-coating of silver ink is laborious and time-consuming, and it is also necessary to re-examine the effects on cotyledon expansion (Figure 4) to decide when to re-coat. Nevertheless, re-coating could be useful for long-term cell shape tracking.
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Supplementary Figure 1 | Acquisition of wide-area cotyledon surface images. (A) Representative multi-point omnifocal images. (B) Tiled image of the images shown in (A). The wide-area cotyledon surface image was reconstructed by automatic tiling of multi-point images. Scale bar indicates 400 μm.

Supplementary Figure 2 | Representative images of the training data for deep leaning-based cell segmentation. Using the grayscale raw input image (left), the cell contours were manually traced (right). These image sets were used for training the image analysis software AIVIA.

Supplementary Figure 3 | Application of silver ink coating for non-model plants. Silver ink-coated cotyledons of 7-day-old seedlings of carrot (Daucus carota), petunia (Petunia hybrida), Japanese white radish (Raphanus sativus), and snapdragon (Antirrhinum majus) are shown. Scale bars indicate 100 μm.

Supplementary Figure 4 | Application of silver ink coating for true leaves of Arabidopsis thaliana. Silver ink-coated rosette true leaves of 31-day-old A. thaliana are shown. (A) Representative image of a true leaf with a drop of silver ink, as was done for the cotyledons. (B) Representative image of a true leaf with drop and spread of silver ink with a micro spatula. The epidermal cell contours were visualized over trichomes by mechanical spreading the ink. Scale bars indicate 100 μm.

Supplementary Figure 5 | Re-coating of silver ink. (A) Omnifocal metallographic image of the cotyledon surface of seedling of A. thaliana 5 days after sowing (DAS). (B) Omnifocal metallographic image of the same area as in (A) after 5 days (10 DAS). (C) Omnifocal metallographic image in which silver ink was re-coated just after capturing the image in (B). The same region was observed again. The cell contour signal was stronger after the re-coating.
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Specialized photosynthetic organs have appeared several times independently during the evolution of land plants. Phyllids, the leaf-like organs of bryophytes such as mosses or leafy liverworts, display a simple morphology, with a small number of cells and cell types and lack typical vascular tissue which contrasts greatly with flowering plants. Despite this, the leaf structures of these two plant types share many morphological characteristics. In this review, we summarize the current understanding of leaf morphogenesis in the model moss Physcomitrium patens, focusing on the underlying cellular patterns and molecular regulatory mechanisms. We discuss this knowledge in an evolutionary context and identify parallels between moss and flowering plant leaf development. Finally, we propose potential research directions that may help to answer fundamental questions in plant development using moss leaves as a model system.
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INTRODUCTION

Leaves are photosynthetic organs with mainly determinate growth that evolved several times independently during land plant diversification (Tomescu, 2009; Nelissen et al., 2016). These organs can be large with a complex structure as some flowering plant leaves, or small and anatomically simple as bryophyte phyllids (hereafter called leaves). However, they all display a predominantly flat shape as an adaptation to optimize light capture. The genetic basis of leaf development has been extensively studied in flowering plants (Bar and Ori, 2015; Du et al., 2018; Maugarny-Calès and Laufs, 2018). However, how genetic commands are coordinated between cells and translated into supracellular level organization, and the final leaf shape remains largely elusive. This is due to the complex, multilayer structure of flowering plant leaves with interweaving interactions between cells and tissues (Malinowski, 2013).

The development of upright bryophyte gametophores, or leafy shoots, has contributed to the colonization of new environments by plants and helped mosses to thrive on land for hundreds of million years (Mitchell et al., 2021). Moss leaves are lateral appendages attached to the stem of gametophores. In the model species P. patens (Physcomitrum patens, formerly known as Physcomitrella patens), leaves are small and composed of cells arranged principally in a single layer (Courtice and Cove, 1983; Figures 1A–C). As the gametophore grows, leaves start to develop a midrib (a bundle of specialized conducting cells) and marginal serrations (Sakakibara et al., 2003; Barker and Ashton, 2013; Dennis et al., 2019; Figure 1E). At first glance, the lanceolate-shaped leaves of P. patens mirror the dominant leaf shape of flowering plants, but they have a much simpler structure and smaller size, and can be more easily imaged, which makes them an ideal system for studying leaf development. However, our understanding of moss leaf organogenesis is still limited. Here, we review current knowledge on P. patens leaf organogenesis, focusing on the cellular dynamics and molecular factors underlying leaf development.
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FIGURE 1. Leaf anatomy in P. patens. (A) A leafy shoot (or gametophore) with juvenile and adult leaves from the base to the top. (B) Adult (upper) leaf has a multicellular midrib and lanceolate shape. The leaf margin is magnified to show marginal serrations (red arrowhead) formed by cell tip outgrowths. (C) First juvenile leaf is composed of a single cell layer and has a rectangular shape. (D) Three cell shapes are commonly identified in adult leaves: long and narrow cells on the edge; smaller and more isodiametric cells close to the tip (top); long and broad cells near the base (based on Dennis et al., 2019). (E) TEM cross-section image of a midrib cell bundle with thick-walled stereids and thin-walled hydroids (marked with blue and red asterisk respectively). Scale bars: 200 μm in (A); 50 μm in (B,C); and 10 μm in (E).




LEAF INITIATION

In contrast to flowering plants where lateral organs are generated at the multicellular shoot apical meristem (Kuhlemeier, 2017), leaves in bryophytes are derived from a single shoot apical cell (Gifford, 1983; Harrison et al., 2009). This shoot apical cell is itself generated from a single shoot initial cell. Specification of the shoot initial cell requires both cytokinin and auxin (Ashton et al., 1978; Cove et al., 2006; Bennett et al., 2014). Factors including DEFECTIVE KERNEL 1 (DEK1), NO GAMETOPHORES 1 and 2 (NOG1 and 2) RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2), and CLAVATA (CLV) function through APETALA2-type (AP2-type) transcription factors to control the frequency of shoot initial cells (Aoyama et al., 2012; Perroud et al., 2014; Moody et al., 2018, 2021; Whitewoods et al., 2018; Demko et al., 2021; Nemec Venza et al., 2021). In P. patens, a shoot initial cell undergoes several rounds of stereotypic, oblique cell divisions that lead to the formation of a tetrahedral shoot apical cell, marking the transition from a so-called 2D to 3D growth mode (Figure 2A; Harrison et al., 2009). These divisions are also regulated by DEK1, CLV, NOG1, and NOG2 genes (Perroud et al., 2014; Moody et al., 2018, 2021; Whitewoods et al., 2018; Nemec Venza et al., 2021), and precisely fulfilled by mitotic spindle orientation regulators, including microtubule-associated protein TARGETING FACTOR FOR Xklp2 and SABRE (Kosetsu et al., 2017; Kozgunova et al., 2020; Cheng and Bezanilla, 2021). Additionally, SOSEKI proteins might also be involved in apical cell identity specification and division (van Dop et al., 2020).
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FIGURE 2. Leaf growth in P. patens. (A) Schematic representation of the transition from 2D to 3D growth during leafy gametophore initiation. Gametophore shoot initial cell divides obliquely to generate the shoot apical cell (in green). Second and third divisions of the shoot initial cell are also oblique and generate a hair cell (in white) and the first leaf initial (L1, in red) consecutively. From this stage, the shoot apical initial cell becomes tetrahedral and generates subsequent leaf initials. (B) A single apical cell (marked with asterisk) produces leaves in a spiral phyllotactic pattern with leaf sequences indicated in consecutive numbers. (C) Schematic representation of the early development of the juvenile leaf. The leaf apical cell is shown in red and the cell recently cleaved from the apical cell is shown in blue. Red dotted lines indicate recent cell division (based on Harrison et al., 2009). (D) Schematic representation of clonal sectors arising from single cells shown in (C) at early stages of leaf development. (E) Schematic representation of cell division patterns within the segments generated by the leaf apical cell. Red lines represent new walls (based on Harrison et al., 2009). (F) Schematic representation of the distribution of cell sizes in the adult leaf. Bigger cells are located in the distal region of the leaf, smaller cells in proximal region (based on Dennis et al., 2019). (G) Schematic representation of the PpPINA protein localization (in green) in the adult leaf (Viaene et al., 2014).


The self-renewing activity of the shoot apical cell gives the gametophytic leafy shoot a capacity for indeterminate growth. Through successive asymmetric divisions, the apical cell maintains itself and gives rise to merophytes, which divide to generate leaf initials and cells that produce stem tissues (Figure 2A). This cell-autonomous capacity to rotate cell division planes in 3D initiates the growth of upright leafy gametophores and underlies its spiral phyllotaxy (Figure 2B; Kamamoto et al., 2021; Véron et al., 2021). Similar to flowering plant meristems, leaf initial outgrowth and shoot apical cell function in mosses involve auxin and PIN-FORMED (PIN) mediated auxin transport but the precise mechanism of their action is unclear (Bennett et al., 2014). SHORT-LEAF (SHLF), a bryophyte specific tandem direct repeat gene, is likely involved in the underlying mechanism, as SHLF expression is associated with auxin accumulation in the gametophore and the capacity of the shoot apical cell to generate leaves (Mohanasundaram et al., 2021).



LEAF DEVELOPMENT

Leaf development in P. patens starts with the outgrowth of the leaf initial cell, which depends on auxin and cellulose biosynthesis (Goss et al., 2012; Bennett et al., 2014). The leaf initial cell maintains meristematic potential and cleaves daughter cells basipetally (Harrison et al., 2009). Similar to the shoot apical cell, the divisions of the leaf initial cell seem to be controlled cell-autonomously but instead of rotating spirally, subsequent divisions alternate in the same plane and are almost perpendicular to each other (Figures 2C,D; Harrison et al., 2009; Bascom et al., 2016). The orientation of the leaf initial cell division plane is likely controlled by microtubules as mutants lacking the cortical microtubule regulator TONNEAU1 develop thick multi-layered leaves (Spinner et al., 2010). Eventually, the leaf apical cell stops dividing and becomes the pointed tip of the leaf. Daughter cells derived from the leaf apical cell divide further, first near the leaf base (Figure 2E). The proliferative activity of these daughter cells decreases gradually so that cells near the tip divide less frequently and give rise to smaller segments of the leaf (Figures 2C,D; Harrison et al., 2009). Several rounds of longitudinal divisions within sectors derived from the leaf apical cell, especially in the outermost lateral portion of the leaf, lead to leaf broadening (Figure 2E). Additional transverse divisions also contribute to extending the daughter segments in the proximo-distal axis (Figure 2E; Harrison et al., 2009).

Quantitative analysis of the entire leaf growth at cellular resolution has not yet been performed in P. patens. However, the basipetal gradient of cell proliferation (Figure 2E; Harrison et al., 2009) and basipetal increase of cell sizes in mature leaves (Figure 2F; Barker and Ashton, 2013; Dennis et al., 2019) indicate that cells near the leaf tip are the earliest to cease growth. Cells at the tip differentiate first as they become insensitive to exogenous cytokinin, while cell proliferation in more proximal leaf regions is stimulated by this hormone (Barker and Ashton, 2013). Interestingly, basipetal gradients of growth, proliferation, and differentiation are key features of many flowering plant leaves and is controlled non-cell-autonomously by positional information (Avery, 1933; Andriankaja et al., 2012; Kuchen et al., 2012; Fox et al., 2018; Kierzkowski et al., 2019). Thus, apart from the cell-autonomous behavior of the leaf apical cell, positional cues also likely play a role in controlling moss leaf growth.

Auxin is a fundamental player in plant organogenesis where it regulates cell proliferation, elongation, and differentiation in a positional and context dependent manner (Vieten et al., 2007; Weijers et al., 2018). An essential common genetic toolbox involved in auxin biosynthesis, transport, and signaling is conserved between flowering plants and bryophytes (Poli et al., 2003; Kato et al., 2018; Thelander et al., 2018). Auxin could provide positional information during moss leaf development. Although the signal of the GH3:GUS reporter has not been observed in the wild type leaves of P. patens, exogenous auxin treatments disrupt leaf growth (Barker and Ashton, 2013; Bennett et al., 2014).

Auxin distribution within the developing leaf could be controlled by canonical auxin efflux carriers PIN-FORMED A and B (PpPINA and B) (Bennett et al., 2014; Viaene et al., 2014). The expression of PpPINA is displaced along the proximo-distal axis of the leaf during growth and correlates with developmental gradients (Figure 2G). This correlation is also evident at the subcellular level, where PpPINA protein is localized bipolarly on both apical and basal cell sides close to the leaf tip, while it is distributed more uniformly in cell membranes near the leaf base (Figure 2G; Viaene et al., 2014). Alternatively, auxin gradients in mosses might also be achieved by callose-controlled plasmodesmata-mediated diffusion (Coudert et al., 2015). Gametophores of the shlf mutant produce shorter leaves with a decreased cell number, similar to plants grown with a high auxin concentration or overexpressing PpPINA. Auxin activity gradients can be detected in leaves of the shlf mutant where GH3:GUS signal is present in very young leaves and at the tip of more developed leaves (Mohanasundaram et al., 2021). As SHLF might regulate plasmodesmata frequency, it could control leaf morphogenesis through the regulation of auxin gradients (Mohanasundaram et al., 2021).

Class III Homeodomain-Leucine Zipper (HD-ZIP III) transcription factors are key players during flowering plant development and are associated with auxin synthesis and transport (Prigge and Clark, 2006; Ariel et al., 2007; Turchi et al., 2015). There are five HD-ZIP III homologs in the P. patens, namely PpC3HDZ1-5 (Yip et al., 2016). PpC3HDZ expression colocalizes with actively developing regions in adult leaves. Strikingly, PpC3HDZ knock-down induces pronounced, multicellular protrusions along leaf margins that resemble the distal portion of wild-type leaves. It indicates that in PpC3HDZ knock-down plants, daughter cells derived from the leaf apical cell, whose normal divisions produce characteristic leaf sectors (Figures 2C,D), could recapitulate the cell-autonomous behavior of the apical cell itself. Additionally, in PpC3HDZ knock-down leaves, cell number is reduced, suggesting that HD-ZIP III genes are important for the establishment and/or the maintenance of the proliferative activity of the daughter cells (Yip et al., 2016). PpC3HDZ expression domain mirrors PpPINA distribution, and both PpC3HDZ knock-down and PpPINA/PpPINB knock-out lines produce narrower leaves with a reduced cell number, indicating that HD-ZIP III function could be at least partially related to auxin-dependent positional information (Bennett et al., 2014; Viaene et al., 2014; Yip et al., 2016).



LEAF HETEROBLASTIC DEVELOPMENT

Although all leaves of P. patens initiate from single cells, their morphology changes gradually up the gametophore axis (Figure 1A; Barker and Ashton, 2013; Dennis et al., 2019), a phenomenon called heteroblastic development (Zotz et al., 2011). As in Arabidopsis, juvenile leaves in P. patens are much smaller than adult leaves (Figures 1B,C; Courtice and Cove, 1983; Barker and Ashton, 2013). The width of the juvenile leaf is relatively constant except at the tapering tip, resulting in a roughly oblong shape (Figure 1C). By contrast, adult leaves have a lanceolate shape with a narrow base, a broader middle part, and a pointy tip (Figure 1B). The increase in size during heteroblastic development results from an increase in cell number but not cell size (Dennis et al., 2019). In flowering plants, auxin and cytokinin regulate cell proliferation and differentiation in an opposite manner during leaf development (Shani et al., 2010; Kierzkowski et al., 2019; Skalák et al., 2019). Exogenous treatments with auxin, or knock-out mutants in auxin efflux carriers PpPINA and PpPINB, cause a decrease in moss leaf size by reducing cell number (Bennett et al., 2014; Viaene et al., 2014). By contrast, cytokinin treatment increases cell proliferation and enhances adult leaf characteristics (Barker and Ashton, 2013). Altogether this indicates an important role of cytokinin-auxin cross-talk in moss leaf heteroblastic development.

The transition from juvenile to adult leaves in P. patens is also associated with morphological changes of the marginal cells that become long and narrow (Figure 1D) as well as the formation of a multilayered midrib (Figure 1E; Barker and Ashton, 2013; Dennis et al., 2019). Marginal cells tend to grow slightly outward at their distal end to form marginal serrations that usually appear on the apical half of the adult leaf (Barker and Ashton, 2013). The leaf margin in flowering plants has a distinct cell morphology and plays an important role during leaf development (Bilsborough et al., 2011; Nakata et al., 2012; Kalve et al., 2014; Alvarez et al., 2016; Hayakawa et al., 2016). Marginal cells in P. patens could play a role in controlling upper leaf size and shape by restricting or promoting growth around its circumference. The wrinkled leaves with undifferentiated marginal cells of crinkly4 mutants likely result from mechanical conflicts in lamina cells (Demko et al., 2016). The leaf margin could also work in tandem with the midrib in the bigger leaves and ensure proper leaf flattening by preventing blade twisting. However, the role of marginal cells in moss leaf morphogenesis remains elusive.



THE ROLE OF MIDRIB

Unlike vascular plants which conduct water through the xylem, mosses neither possess vessel elements or tracheids, nor have an interconnected network of veins. Instead, mosses mostly rely on external water conduction by capillary action to carry out water-dependent physiological functions (Proctor, 1979). However, the adult leaves conduct water through a multi-layered tissue called the midrib that is reminiscent of a vascular bundle and arises through a series of periclinal and anticlinal cell divisions (Ligrone et al., 2000; Sakakibara et al., 2003; Yip et al., 2016). These cell divisions give rise to different cell types within the leaf midrib, including thick-walled stereids and thin-walled, elongated hydroids (Figure 1E). Hydroids are the main water-conducting cells. They are initially alive, before undergoing programmed cell death, and have fully degenerate protoplasm upon maturation (Xu et al., 2014). Stereids also undergo programmed cell death but may mainly serve a supporting purpose. Therefore, hydroids resemble xylem vessel elements and tracheids, except that they lack a lignified secondary cell wall, while stereids resemble xylem fiber cells (Ligrone et al., 2000).

Several genes affecting midrib formation have been identified and characterized. For instance, among the seven moss genes that encode VND/NST/SND family transcription factors, six of them (PpVNS1-7, except PpVNS3) are expressed in the central region of newly formed leaves or in developing midribs. The triple mutant (ppvns1,6,7) forms morphologically normal midribs. However, stereid programmed cell death and hydroid proliferation are disrupted, and the water conducting capacity is greatly compromised (Xu et al., 2014). Interestingly, VNS orthologs are critical for xylem vessel element formation in angiosperms, suggesting that mosses and vascular plants may at least partly use the same molecular mechanism in shaping water-conducting tissue. The leaves of midrib-defective mutants tend to curl around the middle axis under low-humidity conditions, indicating a water transport deficiency. Nevertheless, compromised midrib formation does not seem to have a detrimental impact on overall moss growth, at least in laboratory conditions.

HD-ZIP III transcription factors also control midrib establishment. When their function is suppressed, midrib formation is abnormal and leaf shape becomes distorted (Yip et al., 2016). Given that HD-ZIP III transcription factors ATHB8, ATHB15, and REVOLUTA are essential for procambial cell specification and vasculature development, the observation that HD-ZIP III proteins function in specifying moss water-conducting tissues further suggests that shared molecular mechanisms underpin conducting tissue development in convergent plant organs (Kang and Dengler, 2002; Ohashi-Ito et al., 2002; Green et al., 2005; Prigge et al., 2005; Donner et al., 2009) and therefore that these mechanisms may have evolved before the divergence between bryophytes and vascular plants. Nonetheless, further research on midrib development is needed to uncover the regulatory circuits underlying the morphological differences between juvenile and adult leaves.



PERSPECTIVES

In this review, we summarized the current understanding of leaf development in the model species P. patens. Proper leaf morphogenesis in this moss seems to require coordination of cell-autonomous and non-cell-autonomous developmental processes that are controlled via cross-talks between molecular regulators that are bryophyte-specific or shared by land plants. It is, however, still difficult to understand how these genetic and hormonal inputs are translated into cellular growth and division patterns and how they are coordinated in space and time within the mechanically connected tissue constituting the P. patens leaf.

In recent years, new research approaches combining genetics, quantitative live-imaging, biomechanics, and computational modeling have massively advanced our understanding of organ development in plants (Hervieux et al., 2016; Solly et al., 2017; Fox et al., 2018; Hong et al., 2018; Kierzkowski et al., 2019; Sapala et al., 2019; Wolny et al., 2020; Whitewoods et al., 2020; Hernandez-Lagana et al., 2021; Vijayan et al., 2021). The next step will be to apply such a multidisciplinary approach to study moss leaf development.

In comparison with the complex anatomy of flowering plant leaves, the single-cell-layered structure of P. patens leaf provides a unique opportunity to quantify the development of the entire organ in 3D. Such an approach, should provide a comprehensive picture of moss leaf developmental dynamics at cellular resolution that otherwise would be difficult to apprehend. In contrast with flowering plants, gene targeting by homologous recombination is very efficient in P. patens, and together with CRISPR/Cas9-mediated gene editing, permits to bypass genetic redundancy and rapidly generate high-order mutants (Koshimizu et al., 2018). Combination of imaging and genetic approaches will, for example, help us to understand the precise role of molecular regulators in the control of cell-autonomous and non-cell-autonomous behaviors during growth and their role in juvenile to adult leaf transition.

Single-cell-layered leaves in P. patens will also be a huge asset to dissect the role of biomechanical signals regulating plant organogenesis. Largely eliminating complex interactions that occur between different tissue layers of developing organs, as in flowering plants, this moss model system should provide a better understanding of the mechanical interactions between individual cells and their role in the coordination of organ growth. As P. patens leaves are easy to manipulate and have relatively big cells, they should also enable precise measurements of cell mechanical properties using modern micro-indentation devices (Routier-Kierzkowska et al., 2012; Robinson et al., 2017; Majda et al., 2019) or turgor pressure manipulations (Kierzkowski et al., 2012; Sapala and Smith, 2020). All these experimental inputs, in combination with geometrically accurate templates extracted from confocal images, will enable the creation of biologically realistic simulations of the entire moss leaf. Such models will not only provide a comprehensive picture of P. patens leaf development, but also advance our general understanding of the mechanism governing plant organogenesis.
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OsRELA Regulates Leaf Inclination by Repressing the Transcriptional Activity of OsLIC in Rice
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Leaf angle is one of the most important agronomic traits in rice, and changes in leaf angle can alter plant architecture to affect photosynthetic efficiency and thus determine grain yield. Therefore, it is important to identify key genes controlling leaf angle and elucidate the molecular mechanisms to improve rice yield. We obtained a mutant rela (regulator of leaf angle) with reduced leaf angle in rice by EMS mutagenesis, and map-based cloning revealed that OsRELA encodes a protein of unknown function. Coincidentally, DENSE AND ERECT PANICLE 2 (DEP2) was reported in a previous study with the same gene locus. RNA-seq analysis revealed that OsRELA is involved in regulating the expression of ILI and Expansin family genes. Biochemical and genetic analyses revealed that OsRELA is able to interact with OsLIC, a negative regulator of BR signaling, through its conserved C-terminal domain, which is essential for OsRELA function in rice. The binding of OsRELA can activate the expression of downstream genes repressed by OsLIC, such as OsILI1, a positive regulator of leaf inclination in rice. Therefore, our results suggest that OsRELA can act as a transcriptional regulator and is involved in the regulation of leaf inclination by regulating the transcriptional activity of OsLIC.
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INTRODUCTION

As one of the agronomic traits closely related to grain yield, leaf angle not only controls plant architecture but also moderate leaf erectness is essential for improving rice yield (Wang and Li, 2011). Leaf erectness improves light capture and CO2 diffusion efficiency (Sakamoto et al., 2006), thus increasing photosynthetic efficiency. The leaf angle in rice is determined by the lamina joint that connects the leaf blade and leaf sheath. Compared with the leaf tissue, mesophyll cells were replaced by parenchyma cells, and more sclerenchyma cells were gathered around the vascular bundles on the adaxial and abaxial sides. This structure not only provides mechanical strength to the lamina joint but also a determinant factor of leaf angle (Zhou et al., 2017). Many genes have been reported to be involved in the regulation of lamina joint development in rice, and many of these mutants have shown great potential to increase yield. Therefore, it has become the goal of breeders to find and elucidate the molecular mechanism of genes in regulating leaf angle in rice.

In rice, many transcription factors have been reported to be involved in the regulation of lamina joint development; therefore, control of leaf angle can be achieved through genetic manipulation. Altering the expression of some specific transcription factors resulted in increased leaf angle; for example, overexpression of the Lax panicle1 (LAX1) gene resulted in increased leaf angle (Komatsu et al., 2003), while the OsLIC (LEAF and TILLER ANGLE INCREASED CONTROLLER) mutant exhibited a significant increase in leaf angle and tiller angle (Wang et al., 2008). Overexpression of auxin response Factor 19 (OsARF19) can promote cell division on the adaxial side of the lamina joint, which results in an increased leaf angle (Zhang et al., 2015). Interestingly, overexpression of OsIAA1, a repressor of OsARF, also led to increased leaf angle (Song et al., 2009). However, some mutants of transcription factors exhibit reduced leaf angle, such as the OsLIGULELESS1 (OsLG1) mutant, which has a complete absence of the lamina joint, auricle and ligule tissues, resulting in erect leaves (Lee et al., 2007). The reduced leaf angle 1 (RLA1) and BRASSINAZOLE RESISTANT1 (OsBZR1) protein complex is a positive regulator of the BR signaling pathway, and their mutants have an obvious erect leaf phenotype (Bai et al., 2007; Qiao et al., 2017). INCLINATION1 (ILI1) and ILI1 binding bHLH (IBH1) are direct downstream target genes of the transcription factors OsBZR1 and OsLIC, which are antagonistically involved in regulating the elongation of parenchyma cells in the lamina joint (Zhang L.Y. et al., 2009). It has also been reported that REGULATOR OF LEAF INCLINATION 1 (RLI1) can directly activate the expression of BRASSINISTEROID UPREGULATED1 (BU1) and BUL1 COMPLEX1 (BC1), thereby promoting elongation of lamina joint cells (Ruan et al., 2018). Although multiple types of transcription factors are involved in the regulation of the leaf angle, most of them are related to the metabolism and signaling of plant hormones, such as auxin and brassinosteroids.

In addition to transcription factors, some enzymes related to the transport, metabolism, or signaling of auxin and brassinosteroids are also involved in the development of the lamina joint. For example, LAZY1 regulates leaf angle by affecting the gravitropism of aboveground tissues of rice (Li et al., 2007), while Loose Plant Architecture 1 (LPA1) regulates the expression of OsPIN1a and thus affects the polar transport of auxin (Sun et al., 2019). The GH3 family gene LEAF INCLINATION1 (LC1) and an increased number of tillers, enlarged leaf angles, and dwarfism (TLD1) can promote cell elongation by decreasing auxin content at the lamina joint (Zhang S.W. et al., 2009; Zhao et al., 2013). Inhibition of auxin receptor OsTIR1 expression also resulted in increased leaf angle, suggesting that auxin can negatively regulate leaf angle by inhibiting cell division and cell elongation (Bian et al., 2012). Mutations in the cytochrome P450 genes D2, D11 and OsDWARF, which are involved in BR biosynthesis (Mori et al., 2002; Hong et al., 2003; Tanabe et al., 2005), and the receptor for BR signaling OsBRI1 cause shortening of parenchyma cells of the lamina joint and result in an erect leaf phenotype (Yamamuro et al., 2000). The expression and protein stability of the U-type cyclin CYC U4;1 is negatively regulated by BR, which positively regulates leaf erectness by promoting the division of sclerenchyma cells on the abaxial side of the lamina joint (Sun et al., 2015). From these analyses, it is clear that auxin and BRs are of great importance in the regulation of leaf angle; however, whether other molecules regulate leaf angle by directly or indirectly integrating the metabolism or physiological process of hormones in rice needs to be further evaluated.

In this study, we obtained a mutant rela (regulator of leaf angle) with reduced leaf angle in rice by EMS mutagenesis. RNA-seq analysis revealed that OsRELA is involved in the regulation of OsEXPA5, OsEXPB6, and OsEXPB11 and OsILI1, OsILI4 (OsBU1), and OsILI5 (OsBUL1) expression. Biochemical and genetic analyses revealed that OsRELA interacts with OsLIC through the conserved C-terminal domain, and the binding of OsRELA can activate the expression of downstream genes repressed by OsLIC, thus affecting the leaf angle by positively regulating the expression of OsILI1 in rice.



RESULTS


Phenotypic Analysis of Rela Mutant

To screen for genes involved in the regulation of leaf angle in rice, we created a library of 60Co-γ irradiation-induced mutants from which we isolated a mutant with semidwarf and leaf erectness (Figures 1A,B), reduced panicle and leaf length phenotypes (Supplementary Figures 1B,C), based on which the mutant was named regulator of leaf angle (rela). We crossed the rela mutant with the wild-type and found that the ratio of wild-type to mutant in the segregating population was 415:134, close to 3:1, indicating that rela is a recessive mutation controlled by a single nuclear gene. To further reveal the reason for the reduced leaf angle of the rela mutant, we performed a transverse section of the lamina joint and found that the number of sclerenchyma cell layers and the cell area on the abaxial side of the rela mutant were increased compared to those of the wild-type (Figures 1C,F,G). Longitudinal section revealed that the length of parenchyma cells on the adaxial side of the rela mutant was shorter than that of the wild-type (Figures 1D,E). In addition, longitudinal section of the uppermost internode revealed that the cell length in the rela mutant was significantly shorter than that of the wild-type (Supplementary Figures 1A,D–F). These results suggest that OsRELA promotes the elongation of cells in the culm and parenchyma cells on the adaxial side and inhibits the division and expansion of sclerenchyma cells on the abaxial side of the lamina joint, thus positively regulating the leaf angle and plant height.
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FIGURE 1. Phenotypic characterization of the rela mutant. (A) The morphological phenotypes of the wild-type and rela at the grain-filling stage. Bar = 20 cm. WT, wild-type. (B) Quantification of the leaf inclination of the second lamina joint of wild-type and rela. The picture at top shows the second lamina joints. Error bars are SD (n = 30). Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test). (C) Transverse section of the lamina joints of wild-type and rela. The red box indicates the enlarged abaxial sides of the lamina joint. Bars = 250 μm in the upper panel and 30 μm in the lower panel. (D) Longitudinal section of the lamina joints of wild-type and rela. The red box indicates the enlarged adaxial sides of the lamina joint. Bars = 250 μm in the upper panel and 30 μm in the lower panel. (E) Measurement of lamina joint adaxial cell lengths of wild-type and rela [shown in (D)]. Error bars are SD (n = 60). Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test). (F) The number of sclerenchyma cell layers in the adaxial sides of wild-type and rela [shown in (C)]. Error bars are SD (n = 30). Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test). (G) Measurement of sclerenchyma cell radius in the abaxial sides of wild-type and rela [shown in (C)]. Error bars are SD (n = 30). Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test).




Cloning of OsRELA and Complementation Analysis

To clone the gene encoding OsRELA, we crossed the rela mutant with Dular and obtained a segregating population of the F2 generation. By linkage analysis, OsRELA was narrowed between two genetic markers, Indel 7–10 and Indel 7–12, located on the long arm of chromosome 7. By further fine mapping using 2871 F2 generation plants, we targeted the OsRELA gene between SNP 25.338 M, and Indel 25.402 M, and six genes were contained in this 64-kb interval: Os07g0615200, Os07g0615400, Os07g0615500, Os07g0615800, Os07g0616000, and Os07g0616200 (Figure 2A). Further genome sequencing revealed a 28-bp deletion in the seventh exon of the Os07g0616000 gene, which shifted the reading frame and eventually led to a premature stop codon, while the rest of the genes were sequenced without mutations (Figure 2B). Our immunoblotting experiments using a specific polyclonal antibody that recognizes the protein encoded by Os07g0616000 showed that the expression of the protein encoded by Os07g0616000 was not detected in the rela mutant (Figure 2C), indicating that the phenotypes of the rela mutant are most likely due to a 28-bp deletion in the Os07g0616000 gene. Coincidentally, OsRELA is located at the same gene locus as the previously reported DENSE AND ERECT PANICLE 2. DEP2 was revealed to be associated with panicle development (Li et al., 2010), and we also found this phenotype in the rela mutant; however, the biological function of OsRELA involved in the regulation of leaf angle has not been elucidated. Phylogenetic tree analysis revealed that OsRELA belongs to a Spermatophyta-specific gene family, and its homologs are distributed in Gymnosperm, Amborella, Eudicots, and Monocots. However, the gene family has fewer members in Eudicots, and there are three copies in Arabidopsis: AT3G14172, AT1G72410, and AT1G17360. Most of the family members are distributed in the Monocots, and there is only one copy in rice (Supplementary Figure 2).
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FIGURE 2. Map-based cloning of OsRELA and complementation test. (A) Linkage map of the OsRELA locus. OsRELA is located on the long arm of chromosome 7, between the molecular marker SNP 25.338 M and Indel 25.402 M, a genomic region of ∼64 kb containing six ORFs. The markers, numbers of recombinants and candidate genes are indicated. (B) Schematic diagram of the OsRELA locus. Comparison with the wild-type sequence revealed a 28-bp deletion (dashed) in the seventh exon, generating a premature stop codon (bold italics). (C) Protein levels of OsRELA in the seedlings of wild-type and rela detected by immunoblot using anti-OsRELA–specific polyclonal antibodies. Ponceau staining of the Rubisco large subunit is shown as a loading control. Molecular masses of proteins (kDa) are shown on the left. (D) Plant morphology of wild-type, rela/proOsRELA:OsRELA(CO), rela and RELA-CRISPR at the heading stage. Bar = 10 cm. (E) Quantification of the leaf inclination of the second lamina joint of wild-type, rela/proOsRELA:OsRELA (CO), rela and RELA-CRISPR plants. Error bars are SD (n = 20). Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test).


To further clarify the function of OsRELA in regulating leaf inclination, we constructed the pOsRELA:OsRELA vector and transformed it into the rela mutant. The leaf angle of transgenic lines expressing OsRELA was restored to the wild-type state (Figure 2D). We also obtained genome-edited lines of Os07g0616000 using the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) genome editing tool (Supplementary Figure 3). In all genome-edited homozygous lines obtained, the leaf angle was significantly smaller than that of the wild-type line, consistent with the rela mutant phenotype (Figure 2E). These genetic results suggest that OsRELA is the key gene that regulates leaf angle in rice.



Subcellular Localization and Tissue Expression Patterns of OsRELA

To determine the localization of OsRELA in rice cells, we transformed the 35S:OsRELA-GFP vector into rice protoplasts for transient expression. Confocal laser scanning microscopy revealed that the fluorescence of the OsRELA-GFP fusion protein merged with the nuclear marker mCherry-NLS signal (Figure 3A). Consistently, GFP fluorescence of the GFP-OsRELA fusion protein was colocalized with the nuclear stain DAPI in the rela/pOsRELA:GFP-OsRELA lines (Figure 3B), suggesting that OsRELA functions mainly in the nucleus.
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FIGURE 3. Subcellular localization and tissue expression patterns of OsRELA. (A) Subcellular localization of the OsRELA-GFP fusion protein in rice protoplasts. mCherry-NLS was used as the nuclear marker. Bar = 20 μm. (B) Fluorescent signals in transgenic rice plants expressing GFP-OsRELA. The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Bar = 80 μm. (C) RT–qPCR analysis of the expression patterns of OsRELA in various tissues, including root, stem, leaf blade, lamina joint, leaf sheath and young panicle. The rice UBQ gene was amplified as the internal control. (D) Examination of GUS activity in transgenic plants expressing proOsRELA:GUS. GUS activity is found in the lamina joint, young florets, stem, vascular bundles, leaf sheath and root.


To further analyze the expression pattern of OsRELA, we performed real-time quantitative PCR (RT–qPCR) to measure the OsRELA expression level, and the results showed that OsRELA was expressed in various tissues of rice (Figure 3C). GUS staining experiments performed on pOsRELA:GUS transgenic plants revealed strong GUS staining in the lamina joint, young florets, stem, vascular bundles, leaf sheath and root (Figure 3D). All these tissues were associated with the phenotypes of the rela mutant.



RNA-seq Analysis of Downstream Genes Regulated by OsRELA

To analyze OsRELA-regulated genes that participate in the regulation of leaf angle, we performed RNA-seq analysis on the rela mutant and identified 285 genes with significantly different expression levels compared to the wild-type, including 156 upregulated genes and 129 downregulated genes (Figure 4A). We next performed a hierarchical clustering analysis of all genes that were significantly differentially expressed, and the representative top 50 most significant genes are shown (Figure 4B). In addition, gene ontology (GO) enrichment analysis demonstrated that the molecular functions of the differentially expressed genes were mainly involved in DNA binding (GO:0043566), suggesting that OsRELA is likely to be involved in transcriptional regulation by regulating DNA binding (Figure 4C). We then examined the genes with significant expression changes in the wild type and rela by RT–qPCR. Consistent with the RNA-seq results, the expression of OsEXPA5, OsEXPB6, and OsEXPB11 was significantly upregulated, while the expression of OsmiR408, OsmiR528, ILA1 interacting protein 3, OsOFP14, OsILI1, OsILI4 (OsBU1), and OsILI5 (OsBUL1) was significantly downregulated in the rela mutant (Figure 4D), and the expression of seven genes related to cell wall synthesis was also significantly suppressed in rela (Figure 4E). It is worth noting that ILA1 interacting protein 3 (OsIIP3), OsILI1, OsILI4 (OsBU1), and OsILI5 (OsBUL1) were reported to positively regulate leaf angle (Tanaka et al., 2009; Zhang L.Y. et al., 2009; Ning et al., 2011; Jang et al., 2017). Expansin family genes and cell wall synthesis genes were involved in the process of cell wall loosening and cell extension (Cho and Kende, 1997; Kuluev et al., 2014). The phenotypes of the rela mutant are similar to those of BR-deficient and BR-insensitive mutants (Yamamuro et al., 2000; Hong et al., 2003), and both Expansins and ILI family genes have been reported to be downstream of BR signaling and involved in the regulation of leaf angle (Wang et al., 2018), implying that OsRELA may intersect with the BR signaling pathway to regulate leaf inclination in rice.
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FIGURE 4. RNA-seq analysis of OsRELA-modulated genes. (A) A volcano plot illustrating differentially expressed genes from RNA-seq analysis between wild-type and rela. Genes upregulated and downregulated are shown in red and green, respectively. Values are presented as the log2 of tag counts. (B) Heat map of the RNA-seq analysis results shows all genes that were significantly differentially expressed (left panel) and the representative top 50 genes that were differentially expressed (right panel). (C) Gene ontology (GO) functional clustering of all genes that were differentially expressed. (D) RT–qPCR validation analysis of the gene expression levels between wild-type and rela revealed by RNA-seq. The rice UBQ gene was amplified as the internal control. Asterisks indicate significant differences from the WT (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test). (E) RT–qPCR analysis of the genes involved in cell wall synthesis. The rice UBQ gene was amplified as the internal control. Asterisks indicate significant differences from the WT (**P < 0.01, ***P < 0.001, Student’s t-test).




OsRELA Physically Interacts With OsLIC and Is Required for OsLIC-Regulated OsILI1 Expression

To further reveal the relationship between OsRELA and the BR signaling pathway, we obtained OsLIC from a rice cDNA library by a yeast two-hybrid approach using full-length OsRELA as bait (Figure 5A). OsLIC negatively regulates leaf angle and acts as an antagonistic transcription factor of OsBZR1 (Zhang et al., 2012). However, OsRELA does not interact with other BR signaling components, such as OsGSK2, DLT, OsBZR1, and RLA1, in yeast (Supplementary Figure 4). Bimolecular fluorescence complementation (BiFC) assays showed that OsRELA and OsLIC interact in rice cells (Figure 5B), and the semi-in vivo pull-down assay results also indicated that the OsLIC-GST fusion protein interacts with OsRELA (Figure 5C).
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FIGURE 5. OsRELA physically interacts with and acts downstream of OsLIC. (A) Interactions between OsRELA and OsLIC in yeast two-hybrid assays. OsRELA could not form homodimer in yeast. AD, activation domain; BD, binding domain; SD, synthetic dropout; the gradients indicate tenfold serial dilutions. (B) BiFC analysis of OsRELA and OsLIC interactions in rice protoplasts. BF, brightfield. Scale bars, 5 μm. (C) LIC-GST proteins can pull down OsRELA from total protein extracts of 1-week-old wild-type plants. OsRELA was detected by immunoblotting using anti-OsRELA-specific polyclonal antibodies. (D) Plant morphologies of wild-type, rela, rela/lic-2 and lic-2 at the heading stage. Bar = 10 cm. (E) RT–qPCR analysis of OsILI1 expression levels in wild-type, rela, rela/lic-2 and lic-2 lamina joints. The rice UBQ gene was amplified as the internal control. Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test).


To further clarify the genetic relationship between OsRELA and OsLIC, using the CRISPR/Cas9 system, a lic-2 mutant line was obtained by targeting the second exon of the OsLIC gene, and DNA sequencing showed that a 1 bp insertion in the second exon of OsLIC resulted in premature termination of translation (Supplementary Figure 5). The lic-2 mutant showed an increased leaf and tiller angle (Wang et al., 2008). We then crossed rela with the lic-2 mutant and found that the phenotypes of the rela/lic-2 double mutant were similar to those of the rela mutant (Figure 5D), implying that the function of OsLIC is dependent on OsRELA. Quantitative real-time PCR results showed that the expression level of OsILI1, the direct downstream target of OsLIC, was reduced in both the rela and rela/lic-2 mutants (Figure 5E). The elevated expression level of OsILI1 and the increased leaf angle in the lic-2 mutant are consistent with what has been reported previously, suggesting that the regulation of OsILI1 expression by OsLIC is dependent on OsRELA.



The OsRELA-OsLIC Interaction Occurs via the Conserved C-Terminal of OsRELA

To clarify the minimal domain of OsRELA that interacts with OsLIC, we performed sequence and bioinformatics analysis on OsRELA. We found a speckle-type BTB/POZ domain at the N-terminus of OsRELA by Bioinformatics Toolkit analysis, which is a multifunctional protein–protein interaction motif (Bardwell and Treisman, 1994). Two COILED-COIL domains were predicted by the ExPASy tool kit: 697–724 aa and 798–849 aa. The COILED-COIL domain plays an important role in mediating protein–protein interactions (Burkhard et al., 2001). A nuclear localization sequence was found in its conserved C-terminal domain by SeqNLS software: 1240–1256 aa (Supplementary Figures 6, 7).

We next created different truncated forms of OsRELA attached to the GAL4-BD domain named BD-OsRELA (1–1365 aa), BD-OsRELA-T1 (1–199 aa), BD-OsRELA-T2 (200–643 aa), BD-OsRELA-T3 (1173–1365 aa) and BD-OsRELA-T4 (1–1172 aa) (Figure 6A). After cotransforming yeast with the OsLIC-AD vector, we found that both OsRELA and OsRELA-T3 interacted strongly with OsLIC, while OsRELA-T1, OsRELA-T2, and OsRELA-T4 did not interact with OsLIC (Figure 6B). The above results suggest that OsRELA interacts with OsLIC through its conserved C-terminal domain. We further used the promoter of OsILI1 to drive luciferase (LUC) as a reporter and OsRELA-FLAG, OsRELAΔC-FLAG, OsLIC-FLAG, and FLAG as effectors for the transient expression assay (Figure 6C). The results showed that OsLIC represses OsILI1 expression, and when OsRELA-FLAG was cotransformed with OsLIC-FLAG into rice protoplasts, the expression level of OsILI1 was elevated. When OsRELAΔC-FLAG was cotransformed with OsLIC-FLAG, OsILI1 expression was repressed (Figure 6D). These results indicate that OsRELA interacts with OsLIC through its conserved C-terminal domain and thus abolishes the transcriptional repression of OsLIC on OsILI1.
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FIGURE 6. The OsRELA-OsLIC interaction occurs via the conserved C-terminal of OsRELA. (A) Schematic representation of wild-type and different truncated forms of OsRELA. (B) Yeast two-hybrid assays show that OsLIC interacts with OsRELA and OsRELA-T3. AD, activation domain; BD, binding domain; SD, synthetic dropout; the gradients indicate tenfold serial dilutions. (C) Schematic diagrams of the reporter and effector constructs. The firefly luciferase (LUC) gene driven by the OsILI1 promoter and the Renilla luciferase (REN) reporter gene driven by the 35S promoter were used as the reporter and internal control, respectively. For the effectors, OsRELA, OsRELAΔC and OsLIC were fused with FLAG. (D) Transient gene expression assays in rice protoplasts. The LUC reporter gene was cotransfected with OsRELA, OsRELAΔC and OsLIC or both. Asterisks indicate significant differences from the control (*P < 0.05, **P < 0.01, Student’s t-test). (E) Plant morphologies of wild-type, rela, rela/proOsRELA:OsRELA(CO) and rela/proOsRELA:OsRELAΔC(CO–ΔC) at the heading stage. Bar = 10 cm. (F) RT–qPCR analysis of OsILI1 expression levels in wild-type, rela, rela/proOsRELA:OsRELA(CO) and rela/proOsRELA:OsRELAΔC(CO–ΔC) lamina joints. The rice UBQ gene was amplified as the internal control. Asterisks indicate significant differences from the WT (**P < 0.01, Student’s t-test).


Finally, we genetically analyzed the effect of the C-terminal domain of the OsRELA protein on its function and found that deletion of the C-terminal domain could not rescue the phenotypes of the rela mutant (Figure 6E). Moreover, quantitative real-time PCR results revealed that the expression level of OsILI1 was not recovered in the CO-ΔC lines (Figure 6F), indicating that the regulation of OsRELA on OsILI1 expression through OsLIC also depends on its C-terminal domain.




DISCUSSION

Brassinosteroids are important plant hormones that regulate leaf angle in rice (Tong and Chu, 2018). BR deficiency inhibits the elongation of parenchyma cells on the adaxial side and promotes the division of sclerenchyma cells on the abaxial side of the lamina joint (Zhang L.Y. et al., 2009; Sun et al., 2015); therefore, many BR-deficient and BR-insensitive mutants exhibit an erect leaf phenotype. In this study, we obtained a mutant rela with a reduced leaf angle by EMS mutagenesis and found that the cell length in the internode and adaxial parenchyma cells in the lamina joint was reduced compared with that in the wild type. The number of sclerenchyma cell layers and the cell area on the abaxial side were increased, and these phenotypes were similar to those of BR-related mutants. The expression of OsEXPA5, OsEXPB6, and OsEXPB11 was significantly upregulated in the rela mutant, while the expression of OsILI1, OsILI4 (OsBU1), OsILI5 (OsBUL1), and genes related to cell wall synthesis were significantly downregulated in the rela mutant, and all of these genes were reported to be downstream of the BR signaling pathway. As the only transcription factor in the BR signaling pathway that specifically interacts with OsRELA, OsLIC acts as an antagonistic transcription factor of OsBZR1 to regulate the expression of OsILI1 and OsIBH1, thus affecting leaf inclination. Our results indicate that OsRELA interacts with OsLIC and that OsRELA can act as an important regulator of OsLIC to affect its transcriptional regulation of downstream genes, suggesting that OsRELA intersects with the BR signaling pathway by regulating the transcriptional activity of OsLIC and is thus involved in the regulation of leaf inclination in rice.

OsRELA is located in the same gene locus as previously reported DENSE AND ERECT PANICLE 2 (DEP2) (Li et al., 2010), ERECT PANICLE2 (EP2) (Zhu et al., 2010) and SMALL AND ROUND SEED1 (SRS1) (Abe et al., 2010). OsRELA/DEP2/SRS1 encodes a protein of unknown function. Through the analysis of the evolutionary relationship between OsRELA and its homologs, we found that it is an ancient gene that is conserved among angiosperms, and there are conserved motifs at the N-terminus and C-terminus. Through the GUS reporter gene and RT–qPCR results, we found that OsRELA is strongly expressed in young tissues, such as young spikelets, florets and lamina joints, and the amino acid sequence at its N-terminus changed when the gene evolved from gymnosperms to angiosperms. The large difference between gymnosperms and angiosperms is that angiosperms produce seeds within an enclosure, suggesting that gene evolution may be related to this. In addition, no functional analysis has been reported for its three homologs in Arabidopsis, and future research should verify whether these three genes are involved in the regulation of Arabidopsis architecture, siliques or seed size by similar mechanisms.

Notably, the N-terminal amino acid sequences of OsRELA homologs in Arabidopsis share high similarity to that of COP1-interacting protein 7 (CIP7). It has been reported that CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) acts as an E3 ubiquitin ligase and is able to inhibit photomorphogenesis in the dark by mediating the ubiquitinated degradation of light-inducible transcription factors, such as HY5, HYH, and AtMYB21 (Holm et al., 2002; Shin et al., 2002; Srivastava et al., 2015). CIP7 is also localized in the nucleus and may act as a transcription factor to activate light-induced gene expression as well as anthocyanin synthesis and chlorophyll accumulation. However, CIP7 RNA-interfering plants do not have defects in light-inhibited hypocotyl elongation (Yamamoto et al., 1998). To further investigate the possible mechanism by which OsRELA exerts transcriptional regulatory functions, we performed sequence alignment analysis of OsRELA and CIP7 and found that their N-terminal sequences may encode a speckle-type BTB/POZ domain. The BTB domain (Broad-Complex, Tramtrack, and Bric a brac) is a multifunctional protein–protein interaction domain involved in many biological processes, including transcriptional regulation (Deweindt et al., 1995), ion channel assembly (Aravind and Koonin, 1999) and ubiquitinated protein degradation (Julian et al., 2019). The BTB domain often combines with other structural domains to form multifunctional proteins, BTB-zinc finger proteins were reported to mediate transcriptional repression by interacting with histone deacetylase complexes N-CoR or SMRT (Huynh and Bardwell, 1998). ZBTB24 can specifically bind to the 12-bp DNA motif [CT(G/T)CCAGGACCT] to activate downstream gene expression (Ren et al., 2019), and BACH1 and BACH2 are transcriptional regulators that bind to Maf recognition elements to coordinate transcription activation and repression in cooperate with MAFK (Oyake et al., 1996). LPA1 has also been reported to be involved in a similar process to regulate PIN1a expression in rice (Sun et al., 2019). While our results suggest that OsRELA functions as a transcriptional activator, whether OsRELA has specific DNA binding activity is unclear, and whether its promoter selection for target genes depends on the interacting transcription factors or related proteins needs further validation. In this study, whether the regulation of ILI family gene expression by OsRELA requires the binding of the transcription factor OsLIC is unclear. In addition, the specific mechanism of OsRELA in regulating gene expression needs to be further evaluated. Whether OsRELA regulates gene expression by changing the three-dimensional conformation of chromosomes similar to that of chromatin remodeling factors or regulates the activation or repression of gene expression by recruiting histone modification complexes needs to be further evaluated. Further studies are needed to reveal the specific mechanism of OsRELA.

In this study, we identified OsRELA through forward genetics, which is an important regulator of leaf angle in rice. As summarized in Figure 7, OsRELA regulates several lamina inclination-related gene expressions, which have been demonstrated as the positive regulators in rice leaf inclination (Tong and Chu, 2018). Furthermore, OsRELA affects leaf angle by influencing the transcriptional regulation of OsILI1 via interacting and inhibiting OsLIC, which antagonizes with OsBZR1 each other (Zhang et al., 2012), the key transcriptional factor in BR signaling. However, OsRELA does not interact with OsBZR1, indicating they response to different environmental or developmental cues to regulate lamina inclination via suppressing the OsLIC in rice. Collectively, our data not only clarify a new mechanism of leaf inclination regulation but also provide a reference and new genetic resources for future crop improvement.
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FIGURE 7. A model for OsRELA in regulating the lamina inclination. OsRELA positively regulates the expression of OsIIP3, OsILI5/OsBUL1, OsILI4/OsBU1, and OsILI1, which are positive regulators involved in the lamina inclination. Since it has been reported that OsBZR1 and OsLIC are pair of antagonistic transcription factors that involved in the lamina inclination by regulate the expression of OsILI1. The binding of OsRELA can activate the expression of OsILI1 repressed by OsLIC as well. Whether the OsRELA directly or indirectly activates the listed gene expressions (dashed arrows) should be elucidated in the future.




MATERIALS AND METHODS


Plant Materials and Growth Conditions

In this study, Nipponbare rice (Oryza sativa subsp. japonica) and Dular rice (Oryza sativa L. ssp. indica) were used as wild-type controls, and the rela mutant was obtained from EMS-induced mutant populations. The F2 segregation population used for genetic segregation analysis was obtained by crossing the rela mutant with Nipponbare. The F2 segregant population used for map-based cloning was obtained by crossing the rela mutant with Dular. The rice materials used in this study were grown in the fields of the Chinese Academy of Agricultural Sciences under natural conditions.



Paraffin Section Analysis

After the mature lamina joints of the wild-type and rela mutant were separated, they were rapidly fixed in formaldehyde-acetic acid-alcohol (FAA) at 4°C for 72 h. Subsequently, the samples were dehydrated through a gradient ethanol solution. The dehydrated samples were subjected to a xylene:ethanol clear solution of 1:2, 1:1, and 2:1 and finally transitioned to xylene. The samples were then incubated in a xylene:Paraplast Plus solution (Sigma–Aldrich) solution of 1:1 at 37°C for 48 h. The samples were embedded in Paraplast Plus for 3 days. The samples were then sectioned into 8-μm-thick sections by an RM2245 rotary microtome (Leica). After the removal of Paraplast Plus with xylene:ethanol ratios of 2:1, 1:1, and 1:2, the sections were rehydrated with gradient ethanol, followed by safranin-fixed green staining. Images were taken with an ICC50 HD microscope (Leica), and the cell length and cell area were subsequently measured using ImageJ.



Map-Based Cloning of rela

A total of 154 primer pairs exhibiting polymorphisms between Nipponbare and Dular were identified from our primer library. We targeted OsRELA between two genetic markers, Indel 7–10 and Indel 7–12, located on the long arm of chromosome 7. By further fine-mapping using the F2 generation population of 2871 progeny, we targeted the OsRELA gene between two newly developed genetic markers. We then performed PCR amplification and sequencing of the genomic sequences of all genes within this 64-kb interval in wild-type and rela mutants.



Vector Construction and Plant Transformation

For complementation assays, the putative 2.2-kb promoter region of OsRELA was amplified using the OsRELA-Pro primer pairs, and the coding region was amplified using the OsRELA-CDS and OsRELA-CDSΔC primers and inserted into the pCAMBIA1300 binary vector using EcoRI/HindIII restriction sites.

To knock out the OsRELA and OsLIC genes, we selected 20-bp gene-specific spacer sequences in the coding region and cloned them into the sgRNA-Cas9 vector to obtain OsRELA-CRISPR and OsLIC-CRISPR vectors.

To obtain OsRELA overexpression lines, the promoter of OsRELA was amplified by primer OsRELA-Pro, and the full-length CDS was amplified by using primer OsRELA-GFP and inserted into the pCAMBIA1300 binary vector using EcoRI/HindIII restriction sites to obtain proOsRELA:GFP-OsRELA.

To determine the expression pattern of OsRELA, a 2.2-kb region upstream of the ATG start codon was amplified using OsRELA-GUS primers, and the PCR product was cloned into the pCAMBIA1391z binary vector using HindIII/EcoRI restriction sites to obtain the proOsRELA:GUS vector.

The above vectors were subsequently transformed into wild-type and rela mutant via Agrobacterium-mediated transformation.



Preparation and Determination of OsRELA Specific Antibodies

An in vitro purified OsRELA polypeptide (Os07g0616000, 500–740 aa) fragment was injected into rabbits to generate the corresponding polyclonal antibody at ABclonal Technology. The specificity of the polyclonal antibody against OsRELA was subsequently verified by immunoblotting assays using wild-type rice seedlings. Samples were well ground in liquid nitrogen and then incubated with protein extraction buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 10% glycerol, and protease inhibitor cocktail) at 4°C for 15 min. After centrifugation at 4°C for 10 min, the supernatant was boiled for 10 min and separated on a 6% SDS–PAGE gel. The anti-OsRELA polyclonal antibody was diluted at a concentration of 1:2000 and detected by chemiluminescence reagent (GE Health care), and the Rubisco large subunit was used as the endogenous control.



Subcellular Localization and GUS Activity Measurements

To determine the subcellular localization of the OsRELA protein, the 4095-bp coding region was cloned into the pAN580 vector using the XbaI restriction site. The 35S:OsRELA-GFP vector was subsequently introduced into rice protoplasts as previously described (Zhang et al., 2011), and the fluorescence of GFP was visualized using a confocal laser scanning microscope (LSM 980; Zeiss).

Different tissues of proOsRELA:GUS transgenic plants were incubated in GUS staining buffer (1 M sodium phosphate, pH 7.0, 0.5 M EDTA, pH 8.0, 10% Triton X-100, 50 mM K3Fe(CN)6, 0.1 M X-Gluc) at 37°C after isolation. After 12–16 h, the samples were decolorized using 75% ethanol. The pictures were photographed using an ICC50 HD microscope (Leica).



Bioinformatics Analyses

The sequences of OsRELA and OsLIC were obtained from The Rice Annotation Project1. Homologous of OsRELA in plants were obtained from the NCBI BLAST server2. Multiple sequence alignment was performed using DNAMAN9 with default settings. A neighbor-joining tree of OsRELA and its homologs was generated by MEGA7 with 1000 bootstrap replicates. The protein structure analysis was performed using the following software:

HHpred: https://toolkit.tuebingen.mpg.de/tools/hhpred

COILS: https://embnet.vital-it.ch/software/COILS_form.html

SeqNLS: http://mleg.cse.sc.edu/seqNLS/



RNA Extraction, Real-Time Quantitative PCR, and RNA-seq Analyses

Total RNA was extracted from lamina joints of rice seedlings using TRIzol reagent (Invitrogen). First-strand cDNA synthesis was performed using the PrimeScript 1st strand cDNA Synthesis Kit (6110A). RT–qPCR was performed as previously described (Zhou et al., 2008), and the rice ubiquitin gene was used as an internal control.

The differential gene expression analysis of 2-week-old rice seedlings of wild-type and rela mutant were performed by Allwegene Technology Inc3.



Yeast Two-Hybrid Assays

The full-length coding region of OsRELA was cloned into the pGBKT7 vector as bait, and then yeast two-hybrid screening was performed with a rice cDNA library. The positive clones were subsequently identified by sequencing. The full-length coding regions of OsRELA, OsLIC, OsBZR1, RLA1, DLT, and OsGSK2 were cloned into the corresponding pGBKT7 and pGADT7 vectors using EcoRI/BamHI restriction sites. The corresponding bait and prey constructs were cotransformed into the yeast strain AH109 (Clontech) and grown on the selective medium SD-Trp/-Leu. The positive clones were then transferred to the selective medium SD-Trp/-Leu/-His/-Ade.



Bimolecular Fluorescence Complementation Assays

The full-length coding region of OsRELA was amplified and cloned into the pSPYNE vector using EcoRI/SalI to obtain NY-OsRELA, and the full-length coding region of OsLIC was amplified and cloned into the pSPYCE vector using EcoRI/SalI to obtain OsLIC-CY. OsRELA-NY/OsLIC-CY, OsRELA-NY/pSPYCE, and pSPYNE/OsLIC-CY were cotransformed into rice protoplasts by PEG-mediated transformation. The fluorescence of YFP was visualized using a confocal laser scanning microscope (LSM 980; Zeiss).



Semi-in Vivo Pull-Down Assay

To test the interaction between OsRELA and OsLIC, the full-length coding region of OsLIC was amplified and cloned into pGEX-4T-1 using EcoRI/XhoI, and the vector was subsequently transformed into E. coli strain BL21 to obtain the OsLIC-GST fusion protein. Two-week-old wild-type seedlings were ground in liquid nitrogen and solubilized with 2X protein extraction buffer [100 mM Tris-HCl, pH 7.5, 300 mM NaCl, 2 mM EDTA, pH 8.0, 1% TrionX-100, 10% (v/v) glycerol, and protease inhibitor mixtures (M307; AMRESCO)]. The semi-in vivo pull-down assay was performed as previously described (Qiao et al., 2017).



Transient Expression Assay in Rice Protoplasts

In the dual-luciferase assay, the 2.2-kb promoter region of OsILI1 was cloned upstream of the firefly luciferase gene (LUC) in pGreenII 0800-LUC to generate the OsILI1-LUC reporter vector. OsLIC-FLAG, OsRELA-FLAG, OsRELAΔC-FLAG, and FLAG were cloned into pGreenII 62-SK as effectors using XbaI/HindIII restriction sites. The combined reporter and effector vectors were cotransformed into rice protoplasts by PEG-mediated transformation. Renilla reniformis (Ren) driven by the 35S promoter was used as an internal control. The LUC activity was quantified with a Dual-Luciferase Assay Kit (Promega) following the manufacturer’s recommendations, and the relative LUC activity was calculated as the ratio of LUC/Ren.




ACCESSION NUMBERS

Sequence data from this article can be found in the database of The Rice Annotation Project (RAP) under the following accession numbers: OsRELA,Os07g0616000;OsLIC,Os06g0704300;OsmiR408,Os01g0322700;OsmiR528,Os03g0129400;OsBEIIb,Os02g0528200;OsG SL8,Os06g0113150;OsSTA145,Os05g0327000;OsIIP3,Os02g0575700;OsOFP14,Os05g0441400;OsILI1,Os04g0641700;OsILI4(OsB U1),Os06g0226500;OsILI5(OsBUL1),Os02g0747900;OsEXPA5, Os02g0744200;OsEXPB6,Os10g0555600;OsEXPB11,Os02g0658800;OsCESA6,Os07g0252400;OsCSLF6,Os08g0160500;OsGT43,Os04g0650300;OsGT8,Os02g0739400;OsGUX1L,Os01g0880200;OsI RX10L,Os01g0926700;OsUGA4E,Os08g0526100 and UBIQUI TIN, Os03g0234200.
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The primers used are shown in Supplementary Table 1 and Supplementary Table 2.
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Organ morphogenesis is the process of shape acquisition initiated with a small reservoir of undifferentiated cells. In plants, morphogenesis is a complex endeavor that comprises a large number of interacting elements, including mechanical stimuli, biochemical signaling, and genetic prerequisites. Because of the large body of data being produced by modern laboratories, solving this complexity requires the application of computational techniques and analyses. In the last two decades, computational models combined with wet-lab experiments have advanced our understanding of plant organ morphogenesis. Here, we provide a comprehensive review of the most important achievements in the field of computational plant morphodynamics. We present a brief history from the earliest attempts to describe plant forms using algorithmic pattern generation to the evolution of quantitative cell-based models fueled by increasing computational power. We then provide an overview of the most common types of “digital plant” paradigms, and demonstrate how models benefit from diverse techniques used to describe cell growth mechanics. Finally, we highlight the development of computational frameworks designed to resolve organ shape complexity through integration of mechanical, biochemical, and genetic cues into a quantitative standardized and user-friendly environment.
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INTRODUCTION

Plant development has inspired the interest of scientific minds since antiquity. The first attempt to formulate plant growth into a mathematically coherent framework was given by Thompson (1917) in his landmark book On Growth and Form. Idea of Thompson (1917) was that morphogenesis could be summarized as a series of coherent geometrical transformations leading to the spacious diversity of biological forms. The concept of morphogenesis is therefore quite general; we usually define morphogenesis as a recipe to build an organism with elements such as individual cells, genes products and biochemical signals. While many cells proliferate to recreate the organism’s adult shape some of them may differentiate into specialized tissues. Understanding the rules behind this decision-making process is at the core of organ patterning. To grasp the principles of morphogenesis, one has to consider different scales of organization such as growth mechanics, biochemical reactions, and genetic blueprint. Given the sheer number of elements involved in a morphogenetic pattern formation (i.e., the plant embryo may contain tenths of cells), it is impractical to analyze it without the support from computational tools.

In biology, computer models of patterning made their appearance in the 1960s with the widespread use of computer algorithms. Most of these models were based on static templates and did not include cell growth dynamics (Turing, 1952). Remarkably, Ulam (1962) showed that incredibly complicated forms and structures could be generated using cellular automata. Over the years, many researchers have recognized the importance of positional information in morphogenesis, as growth and cell division affect chemical gradients by diluting and degrading biological molecules (Wolpert, 1969). One of the earliest computational models of expanding plant tissue was proposed by Korn (1969). This model simulates the expansion of the alga Coleochaete scutata by applying a series of rules for cell growth and division over a hexagonal lattice (Korn, 1969). A similar work on two-dimensional growth of cell populations was previously introduced by Eden (1961). Pattern generation was a popular topic in computer science in that period and researchers were eager to find applications in biology and other fields. Cohen (1967) published a computer program capable of producing branching patterns reminiscent of leaf vascularization. These initial attempts to represent descriptive growth were not formalized into a comprehensive computational framework until the introduction of L-systems by Lindenmayer (1968). L-systems quickly gained popularity in the 1970s and until today are one of the favored methodologies for modeling plant architectures. Similar approaches to L-systems were developed for models of tree-like branching formation (Honda, 1971, 1983). Simultaneously, early applications of continuous mechanics methods [i.e., finite element method (FEM)] were applied to green algae development (Niklas, 1977). These were followed by the implementation of anisotropic deformation and stress–strain relation in models of plant growth (Silk and Erickson, 1979; Hejnowicz and Romberger, 1984; Peters and Tomos, 1996). Furthermore, the relentless increase of computational power of modern machines allowed the definition of increasingly complex structures, such as tissues and entire organs (Glazier and Graner, 1993).

These initial successes in modeling plant development motivated the incorporation of biomechanics properties to further increase the realism of plant form generation. Lockhart (1965) proposed a model to predict cell wall growth rate from internal turgor pressure by formulating a set of rules regulating the behavior of an idealized cell wall, which will later become the de facto standard for mechanical modeling of plant cell elongation. However, these formulas could not represent important mechanical aspects exhibited by living cells such as water transpiration, wall stress relaxation, pressure relaxation, and elastic deformations (Geitmann and Ortega, 2009), which were addressed by follow-up studies: Cosgrove (1986) extended Lockhart’s paradigm (which only applied to single cells in isolation) to multicellular organization; Silk and Wagner (1980) proposed a non-compartmented continuum model; Ortega (1985) augmented Lockhart’s equation with an elastic component, while Veytsman and Cosgrove (1998) rederived the formula in terms of thermodynamics of polymer networks. These studies greatly improved Lockhart’s initial idea and transformed it into a more flexible framework suited for complex environments.

In the last decade, we have witnessed an exponential growth of theoretical and experimental studies incorporating either biochemical (Leyser, 2018) or biomechanical (Kierzkowski and Routier-Kierzkowska, 2019) aspects of plant organ growth. The continuous feedback between these two signals can potentially give rise to outcomes hardly predictable through simple human intuition, and thus safeguarding the necessity for even more advanced computational modeling techniques. To guarantee reproducibility and standardization, several pre-packaged and ready-to-use modeling frameworks have been developed (Prusinkiewicz et al., 2000; Pradal et al., 2008; Merks et al., 2011) which provide an interactive environment for biologists lacking programming knowledge.

In this review, we evaluate common biological issues and bottlenecks in modeling plant organ forms as well as their implications with respect to model realism. Finally, we present some of the most popular modeling frameworks that have been developed in the attempt to solve these issues.



GRASPING ON THE COMPLEXITY OF PLANT ORGAN STRUCTURE

In general, computational models are designed to serve two main purposes: describing a natural phenomenon of interest to gain insight into the mechanics of the process or to make predictive statements about an idealized hypothesis to forecast the result of in vivo experiments. There are several recurring questions in plant growth and morphogenesis that have been under the scrutiny of researchers for a long time and that could be now addressed with quantitative computer models.

Plants possess apical/basal polarity axes (Jürgens, 2001). Single cells can expand either isotropically or anisotropically (Figure 1A), and cell polarity contributes to the collective choice of single cells which eventually determine the future shape of the plant (Wabnik et al., 2013). Some plant organs such as the root, root hairs, fruit, stems, and pollen tubes display a clearly anisotropic shape (Baskin, 2005). Growth anisotropy correlates with the direction of cellulose microfibrils deposited during cell wall synthesis (Li et al., 2014), but the exact mechanisms of how anisotropic growth is achieved are largely unknown. Cellulose fibers are very stiff and can be commonly found disordered or oriented along a preferred cell axis, as a result the cell wall remains stiff along a specific direction (Cosgrove, 2005). Microfibrils are often parallel to cortical microtubule orientation and it is thought that cellulose microfibril synthesis is guided by cortical microtubule tracks (Paradez et al., 2006). It has been shown that cortical microtubules align with maximal tensile stress in plant tissues (Hamant et al., 2019), indicating the existence of a feedback loop which reinforces the cell anisotropy against principal stress directions (Figure 1A). Surprisingly, it has been suggested that even isotropic growth could generate anisotropic patterns as a result of differential growth rates between adjacent tissues (Kennaway et al., 2011; Marconi et al., 2021). Other studies have also hypothesized the existence of morphogen-driven growth polarity fields (Mansfield et al., 2018).
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FIGURE 1. Mechanical and biochemical cues in computer models of plant development. (A) The direction of maximal expansion in plant cells depends on the orientation of cellulose microfibrils. Disordered microfibrils cause the isotropic all-around growth. A globally ordered structure of cellular microfibrils determines the anisotropic elongation, such that the growth direction is biased. (B) The acid-growth hypothesis; auxin promotes the proton pump activity which then acidifies the cell wall through the extrusion of H+ into the apoplast. Acidification promotes expansins and other cell wall-related enzymes, leading to the relaxation of the cell wall material, and successive cell growth.


The factors partially involved in anisotropic growth are multiple and are not limited to cytoskeleton configuration. Cell elongation is mainly driven by two mechanisms: cell wall deformation by internal turgor pressure and cell wall growth mediated by enzymatic reactions [involving expansins, xyloglucan endotransglucosylase/hydrolase (XTH), and pectin-modifying enzymes (PMEs)] and favored by hormones accumulation (like auxin, gibberellins and abscisic acid; Cosgrove, 2016; Smithers et al., 2019). The latter is commonly known as the acid growth hypothesis (Figure 1B; Rayle and Cleland, 1992). Turgor pressure is created by the continuous uptake of water from the external environment, which in turn exerts physical stresses on the cell wall (Cosgrove, 1993). The cell wall is incredibly rigid, capable of sustaining extremely high internal pressure (up to three atmospheres), and it is generally regarded as a viscoelastic material (Geitmann and Ortega, 2009). For the sake of simplicity, turgor pressure can be considered constant during cell growth (Schopfer, 2006), and below a certain level of deformation the cell behaves as an elastic material and slowly return to its initial state (Proseus et al., 1999). In case of irreversible deformation, the cell would acquire a new shape assisted by the enzymatic effect which replenishes the wall with new structural materials (Dumais et al., 2006). Moreover, plant cells are bound together by the cell wall, meaning that, contrary to animal cells, they cannot slide along each other or migrate to other regions. A consequence of this feature is that plant tissues are very rigid and single cell movements are transmitted in cascade to neighboring cells creating a tissue-spanning mechanical stress (Hejnowicz et al., 2000). As mentioned earlier, the first attempt to derive a set of mathematical equations able to describe mechano-hydraulic cell growth was proposed by Lockhart (1965), which stated that cell expansion rate is a function of cell volume, cell wall extensibility, turgor pressure, and turgor yield threshold. This equation represented the first attempt to couple water uptake and cell wall mechanics, where irreversible cell expansion is driven by the action of internal turgor pressure (Lockhart, 1965). However, the role of water fluxes is neglected in the majority of plant models, by simply assuming that the turgor pressure is a constant driving force. This unrealistic assumption is acceptable for single cell experiments but presents some practical problems in a multicellular context: neighboring cells grow at different rates (Hong et al., 2018) and water flow is affected by the relative geometry of the interconnected cells (Dinneny, 2020) as water availability is not uniform along the tissue (Robbins and Dinneny, 2018). Moreover, growth rate and pressure level are not always correlated even in single cells (Rojas and Huang, 2018). To reconcile Lockhart’s equation with these issues and generalize it to a multicellular environment, a recent study proposed a mechanohydraulic model (Long et al., 2020), where cell growth and turgor pressure can autonomously emerge from the interaction of tissue mechanics and tissue hydraulics. Using atomic force microscopy the authors showed significant variability in turgor pressure between cells (Long et al., 2020). Smaller cells resulting from cell division presented higher internal turgor press, while larger cells had lower pressure. In a situation where cell division does not occur, cells growth rate would tend to homogenize with turgor pressure decreasing as cell size increase (Long et al., 2020). Overall, despite its shortcomings Lockhart’s equation is still today the base model for many applications in cell physiology.

A major technical issue when dealing with growing organ is how to approach cell division (Figure 2A). When considering the organ as a continuous form without single-cell identities (i.e., FEM methods), cell division is typically omitted and organ growth is usually obtained through iterations of tissue remeshing and growth cycles. The problem of cell division rules had sparked interest since the nineteenth century, when Herrera proposed the so-called shortest wall solution (Errera, 1888). In 2D models, cells are commonly represented as polygons, so Herrera’s rule can be implemented by simply using as division plane the shortest possible edge that divides this polygon in half (Figure 2A). The evidence seems to suggest that cell division does not occur at random (Sahlin and Jönsson, 2010), and that each cell locally controls its own division rules (Besson and Dumais, 2011). Several studies have also confirmed the existence of strong genetic control over cell division geometry (Dong et al., 2009). In plants, there is a strong correlation between the division plane and microtubule orientation (de Keijzer et al., 2014). Therefore, it has been proposed that cell divides orthogonal to the principal direction of growth where the maximal tensile stress occurs (Louveaux et al., 2016).

[image: Figure 2]

FIGURE 2. Computational approaches to cell division and growth. (A) A popular implementation of cell division rule. The cell wall is represented as a polygon of vertices connected by edges. According to the shortest-distance rule (Errera, 1888), the cell is divided by identifying the shortest division plane cutting through the cell. To avoid conflict with existing vertices, the two ends of the division plane can be spread apart by a minimal threshold distance. Cell division splits the cell into two daughter cells yielding two new connected vertices in the cell wall. Often, the cell wall is “pinched” along the newly created vertices (Smith et al., 2006b). (B) Computational model of leaf shape development (adapted from Runions and Tsiantis, 2017). Mature leaf shape is achieved through the interaction between three components: a proximal-distal hypothetical morphogen and two master regulators. The basipetal red-orange-yellow gradient region defines the action of the growth morphogen (red: higher growth, yellow: lower growth), where the dashed line indicates the border between the actively growing region and the differentiation zone. The marginal patterning of the leaf blade is the result of the combined action of a local growth activator (red) and a growth suppressor (blue). (C) Computational model of radicle emergence (adapted from Marconi et al., 2021). This simulation reproduces the embryonic emergence of the root meristem of Arabidopsis. Organ growth follows the combined action of cell elongation, cell division, and tissue mechanics. Note that the organ maintains a distinct anisotropic form through the self-organization of cortical microtubules despite each single cell being expanded by uniform turgor pressure (see Marconi et al., 2021 for details).


The combined action of cell growth and division gives rise to different cellular patterns and eventually determines the global organ shape. Even the simplest multicellular organisms may exhibit complex cellular patterning (Dupuy et al., 2010). Plants produce diverse geometric shapes, such as flowers, leaves, and networks of roots. A prominent example of patterning in plants is phyllotaxis; the process in which leaves (but also flowers and petals) are arranged around the growing vegetative stems. The beautiful geometry of phyllotaxis has attracted the attention of botanists and mathematicians since ancient times (Adler et al., 1997), and the process is known to be driven by the interaction between the phytohormone auxin and tissue growth to optimize light capture (Strauss et al., 2020). Phyllotaxis has been the subject of many attempts to formalize its mechanism through computational modeling techniques (Mitchison, 1977; Jönsson et al., 2006; Smith et al., 2006a; Zhang et al., 2021).

Morphogenesis in plants is not limited to global multicellular interplay, as whole organs are able to direct growth to form shapes designed to accomplish a specific function or to better adapt to the environment. Leaves in particular are known to exist in a plethora of shapes and dimensions, despite their almost indistinguishable primordia (Vlad et al., 2014; Kierzkowski et al., 2019). Leaves emerge from the shoot apical meristem as a result of the phyllotactic process described above, and their patterning is regulated by the phytohormone auxin (Bayer et al., 2009), which promotes growth and differentiation through the formation of maxima along the leaf margins (Figure 2B). Nutrients are carried along the leaf surface throughout the venation system, and the chaotic distribution of this network of veins markedly contrasts with the pristine symmetrical beauty of other processes like phyllotaxis. Nonetheless, researchers managed to devise models of venation, where the apparent complexity of these patterns is simply the result of a self-organizing process of continuous leaf surface “colonization” driven by the tandem action of auxin and cellular growth (Runions et al., 2005). Several other computational models have been developed to understand the diversification of leaf geometry (Lindenmayer, 1977; Rolland-Lagan et al., 2005; Kierzkowski et al., 2019).

Plants also possess radially symmetric organs such as the primary root (Figure 2C). This rod-shaped organ has the main purpose of penetrating through soil in search of nutrients, as well as providing anchoring and stability to the plant (Petricka et al., 2012). The typical Arabidopsis root is an anisotropic structure made of radially distributed cells, with different tissues longitudinally oriented and clearly distinguishable under the microscope (Dolan et al., 1993). The root meristem in particular displays a surprisingly conserved cellular organization, with each cell type occupying a defined position and playing a determined role during cell proliferation (Van Norman, 2016). Root growth is regulated by auxin which flows through the inner tissues toward the tip, where it accumulates creating a maximum, and it is later refluxed back through the outer tissues (Kepinski and Leyser, 2005). The mechanisms behind root growth have been studied and tested in-silico using several computational models (Grieneisen et al., 2007; Fozard et al., 2013; Bassel et al., 2014; Jensen and Fozard, 2015; Marconi et al., 2021).

We have provided examples of complex plant organ shapes found in nature and in the following sections, we will present various modeling methodologies developed to address organ shape complexity. A comprehensive model of morphogenesis requires the definition of a digital structure underlying the biological tissue of interest as well as a set of biologically sound rules for growth and patterning.



DIGITAL REPRESENTATION OF PLANT TISSUES

The first problem to consider when modeling morphogenetic processes in plants is the digital representation of the underlying plant organ geometry. Whereas biological tissues are inherently continuous, the internal computer memory only allows discrete elements. The vast majority of models described in the literature typically rely on several “digital” paradigms. However, as memory and computational power are limited, tissue topology representations must balance model performance with model accuracy. The “digital” representations are concerned with a representation of plant tissue topology amenable to user interaction by providing both ease of use (sometimes with a graphical user interface), and flexibility, allowing the user to control complex biological processes such as growth and cell proliferation.


Lattice-based and Particle-based Representations

One of the main issues faced when embarking on the challenging problem of modeling multi-cellular organisms is the level of cell structure abstraction. Large tissues composed of thousands of cells can be very computationally demanding (Krul et al., 2003), and some form of simplification is often unavoidable. Lattice-based models are a derivation of the notion of cellular automata initially proposed by Ulam (1962), where cell-to-cell interactions are regulated by transition functions dependent on the current state of the cell and its neighbors. In lattice-based models each cell responds independently to external stimuli and follows cell-specific rules (Hwang et al., 2009). A common extension of lattice-based models suitable for modeling tissues is the cellular potts model (CPM; Glazier and Graner, 1993). A CPM is composed of a grid-like lattice where each site is denoted as a “pixel” possessing different identities, such as the cell or the medium (Figure 3A). Cells are allowed to grow, divide, and interact with each other, and the output of a CPM results from the interaction of the collective behavior of individual entities and not from global rules acting on the whole system (Voss-Böhme, 2012).
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FIGURE 3. Digital representations of plant tissues. (A) Lattice grid representing a basic cellular potts model (CPM). Each element (or pixel) of the grid possesses a specific identity; in this case, we have two cellular types (indicated by 1 and 2) and a medium (no labeling). CPMs are solved by minimizing the Hamiltonian energy of the system, which allows the elements of each cellular type to “group together” and isolate from the surrounding medium. (B) Two possible ways to represent multicellular tissues with vertex-based models. Cells can be identified by their cell walls (left). Cell walls are represented as polygons made of vertices connected by edges shared with adjacent cells (in accordance with the biological properties of plant cell walls). Cells can be identified by their centroid (right). Cells are represented by a network of vertices and edges connecting the centroids of adjacent cells. Cell walls and boundaries can be abstracted in several ways, i.e., using Voronoi partitioning (Mosca et al., 2018). (C) L-systems modeling (adapted from Prusinkiewicz et al., 2018). An idealized realization of an L-system simulation is shown. The different stages of development of a simple tree branching structure are obtained from simple axioms and recursively applying procedural rules to a small group of elements. (D) Schematic representation of the “cell complex.” A simple two-dimensional cell complex made of two connected triangles (left) can be represented as an incident graph (right). Notice how the three cell dimensions (vertices, edges, and faces) occupy three different levels and share boundaries with each other. There are also two pseudocells ┴ and ┬ as the infimum and supremum of the incidence graph (see Prusinkiewicz and Lane, 2013 for details).


Cellular potts models use an energy-based approach to simulate growth by minimizing the total energy of the system. A main concern with CPM is their inability to properly reproduce the effect of the plant cell wall (Mele et al., 2015), but a solution to this problem was proposed with the formulation of hybrid mechanical systems (Merks et al., 2011). CPMs have been previously used to model auxin dynamics in the growing root of Arabidopsis thaliana (Grieneisen et al., 2007; Laskowski et al., 2008; Mähönen et al., 2014), leaf venation and meristem development (Wabnik et al., 2010; Merks et al., 2011), shoot apical meristem generation and maintenance (Banwarth-Kuhn et al., 2019), vascular tissue formation (Banwarth-Kuhn et al., 2019), and division plane selection in A. thaliana (Moukhtar et al., 2019). Also, non-CPM lattices have been employed to model the Arabidopsis root (Mironova et al., 2010).

Analogous to lattice-based models are particle-based models (MacAl and North, 2010), where each element (usually cells) is represented as a single particle connected to other particles by permanent bonds. The tissue system is updated by steepest descent minimization which relaxes the forces between the particles. Models of plant tissues implemented with particle systems have been mostly applied to patterning static non-growing tissues (Deinum et al., 2017; Chakrabortty et al., 2018; Mirabet et al., 2018) or agent-based modeling of auxin transport dynamics (Garnett et al., 2010), but they can also be in principle extended to simulate both growth and cell division (Van Opheusden and Molenaar, 2018).



Vertex-Based Graphs

From the onset of embryonic development up until the final adult stage, plant tissues are subject to the effect of internal and external forces (Ten Hove et al., 2015). Internal forces are the result of cell expansion and proliferation, mostly driven by the action of turgor pressure (Shabala and Lew, 2002). External forces instead result from gravity and the interaction with the environment (Masson et al., 2002). Plant cells are interconnected by a common structure known as the cell wall, which means that unlike animal cells they are not allowed to freely dislodge from their current position and independent mechanical movement is highly constrained (Liepman et al., 2010). A deeper understanding of tissue morphogenesis requires taking into account the laws of mechanics acting on the cell wall. Internal and external forces induce cell wall deformation, which is difficult to model without cellular-level abstraction. Vertex models were proposed to investigate the rules governing cell motility and cell–cell interactions during morphogenesis (Weliky et al., 1991). In a vertex model, cell boundaries are represented by a network of vertices interconnected by edges (Davidson et al., 2010). Therefore, a single cell is rendered as a polygon, where each edge represents the cell wall shared with a neighboring cell or the external space (Figure 3B). The mechanical properties of a vertex model are usually implemented on top of the vertex-edge graph as a simple mass–spring system, where cell growth is driven by updating the resting length of the edge springs (de Boer et al., 1992). Vertex models can also include advanced formulations of the Newtonian laws of motion to create more flexible applications (Fletcher et al., 2014), and they can be easily extended to simulate 3D structures (Alt et al., 2017). Vertex models have been used as the theoretical foundation for the Vertex-Vertex (VV) system (Smith, 2006). The VV system describes a methodology for modeling dynamical surfaces on a discrete 2D manifold topology, which generalizes vertex models to make them practical in a wide variety of situations. The VV system has been released with a ready-to-use implementation in C++, and successfully used in a range of applications, such as phyllotaxis (Smith et al., 2006a; Smith and Bayer, 2009; Hartmann et al., 2019), lateral root response to gravitropism (Waidmann et al., 2019), establishment of apical-basal axis in the plant embryo (Wabnik et al., 2013), leaf shape development (Kierzkowski et al., 2019), leaf venation patterns (Runions et al., 2005), tissue cell polarity establishment (Abley et al., 2013), cells shape lobbiness (Sapala et al., 2018), root growth on nutrient availability (Ötvös et al., 2021), and lateral root priming (Perianez-Rodriguez et al., 2021).



L-Systems

The need for models capable of describing elaborate morphogenetic processes in flowering plants prompted many researchers to focus on models capable of producing self-generating structures. Lindenmayer (1968) proposed a formal grammar system inspired by cellular automata the L-systems (Prusinkiewicz et al., 2018). L-systems are descriptive models based on natural language processing that simulate plant growth and organ development by assuming an initial set of symbols and production rules that can recursively expand the original set into more and more complex fractal-like structures (Figure 3C). Contrary to cellular automata, which deploy a space-centered Eulerian perspective, L-systems aim at establishing a structure-focused Lagrangian view (Prusinkiewicz and Runions, 2012; Prusinkiewicz et al., 2018). The modular structure of plants therefore represents the perfect application ground for the L-system approach.

L-systems are versatile parametric models that allow the incorporation of molecular-level processes and genetic regulatory networks, and they have been used to recreate the vegetative development of simple multicellular organisms like Anabaena (Lindenmayer, 1975) or complex forms such as trees (Allen et al., 2005). This technique has been successfully applied to important research topics in plant development including phyllotactic patterning (Strauss et al., 2020), epidermal cell shapes (Sapala et al., 2018), leaf shape emergence (Runions et al., 2017), virtual crop generation (Marshall-Colon et al., 2017), auxin-driven patterning (Cieslak et al., 2015), control of bud activation (Prusinkiewicz et al., 2009), apical hook formation (Žádníková et al., 2016), fruit expansion (Cieslak et al., 2016), and inflorescence (Owens et al., 2016). L-systems can integrate external stimulus (i.e., temperature effect) and allow the prediction of plant phenotypes (Palubicki et al., 2009). Recent studies have also shown that L-systems can be combined with stochastic simulation algorithms to overcome typical limitations of purely deterministic model description (Cieslak and Prusinkiewicz, 2019). Furthermore, L-systems were combined with deep learning for the robust image processing of organ structures (Ubbens et al., 2018).



The Cell Complex

One feature peculiar to plants is that cells cannot move with respect to one another and the only event affecting tissue topology is cell division. The “cell complex” is a recently developed system capable of capturing the topology of plant (Prusinkiewicz and Lane, 2013). The “cell complex” is defined by mathematical elements named “cells” (not to be confused with biological cells) of different topological dimensions (i.e., 0 for vertices, 1 for edges, 2 for faces, and 3 for volumes), all of them organized into coherent structures called “flip tables.” The flip tables are sufficient to represent the whole system, and they provide all the basic working operations such as iterating, merging, splitting, getting geometric information (orientation, boundaries), and so forth (Figure 3D). This representation is used to build the Cell Complex Framework, a C++ API which can be used for computational modeling in 2D and 3D. This API is part of the advanced 4D modeling framework MorphoDynamX.1 The cell complex is a recent innovation and therefore its applications are still scarce; nonetheless, models using cell complexes have been applied to heterocyst formation in Anabaena and leaf margin morphogenesis (Prusinkiewicz and Lane, 2013) as well as to cell division in the Arabidopsis embryo (Yoshida et al., 2014). At the same time, using the cell complex it was possible to recreate the complete 4D map of early Arabidopsis embryo development including all successive cell division events (Yoshida et al., 2014). Similarly, the cell complex was chosen as the base structure for the simulation of root emergence and development in a comprehensive model combining mechanical and biochemical signals (Marconi et al., 2021).

In summary, we reviewed some popular methods used to represent cells and tissues, focusing on modeling plant development. The next step is to extend such biological representations with the specific rules applied to organ growth and biomechanics.




CELL GROWTH MODELING APPROACHES

After choosing the underlying digital representation of the plant organ one may apply a system of growth rules that allows the initial structure to evolve and generate the biological patterns found in nature. The majority of growth models focus on approximating the physical laws of movement. Organ growth can be coordinated either on global or local level; by defining general rules of organ development, or by specifying local rules for the individual elements composing the organ (i.e., individual cells). The accuracy of the representation largely depends both on the level of abstraction and the complexity of the physical rules. General biological models usually employ compact implementations that may simplify all the nuances of the physical laws of motion to provide qualitative and more universal solutions. In contrast, more specific or focused models dive into the mechanistic description of the underlying organ growth processes.


Descriptive Growth Rules

In general, it is possible to achieve complex organ shapes by specifying global regulation for the entire organ or alternatively by determining local rules at cellular level. Local growth can be difficult to define as it requires controlling mechanical interactions between local entities to avoid conflicts and breaking the laws of physics (Rodriguez et al., 1994). A common approach at solving this problem is to use descriptive models of growth (Mosca et al., 2018). This type of models is sometimes called “organ-centric system,” as growth is accomplished by transforming plant tissues along a determined path in an Eulerian fashion. Organs that display a simple conserved geometrical shape can be represented with a descriptive growth model, as cell movement can be indirectly achieved by moving the cell along a path pre-defined by a mathematical function (Figure 4A). For example, the Arabidopsis root tip presents a radially symmetric geometrical shape resembling an elongated cylinder with a smoothed end (Dolan et al., 1993). Hejnowicz and Karczewski (1993) developed a descriptive model for root growth that is specified in linear parametric coordinates and later mapped onto the curvilinear Cartesian coordinates, this allows to easily reconstruct the root tip curvature. A similar idea has been applied to the plant shoot apex (Kucypera et al., 2017), by mapping polar coordinates to Cartesian coordinates. A major advantage of organ centric systems is that growth can be specified in only one dimension, thereby greatly reducing system complexity.
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FIGURE 4. Computational approaches to tissue growth dynamics. (A) A descriptive model of growth the shoot apex (adapted from Smith et al., 2006b). The shoot surface layer can be generated by a B-spline rotating around the longitudinal axis of the shoot apex (upper right plot). A point p located on the surface of the apex is located at coordinates (θ, a) moves away from the apex tip with the velocity v(a), where a is the distance from the apex tip, measured along the curve on the apex surface. The shape of the generating curve and the angle θ determines the growth in Cartesian coordinates. The two sample plots show the relative elemental rate of growth (RERG) as functions of distance from the apex tip, either at constant growth (lower right box, upper plot) or with a decreased growth rate at the apex tip and flank (lower right box, lower plot). (B) Schematic of a cell represented by the mass–spring system. The cell wall is a polygon whose vertices and edges are masses and springs, respectively. The effect of internal turgor pressure generates forces perpendicular to the wall edges, and distributed over the vertex masses. The vertices movement is further restricted by the elastic forces exerted by the springs. (C) Schematic representation of the finite element method (FEM). A continuous object for which a global function of growth needs to be approximated is subdivided into a conglomerate of smaller geometrically manageable finite elements (triangles in this case) in a process called “meshing.” Each element is represented by a set of piecewise linear equations (sometimes called “trial” functions) derived from the original problem. After the calculations are done for each finite element all sets of equations are systematically recombined into a global system that approximates the original one. Generally, a finer meshing results in a better approximation. (D) Comparison between the force- based approach and position based dynamics (PBD). In a force based approaches the total cumulative force is calculated for each physical entity. For instance, a mass–spring system includes the total force acting on the vertex via internal turgor pressure and the elastic forces of the springs. Acceleration and velocity are calculated for each time step (usually recurring to explicit or implicit integrating solvers), and the object position is finally updated. In the PBD approach, the object is subjected to different constraints instead (in this case, two distance constraints and an area constraint, see Müller et al., 2007; Marconi et al., 2021), and each constraint is sequentially projected on the object updating its position. The vertex velocity is recalculated in the final step.




Mass–Spring Systems

In a classical mass–spring system, the edges representing the cell membrane/wall are idealized mechanical springs each connected by two masses constituted by vertices (Figure 4B; Mosca et al., 2018). Internal forces caused by the cytoskeleton are sometimes ignored as they are much weaker compared to the forces exerted on the cell wall. A damping force is commonly applied to the masses to prevent numerical oscillations around the steady state. Springs usually have negligible mass, while the mass of vertices depends on the properties of the underlying tissue. Spring can be modeled as elastic, viscoelastic, or plastic elements, depending on the nature of the biological material. For instance, tissue expansion in vertex-based models relies on internal turgor pressure, which acts on the vertices masses of the cell membrane forcing the springs to elongate, while tissue growth can be easily achieved by updating the spring resting length. Mass–spring are arguably the simplest mechanical systems to implement and have been used to model the shoot apex (Hamant et al., 2008; Uyttewaal et al., 2012), petal shape (Rolland-Lagan et al., 2003), leaf venation networks (Corson et al., 2009a), shoot apical meristem (Corson et al., 2009b), tip-growing cells (Dumais et al., 2006), shoot apex cytoskeleton (Hamant et al., 2008), and cell–cell interaction (Dupuy et al., 2008), root development (Waidmann et al., 2019), and apical hook bending (Žádníková et al., 2016). A major limitation of the mass spring system is its dependency on mesh discretization, as alternative meshes may produce dramatically different results. Moreover, complex mechanical processes such as anisotropy are challenging to implement with these systems (Mosca et al., 2018).



FEM Models

Finite element method (Becker et al., 1982) is a popular modeling technique borrowed from the engineering field and often used for modeling continuous mechanics of plant development. For many complex problems involving partial differential equations (PDE), the analytic solution is often not available, and it is necessary to recur to numerical methods to solve it. FEMs discretize a continuous mechanical problem to derive it efficiently over two or three space dimensions. Solving a FEM requires several steps that define how physical properties are applied onto a predefined geometrical structure (Figure 4C). First, we define the initial geometry of the system, created either from segmented sample images or manually drawn using dedicated computer tools (Bassel and Smith, 2016). The geometry is later subdivided into small discrete elements by constructing a polyhedral mesh of the object of interest. Each element is defined as interconnected nodes and the global behavior of the system is constrained by boundary conditions imposed on the structure. The modeler then applies external forces and defines the interactions between the elements of the system. The mechanical rules describe how the elements behave under forces including stresses and tension (Hamant et al., 2008).

Applying FEMs to model pavement cells revealed the local distribution of mechanical stresses (Sampathkumar et al., 2014). The cell wall is also another candidate system to be studied with FEMs, for example, by simulating the effect of turgor pressure over different wall shapes and thickness (Forouzesh et al., 2013). Tip growth of pollen tubes has been studied through FEM models as a hollow shell with uniform thickness (Fayant et al., 2010; Vogler et al., 2013), or to quantify data from micro-indentation (Bolduc et al., 2006). Similarly, FEMs were employed to simulate the branching morphogenesis of Arabidopsis trichomes (Yanagisawa et al., 2015), revealing a strong axial growth caused by the transversal alignment of microtubules. In the context of shape deformation, FEMs were applied to reconstruct the reversible shape changes of stomata guard cells of leaves pores (Bidhendi and Geitmann, 2018), to describe the mechanical feedback restricting sepal growth and shape (Hervieux et al., 2016), and the emergence of epidermal cell shapes (Sapala et al., 2018). Robinson and Kuhlemeier (2018) constructed a finite element model to understand the effect of external stresses on the hypocotyl, while a study of Bassel et al. (2014) recapitulated the mechanical outgrowth of an Arabidopsis root radicle. At a higher structural level, FEMs have been used to explain the modality of explosive seed dispersal (Hofhuis et al., 2016).

A powerful feature of FEM modeling is the integration of quantitative experimental data. Live cell imaging of the shoot apical meristem combined with finite-element modeling allowed to unravel the functional distinction between differential growing tissues beyond the sheer genetic specification (Kierzkowski et al., 2012). FEMs can also be combined with other modeling techniques; Fozard et al. (2013) (Jensen and Fozard, 2015) proposed a hybrid mass–spring/FEM “vertex-element” model by merging a vertex-based structure with a finite-element discretization of in-plane walls; while Boudon et al. (2015) succeed in applying FEMs to mechanical models of young meristems at “pseudo”-cellular resolution. Finally, understanding the relationship between gene activity and organ shaping led to the development of third-party computer applications such as GFtbox (Kennaway et al., 2011), which aims at integrating different components of plant morphogenesis into a coherent software interface based on FEM.

Overall, finite element modeling is a powerful tool that allows researchers to simulate the behavior of complex plant organ shapes and their interactions with genetic activity and environmental stresses; however, at the cost of high computational demand (as the organ grows) and (usually) lack of single-cell definition.



Position Based Dynamics

Force-based systems (such as FEM and mass–spring models) represent the typical approach to deal with the mechanical properties of plant systems. Under this paradigm and Newton’s second law of motion, acceleration is computed from total internal and external forces. An explicit or implicit time integration method is then used to update the velocities and the positions of the mesh elements. Unfortunately, force-based systems are often unstable and require slow implicit integration to converge, which is a major limitation for modeling complex organ structures at cellular resolution.

Physically-based animation has always been a major topic in computer graphics (Bargteil et al., 2020). This field is concerned with finding new methods for the simulation of physical phenomena such as rigid body dynamics, objects deformation or fluid flow, with a strong focus on stability, speed, and robustness. Position based dynamics (PBD) is a recent physically-based animation technique that prevents the typical instability problems of force–based systems through the action of local constraints (Müller et al., 2007). With this approach it is possible to omit the velocity layer and immediately work on positions, making the system more stable and controllable (Figure 4D). PBD has been applied in a large number of applications, mainly outside the biological world (Bender et al., 2017). Our own study (Marconi et al., 2021) has shown its potential benefits in plant morphogenesis by implementing PBD inside the “cell complex” environment (Prusinkiewicz and Lane, 2013) and using it to model the growth or the Arabidopsis root (Marconi et al., 2021). Similar to other modeling techniques developed for physically-based animation, PBD provides higher performance and stability, thanks to the aforementioned replacement of force-based motion with ad-hoc designed constraint functions. However, as expected, such advantages come at the price; Newtonian forces are abstracted through constraints and therefore the dynamics of the system do not have a direct physical interpretation (Müller et al., 2007). Another limitation of PBD is its dependency on time step size and number of iterations (Bender et al., 2017). To address these problems, an alternative formulation of PBD has been derived by introducing a new constraint formulation that corresponds to a well-defined concept of elastic potential energy, which allows for solving constraints in a time step and iteration count independent manner (Macklin et al., 2016).

Taken together, modeling of organ growth is a complex endeavor as it requires avoiding conflicts between moving elements such as cells or tissues, while preserving the global structure of the organ. However, combining growth mechanics with biochemical reactions represents an increased level of complexity and is currently an active research subject.




SURVEY OF MECHANICAL AND BIOCHEMICAL MODELING FRAMEWORKS

The applications of computational techniques in biology have fueled the development of extendable frameworks to avoid the multiplication of models tailored for just a single problem, providing a fully integrated environment for computational modeling and hypothesis testing (Routier-Kierzkowska and Runions, 2018). In many instances, these frameworks can provide the user with a fully operational toolkit that abstracts the underlying implementation and allow the user to focus the effort on addressing the actual biological question. Several software packages have been developed to satisfy different needs for plant-related scientific problems, and most of them offer open-source licenses.

L-studio is a Microsoft Windows software that uses L-system (discussed above) to simulate models of plant morphogenesis; the corresponding version for Linux is known as Vlab (Karwowski and Prusinkiewicz, 2004). This modeling package represents one of the oldest software specifically designed for plant structure modeling. L-studio objects are C++ modules that can be loaded and executed into the main simulator. The simulator produces a visual representation of the model using the OpenGL graphics library.2 L-studio also provides a browser for organizing and accessing objects such as plant segments, cells, or tree branches on local and remote machines as well as a series of editors and other modeling tools for creating and modifying these objects.

OpenAlea is an user-friendly open-source platform that provides the researcher with a graphical user interface comprising a set of tools specifically dedicated to plant tissue modeling (Pradal et al., 2008). OpenAlea was designed to be an easy to use, reusable and extendable collaborative environment. The main advantage of this software is the definition of the model using a graphical language. Model components can be visually edited by the user and connected to other components. Each component contains rules and parameters that biologically define the execution of the model. Users can add new functionalities to the system as Python3 scripts through the package manager at run-time without modification of the framework. The current package includes a number of ready-to-use external modules like the VPlants package for plant architecture analysis and the PlantGL graphic library for plant geometric modeling. OpenAlea has been used in a number of models to describe processes ranging from auxin transport to root branching (Lucas et al., 2008; Perrine-Walker et al., 2010; Rutzinger et al., 2011).

VirtualLeaf is a cell-based computer modeling framework designed for plant tissue morphogenesis (Merks et al., 2011). This program allows to model cells, cell walls, chemicals diffusion, and reactions, and to define rules that regulate growth and development. VirtualLeaf inner mechanism is similar to the previously described CPM. One of the main motivations that justified the creation of this software library was the observation that plant cells are not allowed to slide along each other but are instead constrained by the presence of the cell wall. Common CPMs cannot prevent this issue, while VirtualLeaf offers an alternative off-lattice method that implements a working solution. VirtualLeaf has been successfully used to aid understanding plant morphogenesis in several different contexts (Wabnik et al., 2010; van Mourik et al., 2012; De Rybel et al., 2014; Qi et al., 2017).

Multicellular organisms are capable of producing extremely different shapes coordinated by interaction between individual cells. Cells communicate by different means through the exchange of mechanical and chemical signals. The desire to explicitly represent this network of interactions has driven the creation of CellModeller (Dupuy et al., 2008). CellModeller is a generic software tool designed for the analysis and modeling of plant morphogenesis at cellular resolution. This framework can execute systems with more than 1,000 cells and their interactions. Moreover, it is specifically designed for plant tissues, and it can be easily expanded with additional models using the XML file format (Dupuy et al., 2008).

The popular finite element method (described in the previous section) is the mathematical background for the GPT-framework (Kennaway et al., 2011). GFtbox, is a MATLAB application devised for flat organs commonly such as leaf and petal, but it is also compatible with other organ forms. Different patterns of growth can influence the deformation of continuous sheets of biological tissues creating vastly dissimilar shapes. The GFtbox can combine mechanical growth with gene activity, tissue identity, and biochemical properties at the organ level. For example, the GFtbox has been successfully implemented to describe growing polarized tissues and genetic control of morphogenetic processes (Kuchen et al., 2012; Sauret-Güeto et al., 2013).

MorphoGraphX is one of the most popular tools for visualization and analysis of 4D biological datasets (de Reuille et al., 2015). It allows the user to extract organ/cell shape through segmentation and to quantify cell growth and signal fluorescence. Moreover, this software allows the dynamic modeling of templates extracted from imaging data through simple scripting. MorphoGraphX can be easily expanded with external plugins. One of them is MorphoRobotX, an add-on used to analyze data from the cellular force microscope, a custom microindentation system that is specialized for plants (Routier-Kierzkowska et al., 2012). Recently, the new-generation version of MorphoGraphX called MorphoDynamX has been constructed based on the “cell complex” data structure described in the previous section (Prusinkiewicz and Lane, 2013). This addition greatly improves the opportunities of modeling subdividing geometry in 2 and 3 dimensions, a big step forward in comparison with simpler vertex-to-vertex technologies. MorphoDynamX and the cell complex are very recent developments but they have already shown their potential in the modeling of cell division in the Arabidopsis embryo (Yoshida et al., 2014) and the organogenesis of Arabidopsis root (Marconi et al., 2021). MorphoDynamX can also be expanded with external modules; for example, MorphoMechanX is an add-on for MorphoDynamX that enables the mechanical modeling of biological tissues using FEMs for solids elements (Long et al., 2020; Natonik-Białoń et al., 2020; Läubli et al., 2021).

Outside of plant world other frameworks could be adapted to model plant organs such as CompuCell3D (Cickovski et al., 2005) – a lattice-based multicellular modeling environment to simulate tissue formation by merging the CPM with chemical fields and diffusion equations. CompuCell3D functionalities have been demonstrated in the context of animal embryogenesis, cell population dynamics, tumor formation, and many more (Andasari et al., 2012; Swat et al., 2012; Fortuna et al., 2020; Liu et al., 2021). Another valuable tool to simulate animal embryogenesis is MecaGen, a C++ simulation platform of animal multicellular development relying on mechanistic agent-based models (Delile et al., 2017). This software is capable of combining cell mechanics with gene expression and intracellular signaling. For example, this tool has been applied to replicate zebrafish epiboly collective cell behavior (Delile et al., 2017), epithelialization of Drosophila wings (Neto-Silva et al., 2009), and cell fate specification in animal tissues (Chan et al., 2017).

To date, diverse computer modeling frameworks for plant organogenesis have been developed that typically integrate either biochemical or mechanical cues. These frameworks were critical in providing answers for many important scientific questions that otherwise could not be addressed with purely experimental approaches. However, there is still a shortage of user-friendly model frameworks that combine mechanics with gene regulation and intracellular signaling at single cell level, thus leaving a vast space for future improvements.



CONCLUSION AND PERSPECTIVES

Nowadays, computer models are a fundamental tool in virtually any field of scientific research. In plant science, the quantitative representation of organs and tissues still remains computationally challenging, in particular given the amount and quality of data needed to resolve growth at the cellular level. Moreover, constructing advanced models of morphogenesis requires the researchers to be competent not only in experimental techniques but also to possess a basic knowledge of programming, computer graphics, physics, mechanics, and biostatistics. Still, the potential benefits of including computer models into experimental research environments are vast; many are the cases where naive intuition about a specific natural process falls short, since deterministic consequences and causal connections that appear logically obvious can in fact be dangerously misleading. Computer simulations have demonstrated that complex forms can emerge from the dynamic interactions between minimal components of the system. Therefore, models allow researchers to separate the inquiry from his cognitive bias and to test hypotheses in an objective and reproducible way.

However, we must be extremely careful when interpreting and reporting the results obtained from computer simulations. Just like any other analytical approach, models are subject to the evergreen motto “garbage in, garbage out”; by feeding the model with erroneous, biased or imprecise data, we can at most expect the same quality as output. There are other common mistakes in computer modeling, related to the model definition: extremely simple/complex models that tend to underfit/overfit the data, low-definition graphical representations of the biological structure, unrealistic physical or chemical properties regulating system development, lack of practical use and self-fulfilling expectations fueled by bias reinforcement, among others. A strict collaboration between computer scientists and wet-lab researchers is of paramount importance to guarantee the biological relevance of computer simulations. Additionally, a continuous feedback between the model and experimental data ensures that the necessary assumptions and simplifications built into the model do not compromise the final inference.

In the area of development biology, these complications are further exacerbated by the intrinsic sequential nature of the subject under scrutiny: growth occurs over time and often specific developmental stages are hard to observe or completely unknown, this produces holes in the idealized mechanistic process that need to be carefully filled in accordance with biologically sound principles. Recognizing the role of space-time interactions and the importance of biomechanics in plant growth is fundamental to achieve a realistic simulation, as modeling can be expressed in 1D, 2D, and 3D (+ time). The modelers must also decide which level of abstraction should be considered; this means, for example, choosing whether to represent the tissue as a continuous material rather than subdividing it into single cells or other type of discrete representation. Depending on the process under investigation either approach can be more appropriate than the other.

The recent years have witnessed the development of a plethora of computational tools designed to unravel a disparate range of problems in plant morphogenesis. Nonetheless, there still remain many unanswered questions; what kind of feedback exists between cell division and mechanical/molecular processes? How do cells regulate their own anisotropic growth? What kinds of forces determine cell polarity (e.g., how are hormones transported and how are they distributed in a polar manner)? How does the cell wall expand under internal turgor pressure but withstand external forces? How do organs achieve a desired shape without the aid of global long-range signals? These are just a few open questions of which we possess only a partial knowledge, many others laid unanswered. We have the feeling that the future of computational modeling is bright and these models will yet play an essential important role in deciphering the mysteries of plant morphogenesis.
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Trait covariation during multiphasic growth is of crucial significance to optimal survival and reproduction during the entire life cycle. However, current analyses are mainly focused on the study of individual traits, but exploring how genes determine trait interdependence spanning multiphasic growth processes remains challenging. In this study, we constructed a nonlinear mixed mapping framework to explore the genetic mechanisms that regulate multiphasic growth changes between two complex traits and used this framework to study stem diameter and stem height in forest trees. The multiphasic nonlinear mixed mapping framework was implemented in system mapping, by which several key quantitative trait loci were found to interpret the process and pattern of stem wood growth by regulating the ecological interactions of stem apical and lateral growth. We quantified the timing and pattern of the vegetative phase transition between independently regulated, temporally coordinated processes. Furthermore, we visualized the genetic machinery of significant loci, including genetic effects, genetic contribution analysis, and the regulatory relationship between these markers in the network structure. We validated the utility of the new mapping framework experimentally via computer simulations. The results may improve our understanding of the evolution of development in changing environments.
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INTRODUCTION

Mapping the genetic architecture of complex traits is a subject of long-standing interest and a formidable challenge in modern biology (Falconer et al., 1990; Mackay, 2001; Heslot et al., 2014). Quantitative trait locus (QTL) mapping is often performed to identify QTLs or causal genes associated with phenotypes of interest (Mackay et al., 2009), and has been successfully applied in many plant breeding programs (Collard and Mackill, 2008). Classic quantitative genetic mapping based on univariate analysis results serves as a simple method for comparing the genetic control of growth at different ages in a variety of organisms (Dieters et al., 1995; Suzanne, 2001). More powerful mapping strategies have been developed for the genetic mapping of complex traits by integrating infinite-dimensional models, random regression theory (Meyer, 1998), stochastic process theory (Pletcher and Geyer, 1999), and functional mapping and systems mapping (Wu and Lin, 2006; Gai et al., 2011; Sun and Wu, 2015).

Trait formation exhibits many distinct transitions from juvenile to adulthood and from the vegetative phase to the reproductive phase. Many attempts have been made to unveil the genetic mechanisms that control the growth and developmental transitions of organisms at different phases (Bond, 2000; Tang et al., 2018; Ahsan et al., 2019; Xing et al., 2020). Xu et al. (2016) integrated a multiphase growth equation into a framework of functional mapping to reveal how QTLs mediate the early and late stages of tree stem wood in different fashions. Fu et al. (2017) expanded the theory of systems mapping to characterize specific QTLs that mediate cooperation and competition between different traits. However, genetic control mechanisms underlying trait covariation across multiphase growth have rarely been explored.

In this study, we consider the fact that different phases of trait growth and development exhibit different growth characteristics. It is highly important to divide the phases of growth for the efficient utilization of resources. Phase changes are usually identified by modeling temporal patterns of growth and using mathematical equations from biological and statistical perspectives. As an example, we study two different but developmentally interdependent traits, primary height growth, and secondary radial growth, of forest trees. We take advantages of the classic Lotka–Volterra (LV) model (May, 1975), which was originally proposed to describe the ecological interaction of two species and explain the complexity problem of ecosystems. We defined a nonlinear governing equation (NGE) combining the two traits to describe not only the growth patterns of diameter and height but also their potential interaction pattern. We analyzed the genetic control of single-nucleotide polymorphisms (SNPs) with significant effects on the growth of complex phases, which were identified by the NGE model. On the basis of genetic effects, we established a regulatory network among significant markers to realize the comprehensive analysis of stem wood growth in multiple phases. This study could be beneficial for the management of forest plantations and the improvement of fast-growing forest varieties.



MATERIALS AND METHODS


Mapping Materials

Xu et al. (2016) reported a genetic linkage mapping study on growth traits in a full-sib family of Populus. This family was generated by crossing an eastern cottonwood (Populus deltoides) clone I-69, introduced to China in the 1970s (Wu et al., 1992), as the female parent, and a Euramerican poplar (P. × euramericana) clone I-45 as the male parent. This cross is equivalent to a backcross at the species level. This family was planted in 1984 for 24 years in a uniform site at Zhangji Forest Farm, Xuzhou, Jiangsu, China. Supplementary Table S1 shows the average of annual temperature and annual precipitation at the experimental site from 1987 to 2010. Stem heights (defined as the length of the main stem from the stem–root connection to the tip) and stem diameters at breast height were measured for each tree at the end of each growing season. A part of this family (64 full-sib members) was genotyped, producing 156,362 good-quality SNPs distributed on 19 chromosomes. Of these SNPs, 94,591 were backcross-like testcross markers and 61,771 were F2-like intercross markers. For a testcross marker, one of the parents is heterozygous and the other is homozygous, and the intercross marker is derived from two heterozygous parents.

Stem growth in Populus trees experiences multiple phases of development including juvenile, mature, and senescence (Bond, 2000). In the study of Xu et al. (2016), only data from the first 14 years were considered, which include two possible phases. Because it is likely that tree growth experiences a distrain phase from year 14, a joint analysis of stem growth that spans24 years is essential to reveal the genetic architecture of phase change in stem wood growth trajectories. To do so, a more sophisticated model, as we will develop in this study, is needed.



Multiphasic Growth Equation

Several classical nonlinear growth equations, such as those of Gompertz (Gompertz, 1825), Richards (Richards, 1959), Logistic (Verhulst, 1838), and Von Bertalanffy (Bertalanffy, 1957), describe the “S” shape of growth approximation. However, the growth of most organisms can actually be described as a composite form of multiple “S”-shaped phases because of seasonal fluctuations and differences in the growth rates of the components of organisms (Piantadosi, 1987). Koops proposed a multiphasic growth model, which is superior to single-phase growth in many studies and has been shown to more accurately estimate growth parameters (Koops, 1987; Grossman and Koops, 1988; Kwakkel et al., 1993). For example, Van der Klein et al. (2020) compared the monophasic, diphasic, and triphasic Gompertz and logistic models to describe the weight-age and gain-age functions of hens, and the results showed that the diphasic and triphasic Gompertz and logistic models yielded better fitting effects than the monophasic models. In addition, Treves et al. (2017) studied the multiphase growth pattern of the green alga Chlorella ohadii and metabolic changes during the growth phases. Multiphase analysis has proven to be a more accurate method for fitting biological data analysis and prediction.

According to the multiphasic growth view proposed by Koops (1987), the overall growth of height and diameter of poplar in the first 24 years is expressed as the sum of the growth function of two phases, juvenile and early adult (Xu et al., 2016), leading to a coupled nonlinear governing equation (NGE):

[image: image]

where H(t) and D(t) represent the growth of quantitative traits of height and diameter of trees at age t; H1(t) and D1(t) represent growth during the juvenile phase; and H2(t) and D2(t) represent the growth in adulthood.

In nature, the interactive relationship between diameter and height can promote or hinder the growth of another trait. The synergistic effect of stem height and radial growth is conducive to the survival and reproduction of trees. However, when resources are in short supply, height growth and diameter growth achieve a trade-off of resource competition (Hulshof et al., 2015). In particular, it is significant and obvious during the juvenile stage of vegetative growth and nutrient accumulation (Fu et al., 2017). The governing relationship between diameter and height during the juvenile stage can be expressed as:

[image: image]

where H1 and D1 represent the stem height and diameter of poplar in the first phase, which corresponds to juveniles. According to the form of the equation, the first phase can be divided into independent growth and interaction growth. αH and αD represent the independent growth rate of the first phase; KH1 and KD1 represent the asymptotic value of independent growth of two characters in the first phase; and βH←D and βD←H are dimensionless parameters used to describe the competitive or cooperative interaction between stem height and diameter.

However, when poplar reaches the maturity period of development, the growth patterns of diameter and height change, which can be described by growth equations without interacting parts (Xu et al., 2016). By evaluating the information criterion and fitting optimum of the equations through numerical experiments in Supplementary Table S2, we introduce the nonlinear governing equation (NGE), with H2(t) and D2(t) satisfying the following two equations:

[image: image]

where KH2 and KD2 are the growth asymptotic values of adulthood height and diameter; pH and pD are related to the initial values of adulthood; and qH and qD represent the growth rate of adulthood.

The NGE can not only clarify the dynamic change rule of the growth of each character at different phases but also represent the governing rule between two interaction traits in the first phase.



Modeling Framework of Multiphasic QTL Mapping

We consider the multiphasic growth of height and diameter as a whole according to the NGE and detect how QTLs controlled the overall growth curve from the perspective of system mapping, as well as the regulation of phase transition by QTLs (Gai et al., 2011; Sun and Wu, 2015). We design a model framework that takes n samples as the mapping population. The trait growth of each sample i was measured in a series of time points1, ⋯ , T, and y1i = (y1i(1), ⋯ , y1i(T)) and y2i = (y2i(1), ⋯ , y2i(T))(i = 1, ⋯ , n) represent phenotypic data of time-related traits 1 (height) and 2 (diameter), respectively. The composite growth characteristics composed of two traits approximately obey the bivariate normal distribution, where the time-dependent mean value and the symmetric covariance matrix (2T × 2T) are, respectively, expressed as
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The elements on the diagonal inΣ are the variance matrix for each trait, and the nondiagonal elements are the covariance matrix between a pair of traits. The joint density function of the two-dimensional normal vectors is of the formf(y1, y2; θ), where θ represents the growth parameters. The joint probability density function of n sample trees constitutes the likelihood function as follows:
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It is assumed that the multiphasic growth of the two traits is controlled by a set of QTLs located on the linkage map. J kinds of genotypes are on the assumed QTL, and the time-dependent mean values of the samples differ among genotypes:

[image: image]

The joint density function of the genotype is denoted by fj(y1, y2; θj)(j = 1, ⋯ , J). On the assumed specific QTL, the number of samples with genotype j is nj, satisfying [image: image]. The mixed likelihood function is expressed as

[image: image]

According to the multiphasic growth function of the NGE, we can estimate the mean vector through a set of parameters (αjH, KjH1, βjH←D, αjD, KjD1, βjD←H, KjH2, pjH, qjH, KjD2, pjD, qjD)(j = 1, ⋯ , J) instead of directly estimating 2T mean values. By comparing the genotype-dependent differences in this parameter set, we can determine whether the QTL affects multiphasic growth.

In addition, we use a highly efficient structured antedependence (SAD) (1) statistical model, which was proposed by Zhao et al. (2005), to represent the longitudinal covariance matrix Σ. This method uses a few parameters to calculate the matrix with a complex structure, which offers the advantages of simplicity and flexibility and greatly improves the computational efficiency and statistical ability of the QTL detection model. The innovation variance and the first-order pre-dependent parameter are defined as [image: image]and ϕ1, ϕ2, respectively, to structure the residual variance of trait k (k = 1,2) at time t:

[image: image]

The covariance between t1 and t2 is expressed as

[image: image]

The fixed innovation variance between different time points is represented by parameter ρ, and the covariance between the two traits at different time points is expressed as

[image: image]

In the calculation, we maintain that the parameters of the covariance matrix under different genotypes of L0 and L1 are consistent, which can improve the operation efficiency of the model with little loss of precision. The maximum likelihood estimation of parameters in the mean and covariance structure of the QTL detection model is performed by applying the expectation maximization (EM) algorithm (Dempster, 1977). The fourth-order Runge–Kutta algorithm is used to calculate the parametric solution of the NGE, and the Nelder–Mead simplex algorithm (Zhao et al., 2004) is used as the optimization method to estimate the parameters of the nonlinear equation and matrix structure, making the model more efficient.



Hypothesis Testing

On the basis of the likelihood values L0 and L1, we detected the existence of QTLs that influence the multiphasic growth of traits by calculating the likelihood ratio statistic. By comparing the genotypic correlation differences within the parameter set, the existence of QTLs affecting the multiphasic growth of stem height and diameter was determined:

[image: image]

H1: At least one of the above equalities does not hold true.

The null hypothesis means that growth is consistent across different genotypes, which could be described by a set of NGE parameters. The alternative hypothesis is that there are genotype differences in the NGE parameters. The form of the likelihood ratio statistic is as follows:

[image: image]

LR approximately obeys theχ2distribution and its degree of freedom is the difference in the number of model parameters between H0 and H1.

The rejection domain of the likelihood ratio statistic LR is taken as W = {LR ≥ c}, where the critical value c satisfies:

[image: image]

At the set test level α, if LR belongs to the rejection domain, we reject the null hypothesis H0 and accept the alternative hypothesis H1, which indicates that at this significance level, differences exist in the multiphasic growth of different genotypes of this marker. The p-values for hypothesis tests are converted by LRs and compared with the critical thresholds. We implemented stringent multiple testing procedures to control the false positive rate. On the one hand, we performed Bonferroni correction to adjust the critical value to ensure more rigorous results. On the other hand, a false discovery rate (FDR) correction based on the Benjamini and Hochberg method was performed on each p-value to control the proportion of false positives within a certain range.

We can further examine how QTLs control the multiphasic growth of the two traits and the characteristics in different phases. Based on the following hypotheses, we can detect whether the QTL regulates the interaction growth of stem height and diameter in the first phase:

[image: image]

and whether the QTL controls the growth of the two traits in the second phase by formulating the following hypotheses:

[image: image]

According to the biological significance of the parameter, we can also test whether QTLs control the asymptotic growths KH1 and KD1 of the independent growth of the two traits in the first phase, the total asymptotic growth with respect to the interaction, and the asymptotic growths KH2 and KD2 in the second phase. In addition, the independent growth rate of the first phases αH and αD, and the interaction relationships βH←D and βD←H of the first phase can also be tested. The initial growth values pH and pD and growth rates qH and qD of the second phase can also be tested. The phase transition time was determined by examining the differences in parameters with respect to genotypes.




RESULTS


Fitting Multiphasic Growth Trajectories

We used the NGE (Equation 1) to fit the diameter and height growth data compared with monophasic, diphasic, and triphasic logistic models. In Figure 1, the fitting effects of the logistic models are good during the early stage of tree growth (approximately 7 years), but the NGE model has a better fitting effect during the later growth stage. This indicates that the whole growth trajectory of trees in different periods is changing. We compared the performances of these models by calculating the Akaike information criterion (AIC), Bayesian information criterion (BIC), Schwarz criterion, and adjusted R2 (Table 1). As shown, the NGE performs better than the other growth equations, suggesting that it is crucial to consider the impact of interactive traits at different stages of growth. We also fitted the growth of 66 samples with the NGE, and the growth of both height and diameter for each hybrid showed excellent goodness of fit to the NGE (R2 > 0.976; Supplementary Figures S1, S2). The residual errors of the growth data are distributed randomly over the predicted values (Supplementary Figure S3), suggesting that the NGE model is quite robust.


[image: Figure 1]
FIGURE 1. Average growth trajectories of Populus growth. Observed phenotypic ranges of (A) stem height and (B) stem diameter of all the samples are indicated by light orange shading. Average curves of the two traits are fitted with the monophasic equation (green lines), diphasic equation (black lines with triangles), triphasic equation (blue lines with circles), and NGE (red lines). NGE growth curves are divided into the first phase of orange curves and the second phase of light purple curves. In the first phase, the curves are divided into broken lines to represent independent growth, and dotted lines to represent the interaction growth of the two characters.



Table 1. Estimated parameters of fitting and evaluation information.

[image: Table 1]

Obviously, the fitting results of the NGE can be divided into two parts; the first stage of which includes potential independent growth and interaction growth. Figure 1 shows the fitting results of the average growth curve. The first growth phase of stem height reached its asymptotic value at 7 years of age, and the age at which the asymptotic value of independent growth was reached was slightly later than that of the total growth of the first phase. Moreover, we found that in the first phase, the growth of stem height competed with diameter, leading to independent growth surpassing the total growth. In addition, the stem height growth of the second phase begins early, so the two phases overlap by a considerable period of time (Figure 1A). On the other hand, the stem diameter growth reached the asymptotic value of the first phase on the 10th year. The overall growth of stem diameter during this phase was higher than the independent growth curve, indicating that the growth of stem diameter was promoted by stem height. In addition, the second phase of diameter growth started later than that of the stem height and was far from asymptotic over the 24 years of the observed data (Figure 1B).



QTL Detection Based on the NGE

The joint process of multiphasic growth is regarded as a whole system, containing interactions between traits in the first phase and growth characteristics. By regressing the genotype-related growth trajectory of stem diameter and stem height, the differences in genotypes are expressed in the NGE parameters (αjH, KjH1, βjH←D, αjD, KjD1, βjD←H, KjH2, pjH, qjH, KjD2, pjD, qjD). The description of how a QTL affects the multiphasic growth and intrinsic interaction of traits can be characterized from genome-wide information based on a series of hypothetical tests. We performed FDR correction on the p-value results of all the SNPs and determined the critical thresholds as 10−40 and 10−50 after Bonferroni correction for testcross SNPs and intercross SNPs, which are strict detection levels. The Manhattan plots of the corrected p-values derived from test statistic values are shown in Figure 2. Our NGE-based mapping model identified 26 significant testcross SNPs and 39 intercross SNPs sporadically distributed over the genome, and 74% of significant SNPs were within candidate genes with known growth-related functions. For example, SNP 48,502 is within the GATA12 gene, which is a member of the GATA family of transcription factors. A set of significant SNPs are closely distributed in the same region of chromosomes, such as chromosomes 5, 8, and 9, residing within the same gene. For instance, SNPs 79,620, 79,624, and 79,625 are highly linked on chromosome 8, located within the region of the OASA1 gene, which encodes the synthesis of anthranilate synthase. Supplementary Table S3 presents basic information about all the significant SNPs, such as their chromosomal and physical locations, segregation types, allele types, p-values, and annotated candidate genes. Supplementary Table S4 displays specific genotype parameters of the significant SNPs. Supplementary Figure S4 depicts the genetic effect curves of the significant SNPs, showing the contribution to stem height and diameter growth. The heritability of stem height growth and stem diameter growth at different ages explained by each of the 65 significant SNPs is shown in Supplementary Figure S5.


[image: Figure 2]
FIGURE 2. Manhattan plots of p-values across 19 chromosomes of the Populus genome. Test statistic values of single-nucleotide polymorphisms (SNPs) were calculated by the system mapping of 24-yr growth curves of stem height and diameter. The p-values are obtained after false discovery rate (FDR) correction. Red horizontal lines are the critical thresholds at the 10−40and 10−50 significance levels for (A) test cross SNPs and (B) intercross SNPs obtained by Bonferroni correction.




Genetic Architecture Analysis of Multiphasic Growth QTLs

Based on the 65 identified SNPs with significant effects on multiphasic growth, we estimated genotype-dependent growth parameters for two different phases and calculated the phenotypic variation explained (PVE) for 24 years by quantifying the dynamic genetic contribution of markers to growth. The PVE of these loci for stem height growth was significantly smaller than the PVE for diameter. A basic hierarchical cluster analysis was performed for the PVE of all significant SNPs over time, which was divided into two stages and represented by tags with different colors. Of the observed 24 years of growth, the first phase of stem height growth was the first 6 years, and the remaining 18 years belonged to the second phase. The first phase of diameter growth was the first 12 years, and years 12–24 represented the second phase (Figure 3). Compared with the diameter, the first phase of stem height growth was shorter, which is approximately consistent with the phase estimation results of the NGE growth curve shown in Figure 1 and which further suggests the validity of the NGE analysis.


[image: Figure 3]
FIGURE 3. Heat maps of heritability are explained by 65 significant SNPs of Populus. The temporal patterns of heritability for (A) stem height and (B) stem diameter at 24 years were clustered into two phases, with blue representing the first phase and pink representing the second phase.


Among the significant loci, the PVE of the same SNP for the two traits was different. For example, the genetic contribution of SNPs 17,787, 86,065, 73,524, 87,023, 28,821, and 102,765 to the growth of stem height was relatively substantial, while the genetic contribution of SNPs P28821 and 73,524 to the growth of stem diameter was the lowest among all the SNPs. In addition, SNP 77,477, with a low genetic contribution to stem height, had a PVE of 10% in diameter. The genetic contribution of some SNPs, such as 28,821 and 73,524, is mainly expressed in the growth of one trait. However, some SNPs, such as 17,787 and 102,765, make strong genetic contributions to both stem diameter and stem height, indicating that the same significant SNP affects the growth of tree height and diameter in different ways, thus revealing the pleiotropy of genes.

The growth of stem height and diameter is determined jointly by genetic effects of 26 testcross SNPs and 39 intercross SNPs as well as epistatic effects among them. According to the potential differential relationship of significant SNPs, we established a genetic network to characterize how these SNPs interact with each other to regulate the growth in diameter and height. In both the height and diameter network structures, most SNPs receive directional epistasis from other SNPs; they are activated or inhibited by other SNPs and play passive roles. Only a few significant SNPs called key QTLs were found to be in the pivotal dominant position of regulation in the genetic network, which had a strong potential to influence other QTLs with major outward links. Three SNPs, intercross SNP 48,833, intercross SNP 48,971, and testcross SNP 86,976, were the key QTLs in the stem height genetic network, and the directed links from them accounted for 27.17, 28.26, and 17.39% of all pairwise links, respectively (Figure 4A). The key QTLs in the stem diameter genetic network was testcross SNP 117,854 and intercross SNP 154,950, and links from the two directions accounted for 64.77 and 25% of the pairwise links, respectively (Figure 4B). Although these 65 significant SNPs jointly regulate the overall growth of diameter and height, they serve different roles in the structural networks for the growth of the two traits. The regulation relationship among SNPs is not singular in the network structure. For example, in the stem height network, there is reciprocal activation between SNP 86,139 and SNP 111,175. We discern a regulatory loop: SNP 48,833→SNP 86,065→SNP 48,726→SNP 48,502→SNP 48,833 in which one SNP regulates other SNPs but is influenced by another SNP. Details of the SNPs corresponding to each number are given in Supplementary Table S2.


[image: Figure 4]
FIGURE 4. Genetic regulatory networks are generated through genetic effects. (A) Genetic network of 65 significant SNPs with respect to the growth trajectory of stem height. (B) Genetic network of 65 significant SNPs with respect to the growth trajectory of stem diameter. The arrow indicates the direction in which one SNP activates or inhibits another SNP. Highlight circles represent the key QTLs.




Genetic Control of Multiphasic Growth and Transition

The advantage of our NGE mapping approach lies in its capacity to analyze the genetic control of SNPs with significant effects on multiphasic growth, which can be tested by hypotheses based on related growth parameters. Here, we chose the representative testcross SNP 137,076 to interpret its genetic influence on growth in different phases of diameter and height. Both genotypes AG and AA in SNP 137,076 show that the growth of stem diameter benefits from stem height, and that stem height growth is deleteriously affected by diameter growth. This can be found from a similar form of overall growth and independent growth for stem height but greater overall growth relative to independent growth for stem diameter. The phase transition time of stem height occurs earlier than that of stem diameter. The two genotypes at this locus have similar control over the multiphasic growth of the two traits but different patterns in the growth details.

As shown in Figures 5A,B, during the juvenile phase, genotype AG had an extended period of duration of height growth compared with genotype AA (6.3 vs.5.3), and the difference was more pronounced for independent growth (8.3 vs. 6.8). Genotype AA has a larger asymptotic value (11.2 vs. 10.9) but a smaller asymptotic value for independent growth than genotype AG (16.3 vs. 16.6); thus, the latter suffers stronger inhibition (−6 vs. −5.4). The duration for the early adult phase of genotype AG was shorter (26.4 vs. 27.2), and the overlapping transition time between the two phases was also slightly shorter (5 vs. 5.1). According to the growth rate curve, the juvenile phase maximum growth rate of genotype AA was much larger than that of genotype AG (2.4 vs. 2), and there was a similar difference in the independent growth rate in this phase (3.6 vs. 2.7). The value of the early adult phase maximum growth rate was the same for both genotypes. As expected, the maximum growth rate and duration are determinants of overall growth. Different patterns in the onset, offset, duration, and maximum growth rate were found between the two genotypes for diameter growth (Figures 5C,D), suggesting that this SNP significantly affects not only the timing of growth but also the development between traits.


[image: Figure 5]
FIGURE 5. Genotypic growth curves and rate curves of stem (A,B) height and (C,D) diameter. The growth is explained by SNP 137076 with two genotypes, AG and AA. For each image, the upper panel is the growth curve, and the lower panel is the rate curve. The blue area represents the first phase of growth, where green represents the independent growth and yellow represents the interacting growth. The pink areas indicate the second phase of growth.


The influence of SNP 137,076 on the growth of the two traits is reflected in the temporal variation of the genetic effect, which also shows the characteristics of periodic change consistent with the growth curves. For stem height, the net genetic effect increases during the first 6 years and then decreases. During the juvenile phase, the overall genetic effect and the independent growth genetic effect show similar change patterns to the net effect, and then they level off at 12 years of age. The effect value of the independent growth is greater than that of the overall growth effect. The change in the interaction genetic effect shows a lag, beginning to rise at 5 years of age, and slowly declines until it stabilizes 12 years later. The genetic effect curve of the early adult phase gradually increased during years 1–12 and then decreased, which was related to the early growth of the second phase of stem height (Figure 6A). We analyzed a similar trend of genetic curves for diameter growth (Figure 6B). The pleiotropic effect between stem height and the diameter of SNP 137,076 is obvious with respect to the net genetic effect and juvenile phase genetic effect, but in the second phase, the curve shows two approximately flat trends, indicating that there is no obvious correlation between the growth of diameter and height in this phase. Thus, it is reasonable to describe the growth of the two traits without interaction in the second phase in the NGE (Figure 6C).


[image: Figure 6]
FIGURE 6. Temporal pattern of the pleiotropic effect on stem height and diameter. The multiphasic genetic effects of stem (A) height and (B) diameter, and the dynamic relationship of each effect on the two growth traits (C) at SNP 137076. The blue solid line represents the total effect of multiphasic growth, the red solid line displays the effect of the first phase, and the purple solid line denotes the effect of the second phase. The first phase effect curve was divided into independent (red broken line) and interaction (red dotted line) curves.




Computer Simulation

To verify further the statistical characteristics and mapping accuracy of the NGE, we conducted a simulation analysis based on the real growth data of tree diameter and height over 24 years under different sample size and heritability conditions. Among them, the sample size is the number of simulated samples; namely, n = 66 (the same as the real example), 100, and 200. Heritability is the proportion of genetic variance in the simulated phenotypic variance, and two levels of H2are utilized: 0.05 and 0.1. It is assumed that the growth of the two traits of trees is regulated by a set of QTLs in the genome. The simulation scale is 1,000 testcross genetic markers, and the phenotypic data are determined by one of the QTLs. In each simulation case, the proportion of simulation iterations of meaningful QTLs screened out of 100 repeated simulation experiments is the mapping accuracy (power), which is calculated and shown in Table 2. In the analysis of the multiphasic growth of tree traits, the mapping accuracy of QTL detection based on the NGE exceeded 0.49, and the accuracy of simulation increased with heritability and sample size. With a heritability of H2= 0.05, although the accuracy was only 0.49 when the sample size was 66, it significantly improved to 0.82 when the size was increased to 100. When the sample size was 200, the accuracy of the two heritability levels reached 1. The results show that the NGE achieves good accuracy in selecting QTLs for multiphasic growth and is suitable for large sample size data analysis.


Table 2. Mapping accuracy (power) and false positive probability (FPR) of quantitative trait loci (QTLs) based on the NGE.

[image: Table 2]

On the other hand, in the absence of QTL expression, the same genetic sample sizes of n = 66 (the same as the real example), 100, and 200 and heritability levels of H2= 0.05 and 0.1 are simulated with 1,000 genetic markers and phenotypic data. At this point, the proportion of the simulation times of QTLs screened out to the number of 100 simulations is the false positive probability. The false positive rate (FPR) of QTL detection based on the NGE is small (< 0.11), indicating that the NGE has reasonably high specificity even under the conditions of large sample size and heritability (Table 2).

According to the QTL mapping accuracy and false positive probability in a series of different thresholds, we express ROC curves for different simulated sample sizes. The area under the ROC curve (AUC) was calculated to assess the accuracy of QTL mapping of the NGE (Figure 7). Under several different simulation conditions, the AUC value was less than 0.5 only when H2= 0.05 and n = 66, and other simulation results had high QTL detection significance. At the heritability level of 0.1, the AUCs of the simulated quantities of the three scales were all relatively high (>0.9659). At a certain heritability level, the accuracy of QTL mapping based on the NGE is affected by the number of genetic samples, indicating that the model is more suitable for QTL detection with large sample size.


[image: Figure 7]
FIGURE 7. Receiver operating characteristic (ROC) curves of the heritability levels. Let the accuracy of QTL mapping be the ordinate, and the probability of false positives be the abscissa at heritability levels of (A) 0.05 and (B) 0.1 under the three cases of genetic sample sizes of 66, 100, and 200, respectively. Then, AUC1 represents the area under the ROC curve with a sample size of 66, AUC2 represents the area under the ROC curve with a sample size of 100, and AUC3 represents the area under the ROC curve with a sample size of 200.


We perform 100 simulation calculations based on the NGE parameters of the two genotypes of a significant QTL at the heritability levels of H2 = 0.05 and 0.1, with sample sizes of n = 66, 100, and 200. The two genotypes are expressed as AA and Aa. The maximum likelihood estimation of NGE parameters (αjH, KjH1, βjH←D, αjD, KjD1, βjD←H, KjH2, pjH, qjH, KjD2, pjD, qjD) of simulated data is obtained by the fourth-order Runge–Kutta, EM, and Nelder–Mead algorithms. The parameter estimation results are shown in Table 3. Numerically, there are some differences between the estimated parameters and the real parameters. However, with the increase in genetic heritability and sample size, the precision of parameter estimation improves, the standard deviation of various parameters declines, and the simulation effec t becomes more stable.


Table 3. Parameter estimation of NGE.

[image: Table 3]

Among the estimated parameters of 100 groups of simulation data obtained under the six kinds of simulation conditions, we select several groups of parameters with better effects to produce the overall growth curves and growth curves of two phases of two interaction traits. The trends of the estimated curves of different simulation scales are consistent with those of the real curves (Figures 8, 9), which suggests that the genotype-specific curves estimated from the above example are reasonably convincing. By comparing the estimated curves of the two heritability levels, the simulation effect of the estimated curve of 0.1 heritability is obviously better than that of the estimated curve of 0.05 heritability. For heritabilities of both levels 0.05 and 0.1, the green estimated curve with 200 simulated quantities is the closest to the actual curve, and the simulation effect is the best, followed by the blue curve with 100 simulated quantities, and the red curve with 66 simulated quantities. As expected, the simulation effects increase with sample size. Larger sample sizes, such as 200, can effectively minimize noise and are suitable for QTL mapping using a multiphasic growth model.


[image: Figure 8]
FIGURE 8. Growth curves of stem (A, B) height and (C, D) diameter of two genotypes with a heritability of 0.05. The overall growth (solid line) for each trait is decomposed into its first phase (broken line) and second phase growth components (dotted line). The sample sizes are 66, 100, and 200. Black represents the real curve, red represents the estimation curve with the sample size of 66, blue represents the estimation curve with the sample size of 100, and the green represents the estimation curve with the sample size of 200.



[image: Figure 9]
FIGURE 9. Growth curves of stem (A, B) height and (C, D) diameter of two genotypes with a heritability of 0.1. The overall growth (solid line) for each trait is decomposed into its first phase (broken line) and second phase growth components (dotted line). The sample sizes are 66, 100, and 200. Black represents the real curve, red represents the estimation curve with the sample size of 66, blue represents the estimation curve with the sample size of 100, and the green represents the estimation curve with the sample size of 200.





DISCUSSION

The phase transition during tree growth is the internal mechanism for optimal development and reproduction. At the same time, it should not be ignored that phased development is not characterized by organ morphology and growth morphology independence, but there is a correlation between each morphology. For example, in the relationship between biomass yield and shrub growth traits, increasing the number of stems would reduce the average stem diameter but not the average stem length of plants (Mosseler et al., 2014). There are proportional relationships between stem cross-sectional area and stem weight, stem weight and leaf weight, and leaf weight and leaf area at the twig level (Sun et al., 2006). In our analysis of the phases of stem growth in trees, we emphasized the interaction between stem height and diameter during infancy, which has important biological significance. The NGE not only explored the continuous phase transitions that are difficult to distinguish in traditional analysis but also quantitatively described the interaction relationship between cooperation and confrontation among traits, thus further recognizing the individual functions of stem growth. We implemented systems mapping (Fu et al., 2017) to identify specific SNPs involved in multiphasic growth and provided a reliable ecophysiological perspective for understanding the growth of two sets of complex traits, tree height, and tree diameter.

The Gene Ontology (GO) analysis shows that the most significant SNPs can be annotated to genomic regions of candidate genes that encode particular biological processes (Supplementary Table S3). We find that a set of significant SNPs detected are highly linked within the same regions of chromosomes. Given that our mapping population is a full-sib family derived from two heterozygous parents, the linked SNPs, collectively acting as a QTL, may represent the same genes. A more precise characterization of the linked SNPs is needed through other genetic approaches.

The competitive or cooperative relationship between stem height and diameter is present throughout the growth history of trees, although it may take different forms during different phases and is sometimes not obvious. Our Lotka-Volterra-based interaction model can be extended to different phases of growth, describing complete tree growth and development and the interaction of traits within them. In addition, the overall multiphasic growth system of trees does not include only the interaction between the two traits. For example, the stem growth of trees also includes the growth of some lateral organs and branches in addition to the height and diameter of the stem. The compound phase growth model can be extended from a two-dimensional to a multidimensional model to conduct a comprehensive overall analysis of tree growth, although this expansion will greatly increase the complexity of the model and the difficulty of parameter estimation.

In the actual growth process, studies have shown that, in addition to endogenous regulatory factors, developmental genetic programs that control the transition between different phases of organisms are also regulated by environmental stimuli (Isabel and Dean, 2006; Huijser and Schmid, 2011; Srikanth and Schmid, 2011). Common environmental controls include stimuli such as temperature and photoperiod (Winfield et al., 2009; Kubota et al., 2014). For example, transcriptome changes in the transition of wheat from the vegetative to the reproductive growth stage are induced by cold and light (Winfield et al., 2009). Environmental factors affect the utilization of resources and morphological adaptation of trees to the environment, thus changing the competitive relationship between stem height and diameter and the growth and development phases. Therefore, our multiphasic framework can be extended to developmental transitions in different environments in order to study how stem growth structures respond to environmental changes. This theory can be used to analyze the interaction between QTLs and the environment with respect to the transformation of stem phase growth, and to analyze stem growth structure from the evolutionary point of view of tree adaptation to the ecological environment.

We performed many simulation analyses based on the actual data, and the QTL mapping method based on the composite multiphasic growth model exhibited good statistical characteristics and reasonably high specificity. Our composite multiphasic growth model provides an effective tool to describe the growth and development of tree diameter and height. In addition, relationship between phase development and internal growth is not limited to the stem growth structure of trees but also applies to the growth and phase transformation of quantitative traits associated with other organisms, such as root length, root thickness, and root number. The composite multiphasic growth model provides a reliable framework to map phylogenetic QTLs for phase change.
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In flowering plants, inflorescence characteristics influence both seed set and pollen contribution, while inflorescence and peduncle size can be correlated with biomass allocation to reproductive organs. Peduncles also play a role in water and nutrient supply of flowers, and mechanical support. However, it is currently unclear whether inflorescence size is correlated with peduncle size. Here, we tested whether orchids with large diameter peduncles bear more and larger flowers than those with smaller peduncles by analyzing 10 traits of inflorescence, flower, and leaf in 26 species. Peduncle diameters were positively correlated with inflorescence length and total floral area, indicating that species with larger peduncles tended to have larger inflorescences and larger flowers. We also found strongly positive correlation between inflorescence length and leaf area, and between total floral area and total leaf area, which suggested that reproductive organs may be allometrically coordinated with vegetative organs. However, neither flower number nor floral dry mass per unit area were correlated with leaf number or leaf dry mass per unit area, implying that the function between leaf and flower was uncoupled. Our findings provided a new insight for understanding the evolution of orchids, and for horticulturalists interested in improving floral and inflorescence traits in orchids.

Keywords: allometry, flower traits, inflorescence length, orchids, peduncle diameter, leaf traits


INTRODUCTION

Floral display, which includes floral number, size, color, and arrangement, has a central influence on plant reproductive success (Harder and Johnson, 2005; Iwata et al., 2012). Plants with larger inflorescences and flowers receive generally more pollinator visits and increased reproductive success (Pleasants and Zimmerman, 1990; Harder and Johnson, 2005). Not surprisingly, the functional and evolutionary significance of flower and inflorescence sizes are subjects of strong interest (Darwin, 1859; Grant, 1950; Wyatt, 1982; Armbruster, 1996; Galen et al., 1999; Elle, 2004; Fenster et al., 2004; Strauss and Whittall, 2006).

Most studies have focused on the size-relationship between plant vegetative organs (Preston and Ackerly, 2003; Westoby and Wright, 2003; Sun et al., 2006; Yang et al., 2010; Fan et al., 2017). For example, various studies have shown that leaf and stem allometry are positively correlated (Preston and Ackerly, 2003; Westoby and Wright, 2003; Sun et al., 2006; Normand et al., 2008; Yang et al., 2010; Fan et al., 2017). These correlations imply that larger diameter branches can support large leaves mechanically and hydraulically (Niinemets et al., 2006; Normand et al., 2008).

Allometry is a useful integrative tool in zoology, indicating relationships between diverse measures, which has been widely used in plants (Western, 1979; Midgley and Bond, 1989). A previous study has shown that inflorescence size is allometrically related with leaf and stem size in Leucadendron and Protea (Proteaceae; Midgley and Bond, 1989). If these correlations are prevalent among flowering plants (Niklas and Enquist, 2003), reproductive organs may show similar correlations as those observed in vegetative organs. In other words, large-diameter stems can support larger inflorescences. However, such allometric correlation has been rarely tested on reproductive organs.

The family Orchidaceae, one of the largest families of flowering plants, has diverse life forms, life histories, habitats, morphology, and physiology (Zhang et al., 2018). Furthermore, orchids are well known for their ornamental flowers, which have long floral lifespans (Zhang et al., 2018). Orchids bear inflorescences with one or more flowers (Chen et al., 2009), and show great diversity in floral number and size (De, 2020). In orchids, the flower peduncle plays an important role in mechanical support, water transport, and nutrient transfer. Previous research in orchids has mainly focused on the physiology of vegetative organs (Zhang et al., 2018) and pollination biology (Waterman and Bidartondo, 2008). However, little is known about the allometric correlation among reproductive organ sizes in the family.

In the present research, we assessed the correlations between the number and the size of inflorescences, flowers, and leaves of 26 orchid species with various life forms. We asked three specific questions: (1) are there differences in the number and area from flower and leaf between orchid species with different life forms; (2) do orchid species with larger leaf area have larger inflorescence traits; and (3) do orchid species with large-diameter peduncles bear more and larger flowers concurrently than orchids with small peduncles? Our aims were to understand the development and allometry of reproductive and vegetative organs in Orchidaceae under natural selection.



MATERIALS AND METHODS


Plant Materials

We examined the traits of mature inflorescences, flowers, and leaves of 26 orchid species from 8 genera (Coelogyne, Cymbidium, Cypripedium, Dendrobium, Eria, Holcoglossum, Pholidota, and Paphiopedilum). Although all the studied species in this study are from the same family, Orchidaceae, their flower and leaf traits are different (Zhang et al., 2017). Here, 13 epiphytic orchids, 7 terrestrial orchids, and 6 facultative orchids of those studied orchid species were selected (Table 1). The inflorescences in these genera differ significantly (Figure 1) including erect, arching, or pendulous racemes from one flower up to many (up to 42) flowers. Inflorescences produced at the apical end of shoots are called terminal, the others arising from nodes near the base of pseudobulbs or leaf axils are lateral. The inflorescences of orchids are mostly terminal or lateral racemes (Arditti, 1992). Healthy, recently opened flowers and fully expanded leaves were collected from 3 to 6 individuals per species from the plants grown in a greenhouse at the Kunming Institute of Botany, Chinese Academy of Sciences (25°01' N; 102°41' E), under 30–40% full sunlight and temperatures of 20–25°C.



TABLE 1. Ecological and phenological traits of the studied orchid species.
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FIGURE 1. Orchid species studied in the present study. (A) Coelogyne nitida; (B) Cymbidium aloifolium; (C) C. bicolor; (D) C. dayanum; (E) C. erythraeum; (F) C. faberi; (G) C. lancifolium; (H) C. lowianum; (I) C. mastersii; (J) C. sinense; (K) C. tracyanum; (L) Cypripedium subtropicum; (M) Dendrobium chrysotoxum; (N) Eria coronaria; (O) Holcoglossum kimballianum; (P) Pholidota chinensis; (Q) Paphiopedilum appletonianum; (R) P. armeniacum; (S) P. dianthum; (T) P. gratrixianum; (U) P. henryanum; (V) P. hirsutissimum; (W) P. insigne; (X) P. malipoense; (Y) P. purpuratum; (Z) P. tigrinum. Erect raceme (A,F,G,J,N,Q–Z); pendulous raceme (B–D,P); arching raceme (E,H,I,K–M,O).




Measurements of Inflorescence and Flower and Leaf Area

Whole flowering plants were selected, leaf number (LN) per flowering plant was recorded. The inflorescences and leaves of each collected species were excised in the morning, sealed in plastic bags, and immediately transported to our nearby laboratory. The inflorescence was selected to measure the lengths of inflorescence and to record the number of flowers (FN) when the top flower of the inflorescence was fully expanded. Inflorescence length (IL) was the length from the base of the inflorescence peduncle to the apex of the highest opened flower. Inflorescence length was measured using a ruler. The diameter of the peduncle (PD) was the average of two diameters which were measured along the major axis and the short axis with a vernier caliper. The newly opened flowers from the inflorescences were used to measure the floral area. Flowers (petals, sepals, and labellum) and leaves were cut into several sections, as they are uneven and tridimensional, to ensure they are flattened. The individual floral area was a total area corresponding to the sum of sepal, petal, and labellum. Individual floral area (IFA) and individual leaf area (ILA) were then determined with a Li-Cor 3000A area meter (Li-Cor, Inc., Lincoln, NE). Here, flower and leaf area were estimated: the total flower area (TFA) per inflorescence and total leaf area (TLA) per plant were estimated as the product of FN and IFA, and LN and ILA, respectively. Subsequently, the inflorescences, flowers, and leaves were oven-dried at 70°C for 48h to obtain their dry weights (DW). Flower dry mass per unit area (FMA, gm−2) was calculated as FDW/IFA, and leaf dry mass per unit area (LMA, gm−2) was calculated as LDW/ILA.



Statistical Analysis

Differences between leaf and flower traits were analyzed using Tukey’s post hoc test after testing for normality and homogeneity of variances. All tests were made at a probability level of 5%. All statistical analyses were performed using SPSS 16 (SPSS, Chicago, IL).




RESULTS

In order to reveal whether there are differences in leaf and flower traits of orchids with different life forms, 10 traits associated with inflorescences, flowers, and leaves were examined across the 26 orchid species sampled (Tables 2 and 3). Statistical analysis showed that flower number and area differed significantly between orchid life forms (Figure 2). Epiphytic species had more flowers per inflorescence (12.56±3.17) than terrestrial species (3.87±1.66; p=0.04). Furthermore, the flowers of epiphytic species had smaller area (20.09±4.84cm2) than those of terrestrial species (44.63±10.26cm2; p=0.02). Facultative species had significantly fewer flowers (1.72±0.72) than did epiphytic species (p=0.02), but flower number did not significantly differ between facultative and terrestrial species (p=0.66). Flower area was significantly larger in facultative species (48.10±9.53cm2) than in epiphytic species (p=0.02), but it was not significantly different between facultative species and terrestrial species (p=0.78).



TABLE 2. Measured traits and units for inflorescences, flowers, and leaves from the studied orchid species.
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TABLE 3. The leaf and floral traits in the 26 orchid species studied.
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FIGURE 2. Differences in the number and area of flower and leaf from 26 terrestrial, facultative, and epiphytic orchid species.


To further reveal the correlation between leaf traits and inflorescence traits, we found they were significantly correlated among them (Figure 3). For example, individual leaf area was positively correlated with peduncle diameter, inflorescence length, total floral area, and floral dry mass per unit area. Similarly, total leaf area was positively correlated with peduncle diameter, inflorescence length, total floral area, and floral dry mass per unit area.

[image: Figure 3]

FIGURE 3. Correlations among inflorescence, floral, and leaf traits of the 26 orchids studied. Circle sizes represent the significance (upper right of the diagonal) and correlation coefficient (lower right of the diagonal). LN, leaf number; ILA, individual leaf area; TLA, total leaf area; LMA, leaf dry mass per unit area; PD, peduncle diameter; IL, inflorescence length; FN, flower number; IFA, individual floral area; TFA, total floral area; FMA, floral dry mass per unit area.


The correlation among peduncle diameter, inflorescence length, flower number, individual floral area, total floral area, and floral dry mass per unit area was also analyzed in inflorescences (Figure 3). Peduncle diameter was positively correlated with inflorescence length, total floral area, and floral dry mass per unit area. However, flower number was negatively correlated with individual floral area. In addition, inflorescence length was positively correlated with total floral area and floral dry mass per unit area, while not correlated with individual floral area and flower number.



DISCUSSION

Different leaf and flower traits of various life forms are adapted to special habitats. Compared with terrestrial habitats, epiphytic habitats are stressed by water and nutrients (Benzing, 1990). Therefore, epiphytic species have higher velamen thickness, stomatal density, and leaf vein density than terrestrial species to add nutrients’ absorption and to reduce water loss (Zhang et al., 2012; Zotz and Winkler, 2013). However, the comparative study on flower traits between terrestrial and epiphytic orchid species is still lacking. In our study, we found that epiphytic species have lower flower area, while having a higher flower number than those of terrestrial species. We speculate that these differences may not only correlate to the water status of the flower but also correlate to the pollinator activities (Roddy and Dawson, 2012; Teixido and Valladares, 2014).

Leaf size and inflorescence size may be correlated in various plant species (Midgley and Bond, 1989). We also found that leaf area was positively correlated with peduncle diameter and inflorescence length. The larger leaf area can apply enough resources to construct the thicker peduncle diameter, larger inflorescence length, and flower area (Pleasants and Zimmerman, 1990). This correlation also indicated that there is a significant trade-off between leaf area and flower traits. To some extent, the allometry correlation between leaf area and flower traits contributed to the developmental or genetic constraints (Ackerly and Donoghue, 1998; Lambrecht and Dawson, 2007; Steven et al., 2019).

We found that inflorescence length was correlated with peduncle diameter and total floral area (Figure 3), but not with individual floral area or flower number. This correlation can also be found between peduncle diameter and total floral area or floral dry mass per unit area, which implies more biomass investment to the peduncle with the increase of total floral area as the correlation between petiole lamina size and size (Fan et al., 2017). Our findings coincide with the allometric correlations in other taxa. For example, a previous work on Leucadendron (Proteaceae) showed that inflorescence length is positively correlated with stem thickness (Midgley and Bond, 1989). Inflorescence architecture is closely related to the arrangement of each flower on an inflorescence (Prusinkiewicz et al., 2007). However, thus far, the study on the correlation between peduncle diameter and inflorescence architecture is still lacking. In our study, we found no significant correlation between peduncle diameter and inflorescence architecture. For example, compared with C. lancifolium, which has a thinner peduncle but erect racemes, C. aloifolium has a thicker peduncle but pendulous racemes. These results indicate that the inflorescence architecture may be related to the specific habitat (Schoen and Dubuc, 1990). Taken together, these findings imply that inflorescences provide water, nutrients, and mechanical support to flowers, which is analogous to what twigs (stems) provide to leaves (Niklas and Enquist, 2003; Fan et al., 2017). Likewise, the allometric relationship between leaf area (mass) and petiole area (mass) was found, indicating that larger leaves invest a higher fraction of biomass in the petiole than smaller leaves (Fan et al., 2017). Our finding was also important in horticultural applications. Previous studies have shown that crosses between orchids with different numbers of flowers, but similar peduncle diameters, can produce hybrids with intermediate flower numbers such as Orchis pauciflora and O. mascula (Cozzolino et al., 2006) or Anacamptis× albuferensis (Bateman and Hollingsworth, 2004). In contrast, crosses between orchids with similar flower numbers but different peduncle diameters produce offspring with thicker peduncle diameters and more flowers than their parentals (Yan et al., 2017).

The absence of significant correlations between flower number or flower area with leaf number or leaf area strongly suggests that orchid flower and leaf traits are two functional traits independent of evolution (Zhang et al., 2017), which might result from not only biotic and abiotic pressures but also the functions of different organs. This differentiation is consistent with the prevalence of differing selective pressures upon fundamental function and genetic background of reproductive vs. vegetative organs (Juenger et al., 2005; Pélabon et al., 2011; Roddy et al., 2013). For example, leaf number reduces significantly under water stress (Descamps et al., 2020). Leaf area tends to be small in poor habitats (Yang et al., 2010). Different from leaves, in order to ensure successful reproduction, plants can regulate the flower number in specific environments (Prusinkiewicz et al., 2007). The flower number and area are significantly decreased with the increase of temperatures (Descamps et al., 2020). The positive correlation observed here between total floral area and total leaf area indicated the importance of the coordinating role of the size between reproductive and vegetative organs. Larger leaf area may assimilate more carbon, thus more carbon can be used in flowers (Lambrecht and Dawson, 2007). A previous study has suggested that larger flowers produce a better return for plant reproductive success and fitness than smaller flowers (Sargent et al., 2007). Larger flowers can receive more pollinators, and it seems probable that larger flowers enhance reproductive fitness in the plant-pollinator system (Galen, 1989; Teixido and Valladares, 2014). Studies on Paphiopedilum and Cymbidium species indicate that plants with larger and more flowers have more fruit sets (Bänziger, 1996; Cheng et al., 2007; Shi et al., 2007; Yu et al., 2008). For example, P. dianthum, which has twice the floral area of P. villosum and nearly three times the number of flowers, sets roughly eight times the amount of fruit (Bänziger, 1996). However, larger flowers may also increase construction and maintenance costs. Hence, future work should focus on addressing how plants trade-off between the size of flowers and physiological maintenance costs.



CONCLUSION

Our study demonstrated that inflorescence length in orchids is correlated with peduncle diameter, total floral area, and individual and total leaf area. However, inflorescence length is not correlated with individual floral area or flower number. These results provide novel insights into the development and allometry of reproductive and vegetative organs in Orchidaceae under natural selection. Moreover, our findings are of broader significance to breeding new hybrid orchids.
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Plant morphogenesis involves multiple biochemical and physical processes inside the cell wall. With the continuous progress in biomechanics field, extensive studies have elucidated that mechanical forces may be the most direct physical signals that control the morphology of cells and organs. The extensibility of the cell wall is the main restrictive parameter of cell expansion. The control of cell wall mechanical properties largely determines plant cell morphogenesis. Here, we summarize how cell wall modifying proteins modulate the mechanical properties of cell walls and consequently influence plant morphogenesis.
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INTRODUCTION

Plant development is not only principally orchestrated by networks of biochemical signals, but also affected by biophysical restraints from internal cells and external environmental signals. Emerging evidence manifests that mechanical forces act as instructive signals to control plant morphogenesis (Sampathkumar et al., 2014; Bidhendi and Geitmann, 2019). It is widely assumed that plant cell expansion results from irreversible yielding (see Table 1 for a glossary of the biomechanical terms used in this review) of the cell walls to high internal turgor pressure (Cosgrove, 1993; Boudon et al., 2015). While turgor pressure is the driving force behind cell growth, the parameter solely responsible for the control of cell expansion is the extensibility of the cell wall (Baskin, 2005; Geitmann and Ortega, 2009; Boudaoud, 2010).



TABLE 1. Glossary of the terms for cell wall mechanics often used in the context of plant morphogenesis.
[image: Table1]

The cell wall is crucial for many processes of plant development. Besides being a barrier to protect from and interact with the environment, the cell wall also determines the mechanical strength of plant structures (Vaahtera et al., 2019). The tight spatiotemporal regulation of cell wall mechanics is essential for proper morphogenesis at cellular and tissue levels (Dumais et al., 2006; Boudon et al., 2015; Bidhendi and Geitmann, 2016). Cell walls commonly are classified into two major types: primary walls and secondary walls. The primary wall is produced in growing and in dividing cells and plays a prominent role in growth and development and hence is the focus of this review.

Primary cell walls can be described as composite materials made of cellulose microfibrils tethered by hemicelluloses and embedded within pectins and structural proteins (Figure 1A; Cosgrove, 2016; Amos and Mohnen, 2019; Chebli et al., 2021). Cellulose microfibrils are considered to be the main load-bearing components and are extremely stable and usually undergo negligible turnover or breakdown during cell wall growth (Cosgrove, 1997). Pectins and hemicelluloses, the other two primary load-bearing components in the plant cell wall, are constantly remodeled to adjust to the morphological changes of cells during plant development. These remodeling processes are tightly regulated by a plethora of agents (e.g., proteins, enzymes, and ions) spatiotemporally (Cosgrove, 2005). In this review, we will discuss how cell wall modifying proteins modulate mechanical properties of primary walls to influence plant morphogenesis.

[image: Figure 1]

FIGURE 1. Hypothetical models on the action of cell wall modifying proteins. (A) A simplified schematic depicting the structure of the primary cell wall. (B) The potential action mechanisms of different cell wall modifying proteins. PMEs, pectin methylesterases; PELs, pectate lyases; PGs, polygalacturonases; PAEs, pectin acetyl esterases, XTHs, xyloglucan endotransglucosylases/hydrolases; XXTs, xylosyltransferases; EGases, endo-1,4-β-glucanases.




PECTIN MODIFYING ENZYMES

Pectin-related cell wall modifications increasingly emerge as an important factor influencing plant morphogenesis. Pectins are a diverse class of galacturonic acid-rich polysaccharides. They are the most complex cell wall components and have a major impact on the physical and chemical characteristics of the cell wall, both structurally and functionally (Wolf and Greiner, 2012). The most abundant pectins are homogalacturonans (HGs), which account for greater than 60% of pectins in the plant cell wall (Caffall and Mohnen, 2009). HGs are polymerized in the Golgi apparatus by glycosyl transferases, substituted with methyl groups at the C6 position and secreted to the cell wall in a highly methylesterified state (Zhang and Staehelin, 1992; Cosgrove, 2005; Sterling et al., 2006; Driouich et al., 2012; Wolf and Greiner, 2012). During plant development, pectins undergo extensive modifications with accompanying changes in their physical and chemical properties.

Demethylesterification by pectin methylesterases (PMEs) is the most extensively studied type of pectin modification. In the cell wall, PMEs can remove the methyl groups of HGs at the C6 position and significantly alter the physical properties of the pectin polymer, thereby changing cell wall mechanics (Wolf et al., 2009). In the Arabidopsis inflorescence stem, cell wall polysaccharide composition and dynamics analyses by solid-state nuclear magnetic resonance spectroscopy coupled with growth tracking indicated a correlation between pectin methylesterification levels and organ growth. It was found that the cell wall of the fastest growing part of the inflorescence stem had higher pectin contents and a higher degree of methylesterification, compared with other stem segments (Phyo et al., 2017).

The quantification of pectin methylesterification state has been greatly promoted by an array of pectin-specific antibodies that specifically recognize various pectin methylesterification epitopes (Clausen et al., 2003; Qi et al., 2017; Schoenaers et al., 2018; Jonsson et al., 2021). Meanwhile, cell wall mechanical properties can be directly measured by atomic force microscopy (AFM) and microindentation at high resolution. The mechanical properties of the cell wall measured by AFM or microindentation can be correlated with the pectin methylesterification identified by pectin-specific antibodies in the same tissue. Numerous studies indicate that there is a strong correlation between pectin antibody labeling, deduced mechanical properties, and actual stiffness measurements of cell walls (Bosch and Hepler, 2005; Parre and Geitmann, 2005; Zerzour et al., 2009; Fayant et al., 2010; Qi et al., 2017; Bou Daher et al., 2018; Wang et al., 2020).

Studies in pollen tubes have shown that a low level of pectin methylesterification was often associated with stiffer walls and the cessation of growth (Bosch and Hepler, 2005; Parre and Geitmann, 2005; Sanati Nezhad et al., 2014). During the growth of the pollen tube, the tip is enriched with highly methylesterificated pectins and in the shank pectin methylesterification is reduced (Zerzour et al., 2009). When PME activity was elevated, cell wall stiffening occurred and pollen tube growth was reduced or blocked (Bosch and Hepler, 2005; Parre and Geitmann, 2005; Roeckel et al., 2008). In a similar manner, overexpression of a PME inhibitor (PMEI) resulted in increased pollen tube elongation (Roeckel et al., 2008).

However, research in the shoot apical meristem (SAM) of Arabidopsis displayed different results about the degree of pectin methylesterification and growth rate, contrary to the situation in pollen tubes. SAM sections labeled with specific antibodies for demethylesterified pectins showed that the degree of methylesterification appeared to be relatively high in the meristem dome, yet incipient primordia were strongly labeled, indicating that PME activity is very strong at these sites (Peaucelle et al., 2008). Furthermore, elevated PME levels caused by genetic modifications increased the number of primordia and disrupted the phyllotactic pattern. Consistently, ectopic expression of PMEI arrested the development of new primordia, presumably by hardening the cell wall through inhibiting pectin demethylesterification. Most intriguingly, the deposition of sepharose beads with PME on the wild-type meristem resulted in a new primordium which developed into a normal floral meristem because of the softening of cell walls by PMEs. Meanwhile, the meristem of a primordia marker line treated with PME beads displayed strong disruption in phyllotactic patterning (Peaucelle et al., 2008, 2011; Wolf and Greiner, 2012). In summary, these results evidently suggest that pectin demethylesterification mediated by PMEs is necessary and sufficient for cell wall softening and primordium initiation in Arabidopsis SAMs.

The contradictory effects of PME-mediated pectin demethylesterification on cell wall stiffness and consequently on cell growth in SAMs and pollen tubes could be related to PME’s different action modes (Bidhendi and Geitmann, 2016). PMEs are proposed to have two action modes: the block-wise fashion and the random fashion (Figure 1B). In the block-wise fashion, PME isoforms create long blocks of contiguous free carboxyl groups susceptible to interact with Ca2+, thus forming a stiff pectate network (e.g., the egg box configuration with multiple HG chains crosslinking). In the random fashion, PME isoforms operating randomly lead to a random demethylesterification of HGs, accordingly promoting the action of pectin depolymerases, such as pectate lyases (PELs), which results in the degradation of pectins and cell wall softening (Liners et al., 1992; Micheli, 2001; Willats et al., 2001; Pelloux et al., 2007). Experiments on cell-free strips of onion epidermal walls also demonstrated that PME-mediated pectin demethylesterification had opposing effects on cell wall properties. Through measuring both wall biomechanics with surface indentation and wall extensibility with tensile tests, researchers found that PME treatment alone softened cell walls, but would reduce wall plasticity in the presence of abundant Ca2+ (Wang et al., 2020).

The action patterns of PMEs depend on many factors, including pH of the cell wall, the initial methylesterification of the pectins, as well as cations, among which Ca2+ plays a significant role. Pollen tube growth is remarkably influenced by Ca2+ (Sanati Nezhad et al., 2014). Elevating Ca2+ concentration interrupted pollen tube growth, whereas removal of Ca2+ from the medium caused the burst of pollen tubes (Picton and Steer, 1983; Hepler and Winship, 2010), suggesting that PMEs in the pollen tubes might work in the block-wise fashion. In other cells whose physiological function and growth are also under the influence of Ca2+ dynamics, such as root hair cells and guard cells, PMEs act in a similar mode. In root hairs, elevated PME activity of the cell walls also led to growth inhibition (Schoenaers et al., 2018). Likewise, in guard cells, the regions with high stiffness accumulated more demethylesterified homogalacturonic polymers and the increase of methylesterified pectins resulted in a smaller dynamic range of guard cell movement (Amsbury et al., 2016; Carter et al., 2017). In the meanwhile, in tissues with limited Ca2+ distribution, such as hypocotyls, studies echoed the results obtained in the SAM (Pelletier et al., 2010; Bou Daher et al., 2018). Experiments with isolated onion epidermal walls also manifested that abundant Ca2+ could negate PME-mediated wall softening and lead to reduced wall plasticity (Wang et al., 2020).

In a word, PME action is two-sided and has potential to either enhance or lower cell wall rigidity. Although cell wall softening caused by PMEs alone does not lead to cell wall loosening (Zhang et al., 2019; Wang et al., 2020), the cooperation of PMEs with other cell wall digesting enzymes may lead to more profound changes in pectin conformation and cell wall properties.

Meanwhile, cutting-edge imaging techniques advance our understandings on pectin conformation. A recent study reported nanofibrillar pectin structures (HG nanofilaments) observed with super-resolution microscopy and cryo-scanning electron microscopy in Arabidopsis pavement cells. The authors found that demethylation by PMEs led to local radial swelling of the HG nanofilaments and tissue expansion. By means of computational modeling, they proposed that the demethylation of HGs could cause local wall expansion in the absence of turgor-derived force (Haas et al., 2020). This finding challenged current models that cell expansion is driven by turgor pressure acting on the cell wall, although great controversies and discussions had been aroused by the results and interpretations of this work (Cosgrove and Anderson, 2020).

Besides methylesterification, acetylation is another important modification of pectins. Pectin acetylation has been shown to play significant roles in Arabidopsis development. The Reduced Wall Acetylation (RWA) protein family is involved in the cell wall acetylation. The single mutant, rwa2, had an about 20% decrease, and the quadruple mutant, rwa1 rwa2 rwa3 rwa4, showed a 63% reduction in cell wall O-acetylation compared with the wild type, respectively, and they were associated with severe dwarfism (Manabe et al., 2011, 2013). Mutant lines of pectin acetyl esterase (PAE) encoding genes PAE8 and PAE9 also displayed reduced inflorescence stem growth (de Souza et al., 2014).

In addition to the pectin modification enzymes, the structure and composition of pectins are modulated by pectin depolymerases, including PELs and polygalacturonases (PGs). PELs, which degrade demethylesterified pectin, play crucial roles in leaf growth and senescence in rice (Wu et al., 2013; Leng et al., 2017), pollen wall development in Chinese cabbage (Jiang et al., 2014a,b; Rhee et al., 2015), and fruit ripening and softening in tomato (Uluisik et al., 2016; Yang et al., 2017; Wang et al., 2018, 2019; Uluisik and Seymour, 2020). In rice, the mutation of a PEL precursor gene DWARF AND EARLY SENESCENCE LEAF1 (DEL1) led to dwarfism and an early senescence leaf phenotype. DEL1 mutation decreased the total PEL enzymatic activity, increased the degree of methylesterified HGs, and altered the cell wall composition and structure in culms, suggesting a role of PELs in the maintenance of cell division and the induction of leaf senescence (Leng et al., 2017).

PGs catalyze the hydrolysis and disassembly of pectin and have potential roles in plant development. Transgenic strawberries overexpressing an antisense sequence of a strawberry PG gene FaPG1 produced fruits significantly firmer than wild type, indicating that PGs play a key role on fruit softening (Garcia-Gago et al., 2009; Quesada et al., 2009; Pose et al., 2013). PGs are also involved in the development of Arabidopsis seed coat. Overexpressing ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE2 (ADPG2) in Arabidopsis seed coat epidermal cells resulted in abnormal cell morphogenesis with disrupted cell-cell adhesion and signs of early cell death (McGee et al., 2021).

In summary, a strict regulation of the complex process of pectin modification is required for creating appropriate cell wall mechanical properties to maintain proper cell and organ shape. This regulation relies on multiple factors, such as the types of pectin modification enzymes, the local concentration of Ca2+, and the presence of pectin digesting enzymes and enzyme inhibitors (such as PMEIs; Palin and Geitmann, 2012; Atmodjo et al., 2013; Sanati Nezhad and Geitmann, 2013; Sanati Nezhad et al., 2014; Wang et al., 2020).



HEMICELLULOSE MODIFYING ENZYMES

Xyloglucans are the main components of hemicelluloses in the primary walls of dicots and non-graminaceous monocots. Plant cells typically expand 10- to 100-fold in volume before reaching maturity. In extreme cases, cells may enlarge more than 10,000-fold in volume (e.g., xylem vessel elements). The cell wall typically undergoes great expansion without losing its mechanical integrity or becoming thinner. Thus, newly synthesized polymers are integrated into the wall without destabilizing it (Chebli and Geitmann, 2017; Chebli et al., 2021). Although exactly how this integration is accomplished is unclear, it was proposed that self-assembly (Cannon et al., 2008) and enzyme-mediated wall assembly (Holland et al., 2020; Stratilova et al., 2020) play important roles in the integration process of cell walls. With regard to the self-assembly of cell walls, readers could find details in this review (Murugesan et al., 2015). Prime candidates carrying out the enzyme-mediated wall assembly are xyloglucan endotransglucosylases/hydrolases (XTHs).

XTH proteins have two enzymologically different activities: xyloglucan endotransglucosylase (XET) activity and xyloglucan endohydrolase (XEH) activity. The XET activity plays a major role in the enzyme-mediated wall assembly. Such activity has the ability to cut the backbone of a xyloglucan and to join one end of the cut xyloglucan with the end of an acceptor xyloglucan, thereby integrating newly synthesized xyloglucans into the wall (Nishitani, 1997; Thompson and Fry, 2001). It has been postulated that XTHs carry out various functions, including maintaining meristem geometry and phyllotaxis, enhancing freezing tolerance, regulating xylem formation and hypocotyl growth (Bourquin et al., 2002; Matsui et al., 2005; Takahashi et al., 2021). For instance, the xth27 mutant had a developmental phenotype in xylem development, with fewer tertiary veins (Matsui et al., 2005). And the xth19 mutant showed reduced freezing tolerance, which was associated with alterations in cell wall composition and structure (Takahashi et al., 2021).

Although previous research found that xyloglucan deficiency had only subtle effects on growth, recent investigations on enzymes involved in xyloglucan biosynthesis, such as xylosyltransferases (XXT), manifested that xyloglucans were required for plant development (Cavalier et al., 2008; Park and Cosgrove, 2012; Xiao et al., 2016; Zhao et al., 2019). The Arabidopsis XXT gene double mutant xxt1 xxt2 is smaller than the wild type but otherwise nearly normal during its development. However, more sophisticated biochemical assays demonstrated that the mutant had more compliant and extensible cell walls than the wild type and developed short root hairs with bulging bases (Cavalier et al., 2008; Park and Cosgrove, 2012; Aryal et al., 2020). In addition, a recent study found that xxt1 xxt2 mutants exhibited significant defects in hypocotyl hook development, with a smaller hook angle and hooks opening earlier than the wild type (Aryal et al., 2020), supporting the role of xyloglucans in strengthening primary walls.



OTHER CELL WALL MODIFYING PROTEINS

In addition to the enzymes discussed above, other proteins, such as endo-1,4-β-glucanases and expansins, also play crucial roles in modifying the cell wall and exerting influences on plant morphogenesis. Plant endo-β-1,4-glucanases hydrolyze β-1, 4-glucan bonds, such as those found in cellulose and xyloglucans. They are involved in xyloglucan hydrolysis during fruit ripening and abscission (Hayashi, 1989; Kemmerer and Tucker, 1994), and cellulose synthesis (Tsabary et al., 2003; Glass et al., 2015). Expansins are proteins that can mediate cell wall loosening and are considered key regulators of extension growth. The molecular basis for expansin action on wall rheology is still unclear, but most evidence indicates that expansins cause wall expansion by loosening non-covalent adhesion between wall polysaccharides (Cosgrove, 2000; Li and Cosgrove, 2001). The molecular structures, potential working mechanisms, and functions of expansins in plant development have been elaborated (Cosgrove, 2015; Marowa et al., 2016), so they will not be discussed in detail here.



CONCLUSION AND PERSPECTIVES

The growth, development, and survival of a plant depend on the flexibility and integrity of its cell walls. Cell walls are under constant remodeling in response to developmental cues and environmental challenges. Modifications and regulations of cell wall polymers, especially pectins and hemicelluloses, by various modifying proteins play a tremendous role in cell wall remodeling. Additionally, alternations in the content and composition of wall polymers, as well as interactions between wall polymers and wall structural proteins, also contribute to cell wall remodeling. How these multi-layers of regulations are coordinated to achieve appropriate cell wall structure and properties is still not completely understood. Burgeoning techniques, such as super-resolution microscopy, computational simulation, and polysaccharide profiling, might facilitate further deciphering of the mechanism by which cells integrate all the signals and regulations concerning cell wall remodeling.
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Over the last decade or so important progress has been made in identifying and understanding a set of patterning mechanisms that have the potential to explain many aspects of plant morphology. These include the feedback loop between mechanical stresses and interphase microtubules, the regulation of plant cell polarity and the role of adaxial and abaxial cell type boundaries. What is perhaps most intriguing is how these mechanisms integrate in a combinatorial manner that provides a means to generate a large variety of commonly seen plant morphologies. Here, I review our current understanding of these mechanisms and discuss the links between them.
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INTRODUCTION

Vascular plants create some of the most striking and diverse architectures in biology. From the fractal-like architectures of fern leaves to the spiral patterns of sunflowers. At the same time, many morphological characteristics are largely conserved, including the flat shape of leaves, the cylindrical shape of stems, and the periodic patterns of organogenesis from the shoot apex. Are there a core set of developmental mechanisms that can potentially explain much of this morphology? In this review, I discuss our current understanding of several such mechanisms and, in particular, how they integrate with one another. These include feedback between mechanical stresses and cellulose orientations via interphase microtubule arrays, auxin and its transport, the role of adaxial-abaxial cell type boundaries, and, lastly, tissue differentiation. The broad coverage of these topics necessarily means that detail may be limited, so I apologize in advance for the many important references omitted. The aim is to clarify the big picture by focusing on a minimal set of key concepts and how they are linked to one another. In this way, I hope a deeper understanding of the broader patterns of plant morphology become apparent.



A MECHANICAL STRESS, CELLULOSE FIBRIL FEEDBACK LOOP PATTERNS PLANT MORPHOGENESIS

Plant cells are encased within a rigid cell wall made from cellulose, pectin, xyloglucans, and other carbohydrates. Like the skin of a balloon, the cell wall prevents plants cells from bursting due to turgor pressure. Unlike a balloon, plant cell walls also behave plastically to enable growth. Cell wall expansion is restricted by cellulose microfibrils which are strong, stiff, and cross-linked. Hence, the orientation of these microfibrils is critical in determining how easily cell walls can expand and grow in different directions. In turn, the orientation of cellulose microfibrils depends on the orientation of interphase microtubules, which guide the trajectories of cellulose synthase enzyme complexes within the plasma membrane (Gutierrez et al., 2009). Feedback from maximal tension directions to cellulose fibril orientations was proposed as early as the 1930s (Castle, 1937; Van-Iterson, 1937) and even taken for granted by the 1950s (Roelofsen, 1950). However, the hypothesis was largely rejected in the 1970s as it was assumed principle stress directions could not be sensed independently of cell wall strains (Gertel and Green, 1977). Indeed, how principle directions of stress can be sensed independently of wall strains associated with growth remains speculative (Williamson, 1990; Hamant et al., 2019). In any case, recent work has provided additional evidence strongly supporting a role for mechanical stresses in orienting microtubules (and by extension cellulose microfibrils) and that this regulation represents a core mechanism for enabling plant tissues to reinforce themselves along principle stress directions and shape their growth.

The evidence supporting the existence of a mechanical stress/microtubule/microfibril feedback loop (from here on abbreviated to stress/cell wall feedback loop) in the shoot apical meristem (SAM) primarily comes from observations that microtubules and cellulose microfibril orientations correlate with predicted maximal tension directions as well as mechanical perturbation experiments demonstrating reorientations in both microtubule and cellulose orientations that are in correspondence with the applied maximal tension (Hamant et al., 2008). In addition, cell division planes have been found to follow predicted stress orientations, thereby further reinforcing plant tissues against tensile stress due to the insertion of new wall material (Louveaux et al., 2016). Importantly, the stress patterns predicted by pressurized shell models, which match observed microtubule orientations, now have experimental support from the finding that when cell-cell contacts are weakened, the resulting cracks and cell separations occur oriented along directions predicted by mechanical models (Verger et al., 2018). What are the consequences of this stress/cell wall feedback loop for plant morphogenesis? There are several important implications. Firstly, supracellular tensile stress patterns provide a means for plant tissues to coordinate the orientation of both cell division planes and cellulose microfibril orientations over relatively large distances. Secondly, if cellulose fibrils and cell walls are oriented to resist tension, this allows the plant to reinforce itself structurally in response to anisotropic forces, i.e., organs or tissues are physically more robust (Bozorg et al., 2014). Lastly, orienting cellulose microfibrils along maximal tension directions means that there is minimal cellulose reinforcement in orthogonal directions, which may promote growth in orthogonal directions. This latter point in particular is expected to enable initial asymmetries in shape to be amplified, potentially explaining some of the common plant organ shapes we see. For example, if a pressurized shell model of the SAM is loosened locally, a bulge forms and maximal tensions orient circumferentially around the bulge (Hamant et al., 2008). This not only matches observed microtubule arrangements but also predicts the formation of a new growth axis orthogonal to the SAM surface (Figure 1A). Conceptualizing a newly formed primordium as a pressurized shell, circumferential stresses would be expected to stabilize cellulose microfibril orientations in a transverse arrangement and thereby promote a robust extension of the new growth axis proximodistally (Bozorg et al., 2014; Figure 1A).
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FIGURE 1. Maximal tension predictions for shell and multicellular-layered mechanical models of the shoot apical meristem (SAM) including organ emergence. (A) Depictions of a pressurized shell model of the SAM and an emerging lateral organ early (left) and later (right) during development. Internal pressure is depicted by the black arrows. Predicted maximum tension orientations along the surface are depicted by gray lines. Note that anisotropic circumferential orientations toward the SAM periphery compared to isotropic stresses toward the apex. Maximum tension orientations are circumferential around the primordium, where wall loosening has occurred. Note that these stress orientations match observed microtubule and cellulose orientations. Circumferential cellulose orientations around the organ primordium would be expected to promote proximodistal growth. (B) Depiction of maximal tension orientations for a multicellular-layered SAM and primordium. The degree to which tensions in this model match those of the shell model depends on the relative stiffness of the outer epidermal cell wall compared to inner cell walls. Maximal tensions along inner anticlinal walls are oriented anticlinally (perpendicular to the SAM surface) matching observations. (C) Depiction of maximal tension orientations (dark lines) in a cross section of multilayered mechanical model of a leaf. Light green marks internal tissues, blue line marks ad-ab boundary. Note that predicted internal tension orientations are aligned largely perpendicular to the ad-ab boundary (although not so much at the leaf margin) and match observed microtubule and cellulose orientations.


Apart from finding that the stress/cell wall feedback loop operates in additional tissue contexts (Sampathkumar et al., 2014; Hervieux et al., 2017; Belteton et al., 2021), an important recent advance has been in developing mechanical models to simulate more complex tissue structures. Rather than assuming pressurized shells, multilayered tissue models have been constructed and compared to simpler models (Ali et al., 2019). Perhaps the most important conclusion from this work has been that the degree to which multilayered models generate similar surface stress patterns to those of shell models depends on the relative stiffness of inner cell layer walls compared to the outer epidermal cell layer walls. Considering known estimates of the thickness of the Arabidopsis SAM outer cell wall, the authors estimated a stiffness ratio of outer to inner walls to be in the range of 3–10:1. Given these ratios, simulations demonstrate that the periclinal stress patterns (i.e., parallel to the tissue surface) in the outer walls of multilayered SAM models resemble those produced by shell models, thus validating earlier approaches (Ali et al., 2019). A second important conclusion from this work is that maximal stress patterns in the anticlinal walls (i.e., perpendicular to the tissue surface) of both the epidermis and underlying cell layers are predominantly oriented anticlinally (Ali et al., 2019), again matching observed microtubule and cellulose orientations (Sakaguchi et al., 1988; Figure 1B). This a priori indicates that loosening the walls of subepidermal cells or randomizing cellulose orientations may result in anticlinal cellular growth, which would account for the initial outward bulge associated with lateral organ formation (see further discussion on auxin’s influence on microtubules see below).

A multilayered cellular mechanical model similar to that used for the SAM above has been applied to understanding stress patterns in developing leaves (Zhao et al., 2020). In a elongate and flattened ellipsoid-shaped leaf model consisting of six cell layers pressurized by turgor, the principle stresses at the surface were found to be circumferential (with respect to the proximodistal axis), similar to models of a stem. Internally, the maximal tensions on anticlinal walls were largely oriented across the adaxial-abaxial axis due to the flattened shape (Zhao et al., 2020; Figure 1C). These orientations also match observed microtubule and cellulose orientations in very young leaf primordia, although the orientations may be better described as anticlinal (rather than aligning along the adaxial-abaxial axis), judging from cellulose and microtubule orientations at leaf margins (Green and Lang, 1981; Sakaguchi et al., 1988; Sylvester et al., 1989; Zhao et al., 2020). However, at slightly older stages, observed microtubules were found not to match model predictions. For the model, stress patterns remained circumferential at the surface and oriented along the proximo-distal axis at the interface between the L1 and L2 cell layers. In contrast, observed microtubules became isotropic in these regions (Zhao et al., 2020). To explore the significance of these different microtubule scenarios for leaf shape, the authors compared how the model behaved without stress/cell wall feedback, with stress/cell wall feedback applied to all cell walls and with stress/cell wall feedback applied to all cell walls except the outer wall of the epidermis. Without stress/cell wall feedback at all, the structure thickened, transforming toward a spherical shape. When stress/cell wall feedback was implemented throughout, the model expanded and flattened more compared to its original slightly flattened shape. Implementing the stress feedback mechanism in all but the outer cell walls resulted in an even more flattened shape compared to the starting point and also made stress isotropic at the interface between the L1 and L2 cell layers, matching the observed microtubules. Thus, the authors conclude that leaf flatness is promoted by the stress feedback mechanisms and a specific decoupling of the stress feedback mechanism in the tangential walls of the leaf epidermis (Zhao et al., 2020). Importantly, however, in order for the stress/cell wall feedback loop to promote flattening, the model template had to be somewhat flattened to begin with. This leaves open the important question of how leaf primordia are initially flattened, as will be discussed further below.

To summarize, considerable evidence supports the existence of a mechanism that enables plant cells to sense principle stress directions in their walls and utilize this information to orient cellulose fibril orientations via the regulation of cortical interphase microtubule arrays. Modeling and experiments demonstrate that this feedback system maintains and reinforces plant structures against anisotropic stresses and, in doing so, orients and stabilizes growth directions. Modulation of the system in particular cell walls or at specific locations is predicted to further differentially regulate growth and generate new growth axes, respectively.



AUXIN, THE CELL WALL DISRUPTOR

Given that a mechanical stress feedback-system operates to physically stabilize plant structures, how are changes to growth patterns brought about in order to initiate and position new grow axes, e.g., flowers and leaves? The plant hormone auxin plays a central role in this process. Over 80years ago, it was found that auxin applied exogenously to Lupin apices induced leaf growth (Snow and Snow, 1937). More recently, it was demonstrated that Arabidopsis plants disrupted for auxin transport failed to form flowers (Okada et al., 1991) and that local auxin application to the meristem of these plants could rescue this defect (Reinhardt et al., 2000). These observations imply that the distribution of auxin at the shoot apex determines where organs form and that auxin transport is required for this. By assessing the polar localization patterns of the auxin efflux carrier PIN-FORMED1 (PIN1), it was subsequently demonstrated that PIN1 likely transports auxin directly to sites of organ inception (Reinhardt et al., 2003). Auxin is well-known to alter cell wall properties. For instance, in some tissues, auxin triggers cellular proton efflux and a consequent lowering of apoplastic pH. Low pH is turn alters the activity of cell wall modifying enzymes such as expansins (Mcqueen-Mason et al., 1992) and pectin methyl esterases (PMEs; Hocq et al., 2017). Acidification of the apoplast is mediated by short-lived proteins encoded by a large family of SMALL AUX UP-RNA (SAUR) genes. Auxin induces the expression of SAUR proteins, which activate the PM H+−ATPase by binding to and inhibiting the activity of PP2C phosphatases (Du et al., 2020). While a role for SAUR proteins in organ initiation has not yet been demonstrated, local application of either expansin or PME to plant meristems is sufficient to trigger organ growth, while constitutive expression of a PME inhibitor blocks organ growth (Fleming et al., 1997; Peaucelle et al., 2008). Measurements using atomic force microscopy also indicate that the walls of subepidermal cells become more elastic at sites of organ formation as well as after treatment with either PME or auxin (Peaucelle et al., 2011; Braybrook and Peaucelle, 2013). All together, these findings indicate that auxin likely triggers organ growth in part by modifying cell wall properties.

Another way in which auxin promotes organ growth is by disrupting the stability of interphase microtubule arrays, which in turn is expected to disrupt cellulose orientations. As discussed above, interphase microtubule arrangements form supracellular patterns aligned along maximal cell wall tensions. However, close examination of these patterns reveals that at sites of organ inception, where auxin accumulates, microtubule orientations are disrupted. Furthermore, auxin application experiments demonstrate that high auxin levels are sufficient to cause such microtubule disruptions (Sassi et al., 2014). By applying the microtubule depolymerizing drug oryzalin to pin1 apices, it was also found that microtubule disruption alone, without auxin, could induce organ formation (Sassi et al., 2014) implying that organ formation is promoted by a shift from anisotropic to isotropic cellular mechanical properties (Sassi et al., 2014). Building on this work, a follow up study identified a set of genes encoding cell wall remodeling enzymes that are expressed in organ primordia that form in response to microtubule disruption (Armezzani et al., 2018). Surprisingly, by monitoring the expression of the auxin transcriptional marker DR5, it was shown that when organs initiate in response to microtubule disruption, auxin signaling is not triggered, implying that auxin signaling is also not involved in promoting the expression of the associated cell wall enzymes. Lastly, this study also demonstrated that the application of PME to the SAM, which previously had been shown to induce organ outgrowth (Peaucelle et al., 2011), was also sufficient to induce microtubule disruption (Armezzani et al., 2018). All together these findings demonstrate that auxin promotes the formation of new growth axes, i.e., leaves and flowers, in part by triggering both microtubule disorganization and the expression of cell wall remodeling enzymes and that these processes reinforce each other.



TRANSCRIPTION FACTORS INVOLVED IN AUXIN TRIGGERED ORGANOGENESIS

What factors act to promote organ formation downstream of auxin? In Arabidopsis, a critical transcription factor that acts downstream of auxin is Auxin Response Factor 5 (ARF5) also named as MONOPTEROS (MP; Przemeck et al., 1996; Guilfoyle et al., 1998; Hardtke and Berleth, 1998). MP regulates the transcription of target genes by recruiting SWI/SNF chromatin remodeling ATPases to their promoters in the presence of auxin (Wu et al., 2015). mp mutants form a flowerless inflorescence apex demonstrating that MP is necessary for flower formation (Przemeck et al., 1996). Combining mutations in MP with mutations in the NPH4 gene, which encodes a related Auxin Response Factor ARF7, results in a more severe phenotype, similar to that of mp mutants treated with the auxin transport inhibitor NPA (Hardtke et al., 2004; Schuetz et al., 2008; Carey and Krogan, 2017). Such plants fail to form both flowers and leaves. Similarly, mutations in MP, ARF3, and ARF4 also fail to produce flowers and leaves (Chung et al., 2019), indicating a broad requirement for ARF function and therefore auxin-induced transcription, for plant organogenesis.

So far, several MP target genes that promote flower formation have been identified in Arabidopsis including AINTEGUMENTA (ANT), AINTEGUMENTA-LIKE6 (AIL6). PLETHORA (PLT), FILAMENTOUS FLOWER (FIL), and LEAFY (LFY). Although mutations in these genes individually do not cause a dramatic loss of organs, several studies show they work together in a redundant fashion to promote flower formation downstream of auxin and MP (Li et al., 2013; Yamaguchi et al., 2013, 2014, 2016; Wu et al., 2015). LFY functions in part by promoting auxin signaling, although it also reduces auxin synthesis (Li et al., 2013). LFY also directly promotes ARF3 or ETTIN (ETT) expression (Yamaguchi et al., 2014), which as discussed above, acts with MP and ARF4 to promote organ development. In part, ETT, ARF4, and MP promote flower formation by repressing STM and BP (Chung et al., 2019) expression. STM and BP are normally downregulated at organ initiation sites and while this downregulation is not essential for organogenesis, their extopic expression suppresses organ differentiation (Lenhard et al., 2002; Aguilar-Martinez et al., 2015) and enhances the organ-less phenotype of weak mp alleles (Chung et al., 2019). MP regulates STM and BP expression through the intermediary FIL, while ETT and ARF4 repress STM expression directly (Kumaran et al., 2002; Chung et al., 2019).

Another set of auxin-induced genes encoding transcription factors critical to organ formation are LEAFLESS (LFS) in tomato and its two orthologs DORNRONSCHEN (DRN) and DRN-like in Arabidopsis (Capua and Eshed, 2017). Both lfs and drn drnl double mutants fail to form any lateral organs including cotyledons, demonstrating these genes play a central role in organ formation (Capua and Eshed, 2017). Exactly, how these genes promote organ formation is still unclear although there is a link to cytokinin since ectopic DRN expression promotes cytokinin-independent shoot regeneration in culture and several cytokinin signaling genes are mis-regulated in the mutant (Banno et al., 2001; Capua and Eshed, 2017).

Perhaps the most enigmatic set of auxin-induced genes involved in lateral organ formation are the WUSCHEL-RELATED HOMEOBOX (WOX) genes. PRESSED FLOWER (PRS), in particular, is expressed in the peripheral zone of the vegetative shoot and at flower initiation sites, possibly together with WOX4 (Caggiano et al., 2017; Eeda and Werr, 2020). When auxin transport is partially compromised, prs mutants fail to form leaves and resemble mp nph4 mutants (Nakata et al., 2018). PRS and WOX4 are also expressed in developing leaves together with WOX1 and WOX5 (Nakata et al., 2012; Eeda and Werr, 2020; Zhang et al., 2020). WOX1, PRS, and WOX5 have been shown to work together to promote leaf lamina expansion (Zhang et al., 2020). Relatedly WOX4 expression in the vasculature is required to promote cambial growth in response to auxin. The role of WOX transcription factors will be discussed further below.



PLANT ADAXIAL-ABAXIAL BOUNDARIES ACT GLOBALLY TO LOCALIZE AUXIN-DEPENDENT GROWTH

Somehow plants must confine auxin-induced growth activity to well-defined regions in order to regulate their architecture. Plant aerial tissues that respond to auxin in terms of localized growth include the SAM peripheral zone (Reinhardt et al., 2000), where new leaves or flowers arise, the margins of leaves, where serrations or leaflets can develop (Scarpella et al., 2006; Koenig et al., 2009) and the vascular cambium, which is responsible for vascular cell proliferation and stem thickening (Suer et al., 2011). All three of these regions can be related to one another in that they are contiguous and centered in between the expression domains of genes encoding adaxial class III homeodomain-leucine zipper (HD-ZIPIII) and abaxial KANADI (KAN) transcription factors, from here on termed adaxial-abaxial (ad-ab) boundaries (Emery et al., 2003; Caggiano et al., 2017; Figure 2A). New organ primordia are centered on the SAM ad-ab boundary at initiation and as these new organs grow, the ad-ab boundary is maintained and propagated within them (Figure 2A). The SAM ad-ab boundary in turn represents the epidermal extension of an ad-ab boundary that runs internally within the stem, corresponding to where xylem, cambium, and phloem develop. The overall pattern of adaxial and abaxial expression is established during embryogenesis (Kerstetter et al., 2001; Mcconnell et al., 2001). What is the significance of this arrangement? In the SAM, if the HD-ZIPIII or KAN genes are ectopically expressed throughout the peripheral zone, organ formation is suppressed (Caggiano et al., 2017). Conversely, in multiple mutants for the HD-ZIPIII and KAN genes, outgrowths develop ectopically from the meristem center or abaxial surface of the hypocotyl, respectively, (Izhaki and Bowman, 2007; Zhang et al., 2017). Similarly, for leaves, ectopic expression of either KAN or HD-ZIPIII genes represses lamina growth while loss of both KAN1 and KAN2 function or loss of the adaxial transcription factor AS2, can lead to ectopic leaf-like outgrowths from the abaxial (Eshed et al., 2004) and adaxial leaf surfaces, respectively (Alvarez et al., 2016). The cambium also lies between the expression domains of HD-ZIPIII genes in the xylem and KAN genes in the phloem (Ilegems et al., 2010). Loss of HD-ZIPIII function leads to a switch from xylem quiescence to cell proliferation and expansion of auxin signaling (Ilegems et al., 2010; Smetana et al., 2019) while ectopic expression of HD-ZIPIII genes in the cambium leads to a cell-autonomous quiescence (Smetana et al., 2019). Like-wise, the loss of KAN function leads to increased cell proliferation, this time in the cambium and pericycle while ectopic KAN1 suppresses cell proliferation by repressing PIN1-mediated auxin transport (Ilegems et al., 2010). In all three regions, therefore, HD-ZIPIII and KAN transcription factors repress cell proliferation and growth, where they are expressed (Figure 2B). Accordingly, genes that promote growth are expressed most strongly in between the HD-ZIPIII and KAN expression domains, i.e., at the ad-ab boundary, in all three different contexts. For instance ANT expression marks a contiguous domain from sites of organ emergence to the vascular cambium and middle domain of the leaf. (Elliott et al., 1996; Long and Barton, 2000; Smetana et al., 2019). It is important to note, however, that while a maximal growth response is centered in between the HD-ZIPIII and KAN expression domains (i.e., at the boundary), it is not an all or nothing response. During leaf formation, for instance, organ founder cells include cells adjacent to the boundary, i.e., in the HD-ZIPIII and KAN expression domains and this enables the propagation of the ad-ab boundary into the growing organ (Caggiano et al., 2017). Perhaps similarly, the cambium xylem and phloem projenitor cells, adjacent to the stem cells, proliferate to form the phloem and xylem (Shi et al., 2019).
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FIGURE 2. Depiction of adaxial (red), abaxial (green), boundary (blue), and pith (grey) regions near the SAM. (A) Note that organ founder cells are centered on the ad-ab boundary within the peripheral zone (dashed circle). The boundary extends from the SAM epidermis internally, where it is associated with the formation of the stem vascular tissue. The boundary also extends into new leaves to their margin. (B) Adaxial and abaxially expressed transcription factors repress auxin induced growth such that organs can only form on the boundary.


Despite the above mentioned similarities, many differences exist between ad-ab boundaries within the different tissue contexts mentioned. For instance, the YABBY genes are required exclusively in leaves to maintain proper boundary function and prevent the expression of meristem associated genes (Sarojam et al., 2010). However, such differences may not be as extensive as first assumed. For instance, while WOX4 has been associated primarily with vascular tissues, a recent study indicates that it may also function in the PZ and leaf (Eeda and Werr, 2020). A comparative approach therefore holds great promise not only for understanding these boundaries within each context but also for understanding how the system as a whole has evolved.



HOW DO AD-AB BOUNDARIES LOCALIZE AUXIN RESPONSIVE GROWTH IN THE SHOOT AND LEAF?

In the Arabidopsis SAM, auxin applied broadly to the surface only elicits a growth response at the peripheral zone, i.e., the SAM ad-ab boundary (Reinhardt et al., 2000). This suggests that auxin itself need not be restricted to the boundary for the growth response to be localized and implies that either general auxin signaling components are localized at the boundary or additional contingent factors are. Consistent with the former possibility, auxin signaling in the SAM and leaves, as indicated by the DR5 reporter, is somewhat restricted compared to the broader auxin distribution detected by the fluorescent auxin signaling sensor DII (Vernoux et al., 2011; Bhatia et al., 2016; Caggiano et al., 2017; Guan et al., 2017; Galvan-Ampudia et al., 2020). Consistent with this, auxin signaling components, such as IAA proteins and ARFs, including MP/ARF5, are more highly expressed in the PZ compared to the neighboring CZ due to their repression by the stem cell promoting factor WUSCHEL (WUS; Vernoux et al., 2011; Ma et al., 2019). Ectopic expression of MP or more potently, a constitutively active version of MP within the SAM central zone (CZ) causes the CZ to become transcriptionally responsive to auxin, as judged by DR5 expression (Ma et al., 2019). However, even under these circumstances, no ectopic organs form (Ma et al., 2019) indicating that the repression of organogenesis by adaxial and abaxial transcription factors extends beyond the regulation of general auxin signaling components.

As mentioned above, one set of factors clearly critical for auxin-induced cell proliferation are the WOX genes. In the leaf, WOX1 and PRS expression is restricted to the leaf ad-ab boundary region, or middle domain where HD-ZIPIII and KAN expression is low or absent (Nakata et al., 2012; Caggiano et al., 2017). Although exogenous auxin application increases their expression levels via MP (Caggiano et al., 2017; Guan et al., 2017), their expression domains do not change (Caggiano et al., 2017), indicating adaxial and abaxial factors must restrict their expression. Abaxially, this is accomplished by ARF2, ARF3, and ARF4 (Pekker et al., 2005; Alvarez et al., 2006; Guan et al., 2017) in conjunction with KAN1 and KAN2 (Nakata et al., 2012). These genes are normally expressed abaxially and in plants reduced for their function, WOX1 and PRS are derepressed, resulting in outgrowths developing from abaxial tissues in a WOX1/PRS dependent manner (Nakata et al., 2012; Guan et al., 2017). Such outgrowths also form if WOX1 is expressed abaxially under the FIL promoter in a wild-type background, demonstrating the potent capability of these genes to promote new growth axes (Nakata et al., 2012). Why WOX gene expression is absent on the adaxial side of the leaf is less clear. One proposal is that auxin levels are low in adaxial tissues, hence preventing WOX expression there (Guan et al., 2017). Evidence supporting this proposal comes in part from observations of the auxin sensor DII, which indicate lower levels of auxin in adaxial cells (Qi et al., 2014) and that constitutively active MP is sufficient to promote WOX1 and PRS expression (Guan et al., 2017) adaxially. However, a difference in auxin levels between abaxial and adaxial tissues has been disputed (Bhatia et al., 2019) and, as mentioned above, auxin application experiments do not result in ectopic adaxial WOX1 or PRS expression (Caggiano et al., 2017), arguing against low auxin levels being responsible for limiting their expression. Rather, there is evidence that PRS (at least) is repressed actively in adaxial tissues by the transcription factor AS2 (Alvarez et al., 2016). Similar to the situation in leaves, in the shoot WOX4 and PRS are expressed roughly, where REV and KAN1 expression is low (Caggiano et al., 2017; Yu et al., 2017; Eeda and Werr, 2020) and PRS function has been shown to be required for leaf formation in conjunction with auxin transport (Nakata et al., 2018). In the shoot, REV and KAN1 repress PRS expression indirectly and directly, respectively, (Ram et al., 2020).

How do the WOX genes promote growth? In part, this may be through maintaining the integrity of the adaxial-abaxial boundary in terms of gene expression (Nakata et al., 2012; Zhang et al., 2017). For instance, in the leaf margin (and perhaps elsewhere), WOX1 and PRS are required to repress miR165/166, FIL and AS2 expression. However, in addition, down-stream target analysis of the leaf-associated WOX1 protein has found that like WUS (Ma et al., 2019), many targets fall into the gene ontology term “response to auxin.” To further investigate, the influence of ectopically induced WOX1 alone, in combination with exogenous auxin or auxin alone were compared and it was found that WOX1 and auxin worked in an additive fashion to regulate common targets. This study also found that WOX1 induction together with simultaneous auxin application had a striking effect on cell proliferation. While auxin alone applied to the Arabidopsis hypocotyl caused lateral root-like structures to form with regular cell files, ectopic WOX1 in combination with auxin caused disorganized growth, with cell division planes appearing randomized. Thus, the authors propose different ratios of auxin to WOX gene activity may specify tissue specific growth patterns (Sassi et al., 2014).

Given the general role of WOX genes, such as WUS, WOX5, and WOX4, in maintaining quiescent stem cell niches, a role for WOX1 and PRS in promoting growth appears somewhat contradictory. However, it may be consistent with the hypothesis that these genes act non-cell autonomously. For instance, both WOX4 and WUS function in the cambium and SAM stem cell niche, respectively, to promote the division of adjacent stem cells nearby. Such a scenario is further supported by the fact that WOX1 and PRS expression, driven by the WUS promoter, can complement the wus mutant in terms of meristem function, although shoot formation is delayed (Dolzblasz et al., 2016). In the context of leaf initiation and growth, this scenario would imply that leaf initials and marginal cells correspond to the stem cell niches of leaf marginal meristems, which is a concept that has recently received renewed support (Alvarez et al., 2016), as discussed further below. If WOX genes cell autonomously promote quiescence, how might they promote growth non-cell autonomously? Interestingly, WOX1, PRS, and WOX5 have recently been shown to promote auxin synthesis via YUC1 and YUC4 expression in the proximal margin of the leaf. Furthermore, expressing YUC1 using the PRS promoter largely rescues the wox1 prs wox5 narrow leaf phenotype, although not the reduced overall size. In contrast, expressing YUC1 using the ML1 promoter throughout the epidermis did not rescue the narrow leaf phenotype, highlighting the role of the leaf margin in driving lateral organ growth (Zhang et al., 2020). Apart from promoting auxin biosynthesis, there is also evidence that WOX proteins are mobile (Yadav et al., 2011; Pi et al., 2015) and that their function depends on the interacting HAM proteins (Han et al., 2020). Hence, another possibility is that WOX proteins may activate or repress auxin-dependent growth in different cellular contexts, depending on HAM co-expression.

Although we have mainly focused on WOX transcription factors as promoters of auxin-induced growth that are restricted in expression to the ad-ab boundary, it is worth noting that in vascular tissues, transcription factors, such as TMO5/LHW and TMO5-likes (Miyashima et al., 2019), and the PEAR transcription factors (Miyashima et al., 2019) act downstream of auxin to promote periclinal cell division and growth. It will be interesting to investigate whether these genes play a similar role in lateral organ development at the SAM.



A PERIODIC PATTERN GENERATOR BUILT USING A COUPLING BETWEEN MECHANICAL STRESS AND AUXIN TRANSPORT

Given auxin responsive domains are established at boundary regions between adaxial and abaxial gene expression domains, how is auxin distributed within these regions to promote regular phyllotaxis? Auxin is transported directly to sites of organ emergence by the auxin efflux carrier PIN1, which forms supracellular polarity convergence patterns along the ad-ab boundary (Jonsson et al., 2006; Smith et al., 2006; Stoma et al., 2008; Cieslak et al., 2015; Abley et al., 2016; Hartmann et al., 2019). Interestingly, the mechanical stress feedback system that governs microtubule orientations appears to play an integral role in this process since mechano-sensitive interphase microtubule arrangements strongly correlate with PIN1 polarity patterns, while neither factor is dependent on the other for proper localization (Heisler et al., 2010; Figure 3A). This necessarily means a tight coupling between growth directions and PIN1 polarity and, in the context of polarity convergence points, serves to promote proximodistal growth oriented toward auxin maxima. Such patterns of growth are particular clear with respect to early leaf development (Kierzkowski et al., 2019).
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FIGURE 3. The regulation of auxin transport within the shoot epidermis. (A) In the shoot epidermis, the auxin efflux carrier PIN-FORMED1 (PIN1; blue) forms supracellular polarity convergence patterns that concentrate auxin locally. PIN1 localization within cells correlates with the orientation of interphase microtubule arrays (red), suggesting a role for mechanical stresses in regulating PIN1. (B) Auxin influences the polarity of PIN1 in a feedback loop. Modeling indicates this feedback is sufficient to generate a periodic spacing between PIN1 polarity convergence patterns (blue) and thus auxin maxima (yellow) along the ad-ab boundary (dark blue) located between adaxial (red) and abaxial (green) tissues. (C) Illustration depicting how differential auxin concentrations might regulate PIN1 and microtubule localization via changes to mechanical stress. High levels of auxin (yellow) in one cell triggers cell wall loosening. This leads to higher tension levels within the cell wall of an adjacent cell, which acts to polarize PIN1 (blue) and orient cortical microtubules (red). (D) Illustration depicting how high levels of auxin might regulate PIN1 via changes in auxin flux. High levels of auxin (yellow) triggers the expression of the auxin influx carrier as well as auxin degradation. This promotes an increase in diffusive auxin into the cell from adjacent cells. Increased auxin efflux in the adjacent cells promotes a corresponding PIN1 polarity (blue).


Given the considerable evidence supporting a role for mechanical stress in orienting microtubules, the close alignment of PIN1 localization with microtubules implies mechanical stress helps to orient PIN1 polarity. Notably, other proteins, including BASL and BRXL2, also share a polarity axis with PIN1 and respond similarly to mechanical perturbations demonstrating that mechanical stress likely provides polarity information generally (Bringmann and Bergmann, 2017; Mansfield et al., 2018). If mechanical stress plays a role in orienting PIN1, auxin might also be expected to orient PIN1 since high concentrations of auxin likely alter stress patterns by disrupting interphase microtubule arrays and alterning the activity cell wall modifying enzymes, as mentioned above (Reinhardt et al., 2000; Zhao et al., 2020). Computational modeling has also demonstrated that with the right rules, feedback between auxin and its transport can generate the periodic spacing patterns typical of plant phyllotaxis (Jonsson et al., 2006; Smith et al., 2006; Stoma et al., 2008; Hartmann et al., 2019; Figure 3B). Experimental evidence supporting the type of feedback envisaged by these models comes from observing PIN1 polarity responses to local auxin application (Bayer et al., 2009) or clonal expression of MP (Bhatia et al., 2016). In these experiments, PIN1 polarity reorients in a convergence pattern toward applied auxin or toward MP expressing cells, thereby acting to increase local auxin signaling further in a positive feedback loop (Bhatia et al., 2016). Microtubules also orient circumferentially, maintaining their alignment with PIN1, suggesting auxin reorients the cell polarity axis by altering mechanical stresses (Bhatia et al., 2016). A similar response to auxin likely occur in the cambium where cell divisions are “organized” by MP expressing clones non-cell autonomously in a circumferential pattern (Smetana et al., 2019).

The question of exactly how auxin or MP influences PIN1 polarity is still not settled (Ten Tusscher, 2021). Apart from a lack of molecular understanding, modeling indicates that at least two alternative types of feedback from auxin can account for the observed response of PIN1 to local MP expression. If auxin loosens cell walls for instance, high levels of tension caused by this loosening can act as a polarity cue for neighboring cells (Heisler et al., 2010; Figure 3C). Alternatively, auxin acting through MP may promote auxin influx and degradation, thereby increasing auxin flux from neighboring cells, which might act as the polarity cue (Abley et al., 2016; Figure 3D). However, a recent study indicates that PIN1 polarity is relative insensitive to the polarity of neighboring cells arguing against auxin flux as a polarity determinant (Kareem et al., 2021).



THE ENIGMA OF LEAF MORPHOGENESIS

Previously, in relation to mechanical stress and microtubule orientations, we discussed leaf flattening and how it could be accounted for by mechanical stress patterns regulating microtubule and cellulose orientations across the leaf ad-ab axis (Figure 1C). However, it was found that such feedback could only promote flattening of the leaf if the leaf primordium was already somewhat flattened. How could a leaf primordium become flattened initially? One proposal in the literature is based on differences in measured stiffness of adaxial vs. abaxial tissues within the leaf primordium. It was found that adaxial tissues were stiffer than abaxial while a third intermediate domain was identified at later developmental stages (Qi et al., 2017). Computer simulations of a 2D mechanical model of a leaf primordium incorporating these mechanical differences appeared to demonstrate a flattening during growth as a result of differences in growth rates (Qi et al., 2017). However, it has been subsequently pointed out that the growth simulation in this study was not based on the commonly accepted principle that growth depends on cell walls yielding to a common turgor pressure. Instead, stiff walled cells were allowed to exert larger forces on their neighbors and therefore invade the domain of less stiff walled cells (Coen and Kennaway, 2018; Feng et al., 2018). Taking the same assumptions of stiffness but implementing a uniform turgor pressure assumption led to a very different but more intuitive result, calling into question the differential stiffness hypothesis (Coen and Kennaway, 2018). Is there another mechanism that might promote leaf flattening that could work in combination with mechanical feedback?

Many leaf primordia likely start with an oval rather than circular-shaped cross-section simply because the auxin-response zone from which they form, i.e., the ad-ab boundary, is narrow and linear. In other words, even if auxin is concentrated at the ad-ab boundary in an irregular or circular distribution, because maximum auxin sensitivity lies along a narrow linear domain, the growth response will also be focused along this domain. According to this proposal an asymmetric primordium will arise whenever the domain of auxin accumulation is greater in diameter than the ad-ab boundary itself (Figure 4A). An example of an asymmetric shape at initiation is perhaps most obvious not only for sepal primordia in Arabidopsis flowers (Zhao et al., 2020) but is also apparent for Arabidopsis and tomato leaves (Zhao and Traas, 2021). Supporting this proposal, an inhibition of auxin transport in pin1 mutants or by NPA treatment typically leads to wider but not necessarily thicker leaves (Okada et al., 1991), presumably due to a broader than usual auxin distribution, combined with a narrow linear response zone. Direct evidence that the initial configuration of the ad-ab boundary sets up organ growth patterns comes from experiments, in which ectopic KAN1 expression was induced in the Arabidopsis SAM (Caggiano et al., 2017) causing changes to the ad-ab boundary configuration (Figure 4B). Within the leaf primordia that subsequently developed, the boundary in organ founder cells could be correlated with an assortment of distinct morphologies indicating a fundamental role for the SAM ad-ab boundary in shaping leaf morphogenesis (Caggiano et al., 2017; Figure 4B). Does this mean that the ad-ab boundary plays no role in shaping growth after initiation and that mechanics might take over completely? An early model proposing a more ongoing and active role for the ad-ab boundary in shaping leaf development comes from early observations by Waites and Hudson of the phantastica (phan) mutant of Antirrhinum. In phan leaves, these authors found instances were abaxial cell types appeared ectopically on the adaxial side of the leaf. Associated with these ectopic cell types, ectopic leaf-like outgrowths appeared that were centered on the ectopic ad-ab boundary (Waites and Hudson, 1995). From these observations, Waites and Hudson proposed that the juxtaposition of adaxial and abaxial cell types might lead to the formation of an organizer that influences leaf growth non-cell autonomously through long-range signaling molecules (Waites and Hudson, 1995), analogously to the boundary-localized organizers of the fly wing (Figure 5A; Meinhardt, 1983; Diaz-Benjumea and Cohen, 1993). More recently, an extension of this idea has been applied to understanding the role of ad-ab boundaries in shaping the Carnivorous trap Ultricularia gibba. In this case, the young leaf primordia approximate a circle in cross-section and yet develop an elaborate morphology that can be predicted from the ad-ab boundary configuration (Whitewoods et al., 2020; therefore arguing against mechanical stress-feedback as the only regulating factor). The authors propose a hypothetical ortho-planar polarity field that extends between the epidermis and ad-ab boundary, meeting both at right angles (Figure 5B; Whitewoods et al., 2020). Simulations show that when growth rates are explicitly reduced along this axis compared to the other orthogonal axes, this is sufficient to generate various leaf morphologies, including those of carnivorous traps (Whitewoods et al., 2020). This is a striking result that matches the ortho-planar orientation of interphase microtubules and cellulose fibrils observed within growing leaves (which would be expected to reduce growth along this axis), as discussed above (Zhao et al., 2020). However, note that the close similarity in the proposed polarity field (Figure 5B) with the orientation of maximal mechanical tensions predicted by mechanical modeling (Figure 1C). Given that microtubules are already known to be mechano-sensitive, the question could be asked as to whether the hypothetical polarity field could correspond to mechanical stresses? While both models depend on primordium shape, the ortho-planar polarity field model also depends on the ad-ab boundary, i.e., ad-ab gene expression patterns. So even a symmetrical primordium will flatten over time according to the ortho-planar polarity field model, as long as an initial ad-ab boundary is present. This is not the case for the stress-feedback model (at least with no additional assumptions) since it entirely depends on organ shape. Since WOX genes promote leaf widening in part by promoting auxin synthesis (Zhang et al., 2020), one scenario is that post-initiation, the leaf margin serves as a source of auxin and combined with mechanical stress-feedback, this could account for an ongoing role for the ad-ab boundary in shaping leaf morphogenesis. Further evidence indicating such an ongoing role comes from examining developing leaves when differentiation is suppressed, as discussed below.
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FIGURE 4. Influence of the ad-ab boundary on leaf growth. (A) Illustration showing how the shape of the auxin-responsive ad-ab boundary (blue) together with auxin (yellow) influences the configuration of organ founder cells (domain outlined by dashed line). As the boundary represents where response to auxin is maximized, cells farther away from the boundary are not recruited. As a consequence, while a broader auxin distribution promotes widening of the leaf primordium along the ad-ab boundary, its thickness across the ad-ab boundary remains unchanged. (B) Changes to the configuration of adaxial (red) and abaxial (green) cell types in the SAM mean that the spatial configuration of the auxin responsive boundary (blue) in relation to organ founder cells (dashed outline) changes. In turn, this can result in dramatic alterations to leaf morphology and cell type patterning. The top configuration shows wild-type development while the other configurations show alterations caused by ectopic expression of KAN1 in the SAM central zone.
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FIGURE 5. Proposals for how the ad-ab boundary might influence leaf morphogenesis. (A) Model for the establishment and function of a boundary-localized organizer in animals. Short-range signaling between dorsal (red) and ventral (green) cells results in the formation of a specialized boundary cell type (blue) corresponding to an organizer. The boundary cell type produces long-range signals that act to pattern the surrounding tissue according to concentration thresholds. Adapted from Meinhardt (1983). (B) A model for how the ad-ab boundary might influence leaf morphogenesis. A polarity field is invoked, Kper, that is perpendicular to the proximodistal axis (Kpd) and begins at the organ surface and ends at the ad-ab boundary. Growth is specifically reduced along Kper relative to the other two orthogonal directions Kpd and Kop. This assumption is sufficient for model simulations to generate a flattened leaf as well as other observed leaf morphologies, regardless of the initial shape of the primordium. Modified from Whitewoods et al. (2020).




DIFFERENTIATION – THE GATEKEEPER OF MORPHOGENETIC POTENTIAL

As previously discussed, the leaf margin represents a continuation of the ad-ab boundary or auxin responsive zone present in both the SAM and vascular system. Similar to the SAM PZ epidermis, the formation of new growth axes at the leaf margin is promoted by auxin, which is concentrated at serration sites by convergently polarized PIN1 much like at the SAM PZ. In the leaf, however, convergent patterns of PIN1 polarity require the function of CUC2, a NAC-domain transcription factor (Nikovics et al., 2006). CUC2 expression is downregulated by auxin at PIN1 convergence sites but expressed in adjacent regions where it represses growth. Thus, auxin and CUC2 work in an opposite fashion to regulate contrasting growth patterns (Bilsborough et al., 2011). Why does not the Arabidopsis leaf margin produce fully fledged leaves like the SAM PZ? In other species, such as Cardamine hirsuta, leaves can be complex with secondary leaves developing from the margin of the primary leaves (Hay and Tsiantis, 2006). Studies have shown that the formation of leaflets critically depends on KNOX-I and KNOX-II class transcription factors, which act antagonistically to inhibit and promote the dissection of leaf margins into leaflets, respectively. For instance, KNOX-I expression, which is present in the SAM, is largely excluded from the simple leaves of Arabidopsis while, in C. hirsuta, the KNOX-I genes chBP chSTM, ChKNAT2, and ChNAT6 are expressed in leaves, where they redundantly promote leaflet formation (Rast-Somssich et al., 2015). How do these genes influence leaf dissection? The KNOX-I genes suppress differentiation (Kierzkowski et al., 2019), i.e., the transition from a slow growing, slow dividing pluripotent state to a more specialized and determined state. Ectopically expressing the KNOX-I gene STM in Arabidopsis leaves for instance slows and prolongs the growth of distal tissues such that additional PIN1/CUC2-mediated serrations have the opportunity to arise. This pattern mimics the development of C. hirsute leaves except that C. hirsuta utilizes an additional transcription factor, RCO, which acts locally to enhance the suppression of growth at the sinuses such that they remain closer to the midrib (Kierzkowski et al., 2019). Expressing RCO under its own promoter in Arabidopsis combined with ectopic STM expression recapitulates C. hirsuta leaf morphology. As might be expected if KNOX-II genes promote differentiation, Arabidopsis loss of function mutants for the KNOX-II genes KNAT3, KNAT4, and KNAT5 develop an enhanced serration or lobing phenotype that looks very similar to that caused by ectopic STM (Serikawa et al., 1997; Furumizu et al., 2015; Figure 6).
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FIGURE 6. Continued organogenesis at the ad-ab boundary of the leaf, i.e. margin, depends on differentiation factors. Loss of function for different differentiation factors including NGATHA, TCP, and KNOX-II transcription factors in different combinations, results in differing degrees of continued growth and leaf dissection. Adapted from Furumizu et al. (2015), Alvarez et al. (2016), and Challa et al. (2021).


Other genes that regulate leaf differentiation encode members the GNATHA (NGA) and CINCINNATA class-TCP (CIN-TCP) transcription factor families. Strikingly, when the function of these proteins is jointly reduced leaf growth continues indefinitely (Alvarez et al., 2016; Figure 6). Importantly, this indeterminate growth appears driven from the margin since it depends on the activity of WOX1 and PRS, which are expressed at the leaf margin. Knocking out NGATHA and CIN-TCP factors specifically at the leaf margin is also sufficient to promote indeterminate growth. Both cell divisions and auxin-dependent MP expression mark the marginal cells and cells marked with dye are found to be displaced away from the margin over time indicating continued production of leaf lamina tissue from the margin (Alvarez et al., 2016). Global gene expression profiles of older leaves suppressed for NGATHA and CIN-TCP function also indicate a differentiation state matching that of initiating wild type primordia. These observations, combined with the finding that only marginal YUC1 expression can rescue the leaf width defect of prs wox1 mutants (Zhang et al., 2020; mentioned earlier), supports a scenario in which lamina growth during the early stages of wild-type Arabidopsis leaf development is actively driven and shaped by cells at the margin, supporting the concept of a marginal meristem (Alvarez et al., 2016). How do the NGATHA and CIN-TCP transcription factors influence adaxial-abaxial patterning? As mentioned above, when adaxial or abaxial gene function is compromised, ectopic organs can form from adaxial or abaxial leaf tissues, respectively. However, the extent of these outgrowths is usually limited. If the differentiation program is suppressed at the same time as adaxial or abaxial gene activity is reduced, ectopic organogenesis is dramatically increased because a larger proportion of the leaf can respond and secondly, because the outgrowths themselves can grow indeterminately (Alvarez et al., 2016).

Finally, what happens to Arabidopsis leaves if knockdown of the CIN-TCP function is combined with knockdown of Class II KNOX function? In this case, super-compound leaves are formed as leaflets initiate indefinitely (Figure 6). This involves the activation of KNOX-I genes KNAT2 and KNAT6, which positively regulates CUC2 in a feedback loop (Challa et al., 2021). How an additional loss of NGATHA activity in this background might influence leaf morphology remains an interesting question to follow up.



CONCLUSION AND FUTURE PERSPECTIVE

Overall, the findings discussed immediately above reveal just how major a role the differentiation program plays in constraining plant morphogenetic potential and how its modulation can generate morphological diversity. Just as importantly though, the work discussed throughout this review highlights how several core patterning mechanisms integrate to generate that potential. Firstly, a mechanical stress feedback system not only physically supports the integrity of plant structures such as the leaves but also likely promotes their anisotropic growth (Figure 1). To form new growth axes therefore, stress reinforcement must be disrupted. This is accomplished by auxin, both through its ability to disrupt microtubule arrays and by its influence on cell wall enzymes. Such activity cannot operate unconstrained however. Auxin activity is restricted and patterned in several ways. The first corresponds to the action of adaxially and abaxially expressed transcription factors that limit auxin responsiveness to narrow boundary domains (Figure 2). This restriction profoundly influences lateral organ development by (1) restricting organogenesis to the shoot PZ (Figure 2), (2) shaping growth of the leaf primordium (Figure 4), and (3) promoting the propagation of ad-ab boundaries within new organs to potentiate iterative organogenesis (Figures 2, 6). Where the ad-ab boundary meets the epidermis, auxin is distributed periodically due to a feedback loop with its transport, which is somehow integrated with the microtubule-stress feedback system. This not only promotes a regular spacing between organ primordia, whether at the PZ or leaf margin, but also, an alignment between growth direction and PIN1 polarity. Finally, all this is kept in check via the action of genes that promote organ differentiation (Figure 6).

How broadly can the above narrative be applied? This is an interesting question for future studies. For instance, despite a lack of firm conclusions, early work on cellulose orientations in the cell walls of individual Nitella cells reveal extremely similar behavior to what is thought to occur in multicellular Arabidopsis meristem tissues, e.g., circumferential orientations in response to local loosening at the surface (mechanically induced laterals; Green, 1964; Green and King, 1966). In terms of ad-ab boundaries, similar configurations of adaxial and abaxial gene expression to that seen in Arabidopsis have now been observed in the shoot meristems of various fern species suggesting megaphyll leaves share a common developmental program and association with vascular cambium (Vasco et al., 2016; Zumajo-Cardona et al., 2019). While the downregulation of KNOX-1 genes in leaf primordia is not observed in ferns, this has been interpreted as potentially reflecting delayed determinacy (Harrison et al., 2005), which seems supported by fern leaf morphology. While the data on organ initiation and PIN polarity convergences are sparse, examples are known from other eudicot and monocot species including tomato (Bayer et al., 2009), maize (Gallavotti et al., 2008) and Brachypodium (O’connor et al., 2014) and wounding experiments indicate the same type of inhibitory field model applied to Arabidopsis to explain organ spacing in abstract terms (Godin et al., 2020) is applicable to fern phyllotaxis (Steeves and Sussex, 1989). Given this, what steps were likely critical to leaf evolution? One precondition might be the presence of a circumferential ad-ab boundary around the SAM since this establishes position and ad-ab patterning, which is critical to developing a flattened organ oriented correctly with respect to the shoot axis (Caggiano et al., 2017). A second step may be the recruitment of factors such as the YABBY genes that promote a leaf-specific differentiation and growth program including the repression of SAM expressed genes (Sarojam et al., 2010).

Finally, while the narrative I have described attempts to paint a smooth picture, it is important to remember that the molecular mechanisms underlying many of the developmental processes described remain largely unknown. Of particular note, we do not understand how cell wall stress directions are apparently conveyed to microtubule orientations and the details for how this relates to PIN1 polarities. There are also many aspects of ad-ab boundary function that we do not understand. These and many other problems remain exciting challenges for the future.
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Whereas stem cell lineages are of enormous importance in animal development, their roles in plant development have only been appreciated in recent years. Several specialized lineages of stem cells have been identified in plants, such as meristemoid mother cells and vascular cambium, as well as those located in the apical meristems. The initiation of axillary meristems (AMs) has recently gained intensive attention. AMs derive from existing stem cell lineages that exit from SAMs and define new growth axes. AMs are in fact additional rounds of SAMs, and display the same expression patterns and functions as the embryonic SAM, creating a fractal branching pattern. Their formation takes place in leaf-meristem boundaries and mainly comprises two key stages. The first stage is the maintenance of the meristematic cell lineage in an undifferentiated state. The second stage is the activation, proliferation, and re-specification to form new stem cell niches in AMs, which become the new postembryonic “fountain of youth” for organogenesis. Both stages are tightly regulated by spatially and temporally interwound signaling networks. In this mini-review, I will summarize the most up-to-date understanding of AM establishment and mainly focus on how the leaf axil meristematic cell lineage is actively maintained and further activated to become CLV3-expressed stem cells, which involves phytohormonal cascades, transcriptional regulations, epigenetic modifications, as well as mechanical signals.
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INTRODUCTION

Plants display incredible organogenetic ability and developmental plasticity throughout the whole life cycle, which comes from the sustained activity of stem cells in apical meristems. In addition, stem cells contained in apical meristems are protected from harsh conditions including drought, high salinity, high temperatures, and UV irradiation accompanying the movement from aquatic to terrestrial habitats. Therefore, these stem-cell harboring structures comprise the “fountain of youth” for indeterminate plant growth (Baurle and Laux, 2003) and represent an important innovation during plant colonization of land (Pfeiffer et al., 2017; Nishihama and Naramoto, 2020). Hence, specification of stem cells and establishment of stem-cell harboring structures is an important problem to study in the field of plant development.

Stem cells are formed not only during embryogenesis, but also in postembryonic development when axillary meristems (AMs) initiate. Stem cells are specified in the center of newly established AMs. AM formation involves cell fate determination, meristematic cell maintenance, and meristem organization. AMs form in the leaf axil located at the leaf base, giving rise to lateral branches as new growth axes and conferring seed plants a ramifying and fractal architecture. Because of the activity of AMs, the shoot is self-replicating and scalable at different levels of branching, generating a fractal geometry pattern. The reiterative AM initiation from boundary regions suggests that it is a highly robust and precisely controlled developmental process. The establishment of AMs combined with the subsequent outgrowth of AMs determines the number and activity of lateral branches and therefore significantly influences crop yield. Each AM has the same developmental potential as the shoot apical meristem (SAM) and is required for new lateral organ formation on lateral branches. Once the AM begins to express marker genes such as WUSCHEL (WUS) and CLVATA3 (CVL3), we consider that new stem cells have emerged.



A LEAF AXIL MERISTEMATIC CELL LINEAGE

Given that cells in AMs originate from the SAM, the origin and establishment of the stem cell niches in AMs is of particular interest to the scientific community. AMs are formed at the base of their subtending leaves on the adaxial side, which faces toward the SAM. One possible scenario is that stem cells detach from the SAM and retain their fate during leaf formation. Conversely, because AMs are clonally related to their subtending leaves (Furner and Pumfrey, 1992; Irish and Sussex, 1992), it is also possible that AMs arise from differentiating tissues and the new stem cell niches are reconstituted de novo in AMs. Whether AMs originate as detached meristems or de novo induced ones had remained as a long-debating question in developmental biology (Steeves and Sussex, 1989; Long and Barton, 2000). Although these seem to be two incompatible models, recent studies with live-imaging on leaf axil cells suggest that in fact they can be reconciled and combined into a single two-step regulation model. SHOOTMERISTEMLESS (STM) encodes an important KNOTTED-like transcription factor required for both embryonic shoot apical meristem (SAM) formation and AM formation in leaf axils, suggesting that SAM and AM share a common molecular regulatory mechanism. AM formation can be divided into two steps, meristematic cell lineage maintenance and stem cell activation (Wang and Jiao, 2018). In the meristematic cell lineage maintenance phase, cells in the leaf axils express low levels of STM (Burian et al., 2016; Shi et al., 2016), which is not sufficient for AM initiation but necessary to keep stem cell competence. These cells lack the expression of either CLV3 or WUS, and are distinct from stem cells in the SAM central zone. In the subsequent stem cell activation phase, STM expression is highly elevated beyond a certain threshold, which supports the induction of AM initiation and bulging. Multiple studies have shown that cells with low or no STM expression are no longer able to initiate AM formation (Shi et al., 2016; Cao et al., 2020). WUS and CLV3 are subsequently expressed in the AM to reestablish stem cells (Wang et al., 2017). These findings suggest that there exist lineages of meristematic cells and STM expression is an essential hallmark of the meristematic cell lineages.

AM formation involves multiple transcription factors and is finely tuned and shaped by a variety of phytohormones including auxin and cytokinin. Besides these biochemical signals, it takes place in the crease-like boundary region and is exposed to and regulated by strong anisotropic mechanical stress-derived signals. Here I review the recent research proceedings about meristematic cell lineage, which expresses STM, mainly from the perspectives of phytohormones, transcription factors, and mechanical signals arising from the boundaries. However, due to the limit of space, I may not be able to cover all the relevant literature, and further refer readers to excellent review articles that elaborate more on SAM stem cell maintenance, and/or boundary formation (Ha et al., 2010; Hepworth and Pautot, 2015; Wang et al., 2016; Pfeiffer et al., 2017).



THE ROLES OF PHYTOHORMONES

Phytohormones are key regulators in plant growth and development. Phytohormones that play prominent roles in AM initiation include auxin, cytokinin (CK), gibberellins (GA) and possibly brassinosteroids (BR).

Auxin is essential in plant development, especially in organ initiation and growth. On the other hand, the absence or low levels of auxin is also necessary for shoot meristem maintenance, axillary meristematic cell competence maintenance, as well as subsequent axillary meristem initiation. PIN protein-mediated auxin transport is essential in creating such minima (Wang Q. et al., 2014; Wang Y. et al., 2014). However, auxin signaling is also required for stem cell activation, i.e., the second step in AM initiation. A recent study in Arabidopsis found that AM initiation is severely compromised in a dominant gain-of-function allele of MONOPTEROS (MP), encoding a class A Auxin Response Factor (Guo et al., 2020). On the one hand, AM initiation is also mildly reduced in a hypomorphic loss-of-function mp allele. Whereas STM is no longer maintained in the gain-of-function MPΔ allele, STM expression maintenance is largely unaffected in the loss-of-function allele, suggesting that auxin is required for the second step of AM initiation (Guo et al., 2020). MP may activate the expression of PINHEAD/ARGONAUTE10, whose protein product sequesters miR165/166, and can promote AM initiation (Mcconnell and Barton, 1995; Lynn et al., 1999; Zhang C. et al., 2020). Nevertheless, it needs to be tested if the MP activation activity functions in the leaf axil or elsewhere. Consistent with the roles of auxin in promoting the second step of AM initiation, maize auxin biosynthesis mutants are defective in vegetative AM initiation (Matthes et al., 2019). Together, an initial auxin minimum followed by a low level of auxin signaling is required for AM initiation. It should be noted that multifaceted functions of auxin are not only required in vegetative AM initiation, but also in SAM homeostasis, evidenced by the low auxin levels and signaling outputs in the central zone and that the ectopic expression of the dominant auxin-insensitive form of an AUX/IAA repressor, BODENLOS, in the stem cell niche causes SAM termination (Ma et al., 2019).

CK has been implicated in many developmental processes involving cell proliferation and differentiation. CK regulates AM initiation and particularly plays a role in the activation of stem cells required for AM function. Similar to its essential presence in SAM (Shi and Vernoux, 2021; Yang et al., 2021), its high signaling strength is also required in AM (Wang Y. et al., 2014; Wang et al., 2017). It remains to be determined for AMs whether CK promotes cell proliferation through nuclear shuttling of Myb-domain protein 3R4 (MYB3R4) as in SAM (Yang et al., 2021). Consistently, mutations in type-B ARRs result in defective AM formation, probably due to the failure in activating WUS expression (Wang Y. et al., 2014; Wang et al., 2017).

A recent study suggested a critical role of a third phytohormone, GA, in repressing axillary meristem formation through the action of DELLA proteins and miR156/SQUAMOSA-PROMOTER BINDING PROTEIN LIKE 9 (SPL9) module (Zhang Q. Q. et al., 2020). The crosstalk and balance between GA metabolism and LAS precisely regulate AM formation at spatial and temporal resolutions. Low GA levels in leaf axils are crucial to maintain the AM initiation ability. It remains to be answered whether GA counteracts with CK in stem cell competence maintenance or activation. AM initiation deficiency of GA mutants are relatively weak, implying indirect regulations or genetic redundancy.

The fourth phytohormone that may regulate AM initiation is BR, which promotes cell enlargement and differentiation, and is required for organ morphogenesis (Clouse and Sasse, 1998). BR-activated transcription factor BRASSINAZOLE-RESISTANT1 (BZR1) represses the expression of the boundary specific genes such as CUP-SHAPED COTYLEDON (CUC) and LATERAL ORGAN FUSION 1 (LOF1) genes (Lee et al., 2009; Gendron et al., 2012) that promote AM initiation, and therefore may mediate BR-dependent suppression of stem cell fate. PHYB ACTIVATION TAGGED SUPPRESSOR1 (BAS1), a BR-inactivating enzyme, is specifically activated in organ boundaries and leads to reduced BR response (Bell et al., 2012), which, combined with the absence of BZR1 in boundaries, suggests that BR plays a positive role in organ specification and a negative role in meristematic cell fate maintenance. However, BZR1 is also expressed in inflorescent SAM, suggesting that BR may work in a more complex fashion to repress stem cell lineage in boundaries, or that during reproductive stages BR play roles other than repressing SAM indeterminacy. In fact, AM deficiency is only marginal in BR mutants. As such, the roles of BR in AM initiation warrant further clarification.



GENE REGULATORY NETWORK COMPOSED OF TRANSCRIPTION FACTORS AND EPIGENETIC REGULATORS

Genetic studies in Arabidopsis thaliana, tomato (Solanum lycopersicum), rice (Oryza sativa), and maize (Zea mays) revealed a handful of transcription factors involved in axillary meristem initiation. These transcription factors include CUC, LATERAL SUPPRESSOR (LAS), REGULATOR OF AXILLARY MERISTEMS (RAX), REVOLUTA (REV), and REGULATOR OF AILLARY MERISTEM FORMATION (ROX) in Arabidopsis and tomato, and their orthologs in monocots (Rick and Butler, 1956; Williams, 1960; Talbert et al., 1995; Greb et al., 2003; Li et al., 2003; Keller et al., 2006; Muller et al., 2006; Raman et al., 2008; Yang et al., 2012). They comprise important gene regulatory networks (GRNs) for AM initiation. Cell type-specific TRAP-seq studies revealed LAS and CUC as the dual hubs of the AM-regulatory GRNs (Tian et al., 2014), the expansion of which still awaits more network components to emerge. The genetic interactions between these factors and other executive factors ensure relatively robust AM initiation. Malfunction in these transcription factors results in defective AM formation, much of which is associated with failure in meristematic cell maintenance or stem cell activation (Shi et al., 2016; Wang et al., 2017). For example, in las mutants, STM mRNA is diminished from the middle regions in boundaries, where AMs are supposed to arise from Greb et al. (2003). Its accumulation in early stages is not affected, suggesting that the up-regulation of STM expression and subsequent stem cell niche re-establishment may be affected.

Intriguingly, all the transcription factors seem to converge onto the same gene regulator, STM, to regulate AM initiation. The basal level of STM expression is necessary to maintain the morphogenetic competence in leaf axils (Burian et al., 2016; Shi et al., 2016). At this stage, STM protein and its interacting ARABIDOPSIS THALIANA HOMEOBOX GENE1 (ATH1) protein form a heterodimer, which binds and keeps permissive chromatic environment at the STM locus, thus forming a self-activation loop (Cao et al., 2020). Such an auto-regulation loop allows the rapid activation of STM transcription in the following phase. The elevation in STM expression levels further requires the HD-ZIP III family transcription factor REV in the second step of AM initiation. Because STM promotes CK biosynthesis (Jasinski et al., 2005; Yanai et al., 2005; Coudert et al., 2019), elevated levels of STM are required for a CK signaling maxima in AM, which in turn is required to activate WUS expression (Figure 1; Wang Y. et al., 2014; Wang et al., 2017). Together, these genes mark the establishment of a new functional SAM. Once established, the stem cell niche of AM may be self-maintained through a plasmodesmata-dependent non-cell-autonomous WUS transport, as in SAM (Yadav et al., 2011; Daum et al., 2014). In addition, we also expect that CLV3-mediated WUS nuclear-cytoplasmic partitioning also regulates WUS gradient in the AM organization center and in turn affects its own expression and the stem cell homeostasis as in SAM (Plong et al., 2021). The positive feedback between WUS and CK through type-A ARRs (Leibfried et al., 2005) also remains to be tested for AMs.


[image: image]

FIGURE 1. A conceptual model of the two-step regulation of AM initiation. Low levels of STM expression is maintained in early leaf primordium (P3) axils to reserve the competence of leaf axil cells to form AMs. High levels of auxin as well as unleashed auxin signaling (represented by MP) suppress STM expression and cell competence. In more mature leaf primordia (P8), the expression of REV, which is regulated by LAS, up-regulates STM expression to promote AM initiation. GA suppresses LAS expression through the action of SPL9, and vice versa, LAS suppresses GA biosynthesis. In parallel, RAX1 promotes CUC2/3 expression, which in turn activates STM and LAS expression. STM promotes cytokinin biogenesis, which, during the AM initiation stage, then activates WUS expression de novo through type B-ARRs to enable stem cell specification and axillary bud formation. WUS activates the expression of the secreted peptide CLV3, which in turn downregulates WUS expression through the Leucine-rich repeat receptor kinase CLV1. Epigenetic modification is involved in restricting gene expression in the leaf axil. In each part of the diagram, the red inhibition symbols indicate transcriptional repression, and the green arrows indicate transcriptional activation. Modified from Wang and Jiao (2018).


The differential STM and WUS expression timing patterns are achieved through epigenetic modifications around the promoter region. In Arabidopsis, Polycomb Group Repressive Complex 1 (PRC1) and PRC2 are actively involved in STM locus modification in mature leaf cells and mediate transcriptional repression (Figure 1; Shi et al., 2016). Similarly, they also establish the repressive environment around WUS gene locus (Figure 1; Wang et al., 2017). By contrast, in tomato, PRC2 component Super Determinant 1A (Sde1A) and PRC1 component B cell-specific Moloney murine leukemia virus integration site 1 (Bmi1) collaborate synergistically in promoting but not suppressing AM formation, through impacting associated histone marks (Lopez et al., 2021). This finding also implies a complicated constitution and diverged roles of PRC1 and PRC2 complexes.



THE ROLES OF BOUNDARIES

The meristem-leaf boundaries from which axillary meristems arise are essential in separating fully differentiated organs or differentiating primordia and SAM, and therefore are important for stem cell activity and plant stature patterning. Boundary zones are saddle-shaped and tightly packed with cells with restricted division and growth (Hussey, 1971b; Reddy et al., 2004). The special curvature and specific gene expression patterns of boundary zones are important for its function as separation between SAM and peripheral organs (Hepworth and Pautot, 2015; Wang et al., 2016).

Intriguingly, the transcription factors and hormonal signaling pathways actively functioning in AM (discussed in sections “The Roles of Phytohormones” and “Gene Regulatory Network Composed of Transcription Factors and Epigenetic Regulators”) are also actively modulated in the boundaries. Consistent with their consequential occurrence, in mutants defective in boundary formation, AM initiation may also be disrupted, suggesting that these two developmental processes are often regulated by shared factors. For instance, in las loss-of-function mutants, the fusion between leaf petiole and stem is observed and no AMs form in most leaf axils (Greb et al., 2003). Similar defects were observed in cuc mutants (Raman et al., 2008). The fusion between leaves and stem is constituted by over-proliferating cells. AM initiation is also mostly abolished in cuc mutants (Raman et al., 2008). Nevertheless, it needs to be noted that while some boundary mutants fail in organ separation and AM initiation simultaneously, others do not necessarily fail in AM initiation, as observed in mutants for Lateral Organ Boundaries (LOB) and its closely related Jagged Lateral Organs (JLO) (Shuai et al., 2002; Borghi et al., 2007). JLO controls organ patterning and separation through modulating auxin distribution and signaling (Borghi et al., 2007; Bureau et al., 2010; Rast and Simon, 2012).

Auxin counteracts with boundary-promoting genes in boundary formation. When auxin synthesis is ectopically induced in leaf axils driven by the LAS or CUC promoters, boundaries are significantly widened and boundary cell morphology has greatly changed, connecting cell fate shift and boundary geometry reshaping, both resulting from auxin induction (Wang Q. et al., 2014). Besides the GRNs comprising transcription factors and phytohormones, mechanical signals may affect cell fate. Stem cell re-activation also seems to be regulated directly by mechanical signals conferred by the boundary curvature independent of the auxin minimum. The saddle-shaped boundary curvature provides an important mechanical signal (Figure 2A; Sampathkumar et al., 2014) that can be uncoupled from auxin depletion from the boundary domain to induce strong STM expression (Landrein et al., 2015; Landrein and Ingram, 2019). Furthermore, CUC3 expression in boundaries is also induced by mechanical stress (Fal et al., 2016). It remains to be tested whether other biochemical signals are regulated in the same way and whether mechanical signals change the chromatin accessibility and the epigenetic marks thereof.


[image: image]

FIGURE 2. Stress patterns in boundary regions. (A) The anisotropic stress (blue arrows) in the boundary regions between primordia and SAM. (B) The possible anisotropic stress (blue arrows) between leaftlets in compound-leaf species. Modified and inferred from Hussey (1971a); Hamant et al. (2008) and Sampathkumar et al. (2014).


Boundary domain establishment not only affects AM formation, it is also recruited in compound leaf development in species such as tomato, another example of fractal pattern. In tomato compound leaves, boundaries between leaflets are characterized by suppressed cell division and reduced cell growth (Hussey, 1971b; Reddy et al., 2004) and shaped by multiple AM regulators including, Lateral Suppressor (LAS ortholog), Goblet (CUC ortholog), Blind/Potato Leaf (C) (RAX ortholog), auxin and cytokinin (Brand et al., 2007; Berger et al., 2009; Busch et al., 2011). Ectopic meristems can form at the leaflet boundaries (Rossmann et al., 2015), suggesting that these boundaries share similar molecular and possibly mechanical characteristic as leaf-SAM boundaries (Figure 2B) and that cells at leaflet boundaries remain meristematic. It is tempting to suggest that there might be a universal mechanism governing meristematic cell maintenance or activation across these distinct boundaries. It would be interesting to test if external forces generated through micromechanical perturbations could also induce STM expression and even ectopic meristem formation between leaflets.



PERSPECTIVES

In summary, recent breakthroughs in the field of AM initiation have highlighted the importance of meristematic cell lineage maintenance in branching, and establish AM initiation as an excellent system to study cell lineage, which has broad applications in stem cell biology. There are still many open questions to be addressed before the molecular and mechanical signals can be united to answer the question of indeterminacy maintenance and activation.

It is obvious that many regulators in SAM development also regulate AM formation, with a few awaiting further verification and characterization. For example, the state of nutrients such as nitrate and phosphorus, patterns stem cell dynamics and SAM activity (Landrein et al., 2018). As plant growth environment greatly changes plant architecture, it certainly could do so through affecting AM formation and activity. It remains to be investigated whether nutritious state also affects AM formation. Likewise, whether the highly conserved energy-sensing TARGET OF RAPAMYCIN (TOR) pathway, which is recruited to integrate light and metabolic signals for SAM stem cell activation (Pfeiffer et al., 2017), is also deployed in stem cell activation for AM initiation remains an open question.

Furthermore, given the incompleteness of GRNs governing meristematic cell lineage maintenance and activation, more genetic components are likely to emerge with the aid of single-cell RNA-seq, which helps to construct GRNs at the cellular-resolution. Forward and reverse genetic screenings are also necessary and critical to identify more genetic components, which have long been missing in the model plant Arabidopsis.
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Larix olgensis is a tall deciduous tree species that has many applications in the wood fiber industry. Bud mutations are somatic mutations in plants and are considered an ideal material to identify and describe the molecular mechanism of plant mutation. However, the molecular regulatory mechanisms of bud mutations in L. olgensis remain unknown. In this study, dwarfed (or stunted), short-leaved, and multi-branched mutants of L. olgensis were found and utilized to identify crucial genes and regulatory networks controlling the multiple branch structure of L. olgensis. The physiological data showed that the branch number, bud number, fresh and dry weight, tracheid length, tracheid length-width ratio, inner tracheid diameter, and epidermal cell area of mutant plants were higher than that of wild-type plants. Hormone concentration measurements found that auxin, gibberellin, and abscisic acid in the mutant leaves were higher than that in wild-type plants. Moreover, the transcriptome sequencing of all samples using the Illumina Hiseq sequencing platform. Transcriptome analysis identified, respectively, 632, 157, and 199 differentially expressed genes (DEGs) in buds, leaves, and stems between mutant plants and wild type. DEGs were found to be involved in cell division and differentiation, shoot apical meristem activity, plant hormone biosynthesis, and sugar metabolism. Furthermore, bZIP, WRKY, and AP2/ERF family transcription factors play a role in bud formation. This study provides new insights into the molecular mechanisms of L. olgensis bud and branch formation and establishes a fundamental understanding of the breeding of new varieties in L. olgensis.

Keywords: mutant plants, multiple branches, cytological structure, RNA-seq, plant hormones, Larix olgensis


INTRODUCTION

Somatic mutations are mutations that occur in an organism’s cell other than in a gamete, germ cell, or gametocyte (Jung et al., 2015). Most somatic mutations have no phenotypic effect, but some somatic mutations in plants can cause certain changes in leaf and branch shapes (Tian et al., 2021a). Somatic mutations have proved to be an important part of functional genetics research in model plants (Chatelet et al., 2007). Apart from the artificial mutations induced in model plants, naturally occurring mutations are widely found in most species (Koornneef et al., 2004; Liu et al., 2009). Moreover, somatic mutations, which are not usually transmitted to the offspring, are different from germline mutations, which can be passed on to the descendants of an organism (Liu et al., 2021). This distinction may be blurred in plants, which lack a dedicated germline, and can propagate asexually through grafting, cutting, and other mechanisms (Foster and Aranzana, 2018).

Bud mutation is a type of somatic mutation in plants, which refers to changes in the genetic material in meristem cells of the bud during cell division (Leng et al., 2021). The plants with bud mutation show corresponding changes in external morphology, internal structure, physiology, and biochemistry and show different characteristics from the original plant, such as lateral shoot, inflorescence or flower, and fruit (Liu et al., 2009; Foster and Aranzana, 2018). Among them, branching is a significant phenotypic change in bud mutation plants (Zhao et al., 2021). Branching is an extremely complex biological process controlled by a variety of factors, such as genetics (Brackmann and Greb, 2014), hormones (Domagalska and Leyser, 2011; Xu et al., 2015), and the environment (Djennane et al., 2014). In addition, the special traits generated due to bud mutation can be stably maintained by asexual reproduction methods such as grafting and cutting and can be inherited by the offspring (Chen et al., 2019). Bud mutation preserves the desirable parent plant qualities and provides valuable new characteristics (Foster and Aranzana, 2018). Therefore, as a source of plant variation, bud mutation not only selects new varieties directly, but also provides new germplasm for hybrid breeding, and thereby making it a simple and effective method for breeding new varieties (Wang et al., 2017; Du et al., 2020).

Larix olgensis belongs to the family Pinaceae, which is a fast-growing tree with strong adaptability, high ornamental value and excellent wood properties. Its wood is widely used for construction purposes, shipbuilding, railway track building, and paper making (Zhang et al., 2021). In our study, we have identified bud mutants in L. olgensis which showed stunted growth, shorter leaves, and multiple branches in comparison with wild-type plants. These mutants show potential characteristics to generate new varieties of this ornamental plant. However, the molecular regulatory mechanisms of bud and branching formation in L. olgensis remain unknown, and therefore, these mutants provide an excellent resource to investigate the physiological and molecular mechanisms in this plant.

In this study, wild-type and mutant plants (named N′ and V′, respectively) from L. olgensis parent trees were collected, and N′ and V′ branches were grafted onto the same type of rootstocks, and they were cultured under the same conditions. After 1 year, N′ and V′ grafted seedlings (named N and V, respectively) with the same growth vigor were selected preserved. The mechanism of bud formation was investigated using N′, V′, N, and V as plant materials. The growth and physiological indicators of N, V, N′, and V′ were measured, including the branch number, bud number, fresh and dry weight, tracheid length and width, epidermal cell area, and plant hormone content. Additionally, to investigate the molecular mechanism of bud mutations, we performed transcriptome sequencing of wild-type and mutant plants and identified crucial genes and regulatory networks controlling the multiple branch structure of L. olgensis. The results provide new insights to understand the molecular mechanisms of L. olgensis mutant plants and provide basic information and technical support for the breeding of new varieties of L. olgensis.



MATERIALS AND METHODS


Plant Materials

The plants were cultivated in the forest seed orchard of Siping City (124°10΄E; 43°05΄N), Jilin Province, China. In July 2019, wild-type and mutant plants branches from L. olgensis parent trees were collected and grafted onto the same type of rootstocks, and they were cultured under the same conditions. In July 2020, wild-type and mutant plant branches from L. olgensis parent tree (named N′ and V′, respectively) were randomly collected, and wild-type and mutant plant grafted seedlings (named N and V, respectively) with the same growth vigor were selected preserved. Each sample contained five biological repeats to measure the physiological and biochemical indexes. Buds, leaves, and stems of wild-type and mutant plant branches from L. olgensis parent tree were collected, with each sample containing three biological repeats. These samples were quickly transferred into packing tubes and stored at −80°C for transcriptomic sequencing analysis.



Measurement of Growth Traits

The primary and secondary branches of N, V, N′, and V′ annual branches were distinguished, and the number of branches was counted. Branches with lengths greater than 10 cm from N, V, N′, and V′ annual branches were selected, and the number of bud points within 10 cm of each branch was counted. The length of the primary and secondary branches of N, V, N′, and V′ annual branches were measured using a ruler with 0.1 cm precision. The width of the primary and secondary branches in N, V, N′, and V′ annual branches was measured using a vernier caliper with 0.01 mm precision (Each sample contained 5 biological repeats). The needles were randomly selected from N′, V′, N, and V. The top and bottom length and width of needles were measured using a vernier caliper with 0.01 mm precision, and the average value was calculated as the needle width. The needles length-width ratio was also calculated (Each sample contained 30 biological repeats). The needles and branches were randomly selected from N′, V′, N, and V. The fresh weight was recorded using an electronic balance, and the sample was dried at 105°C using an electric blast drying oven for 48 h, and the dry weight was recorded thereafter (each sample contained 5 biological repeats). SPSS 26.0 software was used for the statistical analysis of all data, and significant differences between the samples were determined using Student’s t test. Differences were considered statistically significant at p < 0.05.



Cytological Observation and Analysis

Stem segments from N′, V′, N, and V were treated using the Jeffrey segregation process (Mu et al., 2009). The tracheid length and width were measured using a stereomicroscope and the tracheid length-width ratio was calculated. The buds, leaves, and stems from N′ and V′ were studied using an improved paraffin section technique (Ruzin, 1999; Guo et al., 2019). The samples were dehydrated in ethanol solutions of different concentrations and then treated with dimethyl benzene and embedded in paraffin. The samples were sectioned at 10 μm thickness using a slicer and stained with safranine. The glass slides were observed using an optical microscope, and the typical structures were selected for photographing.

The sampled stems for N′ and V′ were fixed using formalin-acetic acid-alcohol (FAA) fixative for more than 24 h, washed twice with phosphate-buffered saline buffer and distilled water, dehydrated with different ethanol concentrations, and again dehydrated with absolute ethanol twice. The materials were critical-point dried and sprayed with gold. The treated materials were observed and photographed using the NeoScope JCM-5000 scanning electron microscope. Moreover, tracheid double wall thickness, tracheid inner diameter, pith cells’ inner diameter, and pith cells’ double wall thickness were measured under different multiples of optical and scanning electron microscopes.



Measurement of Physiological Traits

Photosynthesis rate (Pn, μmol m−2 s−1), transpiration rate (Tr, mol m−2 s−1), intercellular carbon dioxide concentration (Ci, μmol mol−1), and N and V stomatal conductance (Gs, mol m−2 s−1) were measured using LI-6400 Portable Photosynthesis System in sunny days. The instantaneous water use efficiency (Wue, μmol mol−1) was calculated using the following formula: water use efficiency (WUE) = Pn/Tr. The determination time was 9:00–11:00 AM; light intensity, 1,000 μmol m−2 s−1; carbon dioxide concentration, 380 μmol mol−1; and other environmental factors were without special controls.

The concentrations of abscisic acid (ABA), auxin (IAA), ethylene, and gibberellin (GA) in needles and shoots of N, V, N′, and V′ were measured using ELISA and high-performance liquid chromatography, respectively, in July and September by the Shanghai Enzymatic Biotechnology Company Ltd.



RNA Extraction, Cdna Synthesis and Sequencing

Plant total RNA isolation kit (TaKaRa, Beijing, China) was used to extract total RNA from samples, following the manufacturer’s instructions, and different samples were subjected to three biological repeats. After qualification using a bioanalyzer (2,100, Agilent, United States), 20 μg of each sample was used for cDNA library construction. cDNA synthesis was based on a previous study (Li et al., 2021). All of the samples were sequenced using the Illumina HiSeq sequencing platform (Hiseq™ 2000, Illumina, United States). The raw reads were filtered using the Fastp software (version 0.12) to obtain high-quality clean reads (Chen et al., 2018). The reference sequence was assembled using the Trinity software (version 2.0.6; Grabherr et al., 2011). The longest transcript at each locus was considered a unigene, and the unigene IDs were automatically generated by the software (Yang et al., 2019).



Sequence Annotation and Differential Expression Gene Analysis

To obtain comprehensive gene function information, the assembled unigene sequences were aligned with sequences from public databases, including COG (The database of Clusters of Orthologous Groups of proteins; Tatusov et al., 2000), KOG (euKaryotic Orthologous Groups; Koonin et al., 2004), KEGG (Kyoto Encyclopedia of Genes and Genomes; Kanehisa et al., 2004), GO (Gene Ontology; Ashburner et al., 2000), Pfam (Protein family), Swiss-Prot (A manually annotated and reviewed protein sequence database; Apweiler et al., 2004) and Nr (non-redundant protein sequence database; Deng et al., 2006), using BLAST (Altschul et al., 1997) and corresponding annotations were obtained. All clean reads were mapped to reference sequences using RSEM software (version 1.2.26; Li and Dewey, 2011), and fragments per kilobase of transcript per million fragments mapped reads were used to calculate the expression level of each gene (Trapnell et al., 2010). Differentially expressed genes (DEGs) were identified between the groups using the DESeq2 R package (version 3.11; Love et al., 2014). The value of p was adjusted using the Benjamini and Hochberg false discovery rate (Benjamini and Hochberg, 1995). The genes with q-value < 0.05 and |Fold Change (FC)| ≥ 1 were considered significantly differentially expressed. GO functional annotations of DEGs were searched using EggNOG 5.0,1 and the results were plotted using the annotation numbers in the WEGO 2.0 analysis.2 KEGG pathway annotations were performed using EggNOG 5.0, and the results were plotted using the OmicShare tools.3



Quantitative Real-Time Polymerase Chain Reaction Validation

The plant total RNA isolation kit (TaKaRa, Beijing, China) was used to extract total RNA from samples. cDNA was synthesized from RNA sample using a cDNA Synthesis Kit (Takara, Kyoto, Japan), according to the manufacturer’s instructions. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using ABI 7500 RT PCR system. The Primer Premier 5.0 was used to design primers, and IDH was used as a reference gene. The PCR reaction protocol was as follows: 94°C for 30 s, 45 cycles of 94°C for 5 s, 60°C for 35 s, 95°C for 15 s, 60°C for 1 min, followed by 95°C for 15 s. The relative expression level was calculated according to the 2−ΔΔCT method. In addition, each sample contained three biological repeats.




RESULTS


Changes in Growth and Biomass of Mutant Plants

In this study, V and V′ were selected for stunted growth, shorter leaves and multiple branches, and then, the phenotypes differences of plant materials N, V, N′, and V′ were observed. As shown in Figure 1A, the branches of wild-type plants (N′) are spread flat or oblique, while the branches of mutant plants (V′) were fascicled densely and spherical. The V′ was a dwarf, had multiple branches, and had shorter leaves than N′. Interestingly, the wild-type and mutant plant grafted seedlings (N and V) also show the same differences as N′ and V′ (Figure 1B).

[image: Figure 1]

FIGURE 1. Phenotypes of wild-type and mutant plants. (A) Phenotypic structure of wild-type branches (N') and mutant plant branches (V') from Larix olgensis parent trees. (B) Phenotypic structure of grafted seedlings of wild-type and mutant plants (N and V). (C) Perennial branches of wild-type and mutant plants of L. olgensis parent tree. (D) Annual branches of wild-type and mutant plants of L. olgensis parent tree. (E) Needles of wild-type and mutant plant of L. olgensis parent tree. ① wild-type plant; ② mutant plant.


To further investigate the differences between wild-type and mutant plants, the growth traits of N′, V′, N, and V were evaluated. There were significant differences in the number of branches between wild-type and mutant plants (Figure 1C). The average number of primary and secondary branches of N′ and N was 2.6, 2.4, 1, 0.8, respectively. However, the average number of primary and secondary branches of V′ and V was 5.4, 3, 4.2, and 5.4, respectively (Figure 2A; Supplementary Table 1). Morphological observation and measurement results showed that there were significant differences between N′ and V′, N and V in branch length, width, and bud point number (Figure 1D). As shown in Figures 2B,C, the primary and secondary branch length and width of N and N′ were significantly higher than that of V and V′. The number of bud points on a 10 cm branch in V and V′ was significantly higher than that in N and N′ (Figure 2D; Supplementary Tables 1 and 2).
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FIGURE 2. Comparison of growth traits between wild-type and mutant plants. (A) The number of branches. (B) The length of branches. (C) The width of branches. (D) The number of bud point on 10 cm branch. (E) The length of needle. (F) The width of needle. (G) The length-width ratio of needle. (H) The fresh and dry weight. The error bars represent standard error. ‘*’ on error bars indicate significant differences at p < 0.05, ‘**’ on error bars indicate significant differences at p < 0.01.


Moreover, we found that all needle characteristics were significantly different between V and V′ and N and N′ (Figures 1E, 2E, F, G; Supplementary Table 3). On measuring the variations in biomass, it was found that the fresh and dry weight of needles and stems in V and V′ were slightly higher than that of N and N′ (Figure 2H; Supplementary Table 4). All our physiological measurements confirm our initial selection of a mutant with smaller, shorter leaves and multiple branches. Furthermore, the difference between N′ and V′ is consistent with the difference between N and V, indicating that these variations were not caused by environmental factors.



Changes in the Cytological Structure of Mutant Plants

The cytological structure of the buds, needles, and stems in N′ and V′ were observed as changes in the growth traits of mutant plants might be related to the development of plant tissue. As shown in Supplementary Figure 1, the differences in tracheid length, tracheid, and tracheid length-width ratio between N′ and V′, N and V were significant. The tracheid length and tracheid length-width ratio of V′ and V were significantly higher than that of N′ and N; however, the V′ and V tracheid width was significantly lower than that of N′ and N.

The microstructure of buds, needles, and stems in N′ and V′ was also observed. In the needles, the anatomical structure of mutant plant was different with wild-type plant. The endodermis, transfusion tissue, and lower epidermis of mutant plant showed obvious changes. The study found that the lower epidermis and transfusion tissue cells of mutant plant were larger than wild-type plant, but the endodermis cells of mutant plant were smaller than wild-type plant (Figure 3A). As shown in Figure 3B, in the microstructure of buds, the procambium, leaf primordium, and young leaves can be seen in the mutant plant. However, the wild-type plant only shows young leaves and almost no leaf primordium. As a rule, during the development of young leaves, the procambium first develops to form leaf primordia, and then, leaf primordia develops to form young leaves. This indicated that the buds of mutant plant were still in the stage of procambium development into leaf primordia, while the buds of wild-type plant had passed this stage and developed into young leaves. These results showed that the bud development of mutant plant is slower than that of wild-type plant. Furthermore, in the microstructure of stems, it was found that the proportion of xylem of mutant plant was smaller than wild-type plant, and the inner diameter and wall thickness of pith cells of mutant plant were also smaller than wild-type plant (Figure 3C, Supplementary Figures 2A,B). In addition, as shown in Figure 3D, the inner diameter of mutant plant tracheid cells was larger than wild-type plant, but the wall thickness of tracheid cells of mutant plant was smaller than wild-type plant (Supplementary Figures 2C,D).
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FIGURE 3. Cytological structure of wild-type and mutant plants. (A) Cross section structure of needles. ① stratum corneum; ② epithelial layer; ③ endodermis; ④ vascular bundle; ⑤ transfusion tissue; ⑥ mesophyll; ⑦ lower epidermis. (B) Longitudinal and cross section structures of buds. SAM, shoot apical meristem; YL, young leaf; LP, leaf primordium; Proc, procambium. (C) Cross section structure of annual stem. ① periderm; ② cortex; ③ secondary stem; ④ cambium; ⑤ secondary xylem; ⑥ pith. (D) Scanning electron microscope images of stem.




Changes in the Photosynthetic and Hormone Concentration of Mutant Plants

The dynamic photosynthetic rate (Pn), stomatal conductance (Gs), Transpiration rate (Tr), WUE, and intercellular CO2 concentration (Ci) were measured to examine the effects of bud mutation on photosynthesis. The results showed that Pn, Gs, Tr, and WUE of V were lower than that of N, while Ci of V was higher than that of N. There were significant differences in Pn, Ci, and WUE. However, no significant differences in Gs and Tr between N and V were observed (Supplementary Figures 3A–E).

To further investigate the difference between wild-type and mutant plants, the concentrations of four endogenous hormones were measured, including Indole-3-acetic acid (IAA), Gibberellic acid (GA), ABA and ethylene. As shown in Supplementary Figure 3F, the concentrations of IAA varied significantly in different months, different materials, and different tissues. In July (vigorous growth period), the IAA concentrations in the needles and shoots of V and V′ were lower than that of N and N′. In September (late growth period), the IAA concentrations in the needles of V and V′ were higher than that of N and N′, while the IAA concentrations in the shoots of V and V′ were lower than that of N and N′. Additionally, the data showed that the changing trend in GA and ABA concentrations was similar in July and September. The GA and ABA concentrations in V and V′ needles were higher than that of N and N′ needles, while the concentrations of GA and ABA in V and V′ shoots were lower than that of N and N′ shoots. In July and September, the ethylene concentrations in needles and shoots of V and V′ were significantly lower than that of N and N′ (Supplementary Figures 3G–I).



RNA Sequencing and DEGs Analysis

To analyze the changes in gene expression patterns of bud mutations, RNA-seq was performed using the buds, needles and stems from N′ and V′. As a result, a total of 116.59 Gb clean data was obtained from 18 samples, and each sample amounted to 6.17 Gb. The average GC content was 46.56%, and Q30 percentages were all over 92.87% (Supplementary Table 5). The Trinity software was used for transcriptome assembly, and a total of 453,001 Contig were obtained, Contig N50 was 1,601 bp, the average length of a Contig was 882.7 bp, and the GC content was 41.48% (Supplementary Table 6). Particularly, 81.40% of the clean reads derived from the sequencing samples were mapped to the assembled sequences (Supplementary Table 7). BUSCO software was used to evaluate the assembly quality. A total of 1,375 genes were tested, among which BUSCO gene coverage reached 92.60% (1273), indicating the high level of assembly quality (Supplementary Table 8). A total of 78,740 unigenes were obtained after assembly, and then, the unigenes were aligned with sequences from common databases using BLAST for further functional annotations, including COG, GO, KEGG, KOG, Pfam, SwissProt and NR databases. A total of 33,215 unigenes were successfully annotated, accounting for 42.18% of the total number of unigenes. Among them, the number of unigenes (31,601) aligned to Nr was the largest, while the number of unigenes (9,504) aligned to COG was the lowest (Table 1).



TABLE 1. Unigene annotations statistics of L. olgensis.
[image: Table1]

To detect and evaluate the relative gene expression level among each sample, DEseq2 was used to identify DEGs with specified thresholds (Love et al., 2014). These samples contained buds, needles, and stems from wild-type and mutant plants (hereafter referred to as N’B, N’L, N’P, V’B, V’L, and V’P). All samples were divided into three comparison groups (N’B vs. V’B, N’L vs. V’L, and N’P vs. V’P), and each group has DEGs. The results showed that a total of 632 DEGs (423 upregulated and 209 downregulated), 157 DEGs (110 upregulated and 47 downregulated), and 199 DEGs (145 upregulated and 54 downregulated) were identified between N’B vs. V’B, N’L vs. V’L, and N’P vs. V’P, respectively (Figure 4A). In the three comparison groups, DEGs were higher in buds than in stems and leaves, which might be related to the mutants. In addition, a total of 11 genes were obtained in the overlap of DEGs between N’B vs. V’B and N’L vs. V’L samples, 22 genes were obtained in the overlap of DEGs between N’B vs. V’B and N’P vs. V’P samples, and 23 genes were obtained in the overlap of DEGs between N’L vs. V’L and N’P vs. V’P samples (Figure 4A).
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FIGURE 4. Functional annotation of differentially expressed genes (DEGs) in wild-type and mutant plants from L. olgensis parent trees. (A) Venn diagram of DEGs among different samples. (B) GO classification of DEGs. (C) Statistic analysis of DEGs in KEGG pathways. (D) The top 20 GO enrichment pathways of DEGs. (E) The top 20 KEGG enrichment pathways of DEGs.




Gene Ontology and KEGG Pathway Analysis of DEGs

To understand the biological function of DEGs, functional classification of the identified DEGs was carried out using the GO annotation system. A total of 988 DEGs in N’B vs. V’B, N’L vs. V’L, and N’P vs. V’P were annotated in the biological process, cellular component, and molecular function. In the biological process, DEGs concentrated on the 22 terms, which mainly annotated in cellular process, single-organism process, and metabolic process. For the cellular component, DEGs concentrated on the 16 terms, which mainly annotated in cell, cell part, and organelle. For molecular function, DEGs mainly annotated the catalytic activities, binding, and nucleic acid binding transcription factor activity (Figure 4B and Supplementary Table 9). GO enrichment analysis was performed on the DEGs to obtain detailed functional information. The results showed that most genes (129) were significantly (p < 0.05) enriched in the term of “response to abiotic stimulus” (GO:0009628), 122 genes were significantly enriched in “response to chemical” (GO:0042221), and 63 genes were enriched in “response to endogenous stimulus” (GO:0009719). These results indicated that DEGs are mainly related to catalytic activity, nucleic acid binding transcription factor activity, and response to a stimulus (Figure 4D and Supplementary Table 10).

Furthermore, KEGG pathway analyses of DEGs in the three comparison groups were performed and five pathways were annotated, including metabolism, genetic information process, environmental information processing, cellular process, and organismal systems. In these pathways, “global and overview maps,” “lipid metabolism,” “carbohydrate metabolism,” and “energy metabolism” were considered as the most common pathways in metabolism. For genetic information processing, 43 DEGs were annotated in “folding, sorting, and degradation” and “translation” pathways. Moreover, most of the DEGs also were annotated in “signal transduction,” “membrane transport,” and “environment adaptation” pathways (Figure 4C and Supplementary Table 9). KEGG enrichment was performed to understand the major pathway of DEGs. The analysis indicated that “metabolism,” “signaling and cellular processes,” and “plant hormone signal transduction” were significantly enriched (value of q < 0.05) by DEGs. Moreover, “transcription factors,” “signal transduction,” and “biosynthesis of other secondary metabolites” were also enriched (Figure 4E and Supplementary Table 11). These results suggested that there are many changes in genes involved in plant hormone signal transduction, metabolic pathways, and signaling and cellular processes, which may play an important role in bud mutation.



DEGs Involved in Cell Division, Cell Differentiation, and SAM Activity

Cell division, expansion, and differentiation affect the fundamental processes of plant organ growth and development and affect the plant phenotypes (Sugiyama, 2005; Yang et al., 2015). In addition, the shoot apical meristem (SAM) is essential for the development of plants and is responsible for the development of leaves, stems, and flowers (Han et al., 2019). Therefore, we analyzed 23 DEGs related to cell division, differentiation, and SAM activity to further study the differences between wild-type and mutant plants (Figure 5A). Among the 23 DEGs, 9 DEGs were annotated as cell division, 10 DEGs were involved in cell differentiation and cycle, and 4 DEGs were related to SAM activity. The results found that the expression levels of five genes (TRINITY_DN2138_c0_g1, TRINITY_DN3127_c0_g3, TRINITY_DN24126_c0_g2, TRINITY_DN6674_c1_g2, and TRINITY_DN30761 _c0_g2) in V’B were higher than that in N’B. However, the expression levels of four genes (TRINITY_DN10633_c0_g1, TRINITY_DN36606_c0_g5, TRINITY_DN29747_c0_g1, and TRINITY_DN15019_c0_g1) in V’B were lower than that in N’B. Compared with N’L and N’P, all the five genes (TRINITY_DN2147_c0_g2, TRINITY_DN750_c1_g2, TRINITY_DN19422_c0_g1, TRINITY_DN15882_c0_g1, and TRINITY_DN14260_c1_g1) were significantly expressed in V’L and V’P. In addition, the expression levels of the four DEGs (TRINITY_DN8041_c0_g1, TRINITY_DN25261_c0_g2, TRINITY_DN14665_c2_g1, and TRINITY_DN33062_c0_g1) in V’L were significantly lower than those in other tissues. These results showed that changes in these genes may be related to dwarf and multiple branches in mutant plants.
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FIGURE 5. Heat map of relative expression levels of predicted DEGs involved in cell division and differentiation, transcription factors, sugar metabolism, and plant hormones. (A) DEGs involved in cell division and differentiation. (B) DEGs involved in transcription factors. (C) DEGs involved in sugar metabolism. (D) DEGs involved in plant hormones. Color scale represents the gene expression level.




DEGs Related to TFs

TFs play a vital role in plant development and gene expression regulation, forming complex gene regulatory networks (Muiño et al., 2016; Yang et al., 2018). In this study, a total of 27 DEGs belonged to genes encoding TFs and these genes belonged to nine TF families. As shown in Figure 5B, Six DEGs belonged to the LOB family; five DEGs in the AP2/ERF and MYB family; and one DEG in the HLH, MADS-box, and PLATZ family. Notably, all genes (TRINITY_DN30114_c0_g1 and TRINITY_DN28711_c0_g1) of the bZIP family were significantly expressed in V’P, V’L, and V’B. In addition, three genes (TRINITY_DN1592_c0_g1, TRINITY_DN4263_c0_g1, and TRINITY_DN25971_c0_g1) from the WRKY family and three genes (TRINITY_DN14260_c1_g1, TRINITY_DN1393_c0_g1, and TRINITY_DN13204_c0_g1) from the AP2/ERF family were highly expressed in three tissues of mutant plants. Furthermore, the expression levels of many genes also changed in different tissues. For example, compared with N’L and N’P, TRINITY_DN2147_c0_g2 and TRINITY_DN750_c1_g2 of the MYB family were highly expressed in V’L and V’P, but the expression levels in N’B vs. V’B were almost unchanged. Particularly, compared with N’L, the expression levels of NAC, bHLH, and MADS-box family genes were decreased in V’L.



DEGs Related to Sugar Metabolism

Sugar perception and signal transduction are important components that regulate plant growth and metabolism (Lei et al., 2011). Recent studies have reported the significant roles of sugar in plant growth and development (Wingler and Wingler, 2018; Luo et al., 2021). Thus, in this study, 14 DEGs associated with the sugar metabolism pathway and sugar and starch metabolism pathway was explored (Figure 5C). The expression level of the same gene differed among the different samples. Moreover, four genes (TRINITY_DN1565_c0_g3, TRINITY_DN1829_c0_g1, TRINITY_DN134_c0_g1, and TRINITY_DN31880_c0_g1) showed no significantly high expression in V’L but showed significantly high expression in V’P and V’B. Compared with N’P, TRINITY_DN34224_c0_g2 and TRINITY_DN9064_c0_g1 showed significantly high expression in V’P, whereas compared with N’B, these two genes showed significantly decreased expression in V’B. Additionally, three genes (TRINITY_DN386_c0_g2, TRINITY_DN13204_c0_g1, and TRINITY_DN64569_c0_g2) showed significantly increased expression in all tissues (leaf, stem, and bud) of the mutant plant (V′) compared with the wild-type plant (N') and had an upregulated expression profile.



DEGs Involved in Plant Hormones

Since the mutant plant was a dwarf, had multiple branches, and had smaller leaves than wild-type plant, we hypothesized that key plant hormones might affect the tissue development of the mutant plant, which results in different phenotypic characteristics compared with the wild-type plant (Tian et al., 2021b). Therefore, 37 DEGs related to ethylene signaling pathway, ABA metabolic process, ABA signaling pathway, IAA signaling pathway and GA biosynthetic process were identified to analyze the expression changes in the three comparison groups. These identified hormones belong to seven families, ABA with 11 DEGs was the largest of the families, followed by IAA with 8 DEGs, ethylene with 5 DEGs, JA and CTK with 4 DEGs, GA with 3 DEGs, and SA with only 2 DEGs (Figure 5D). The study found that two genes (TRINITY_DN2147_c0_g2 and TRINITY_DN750_c1_g2) participating in the IAA signaling pathway showed increased expression in V’L and V’P, but showed decreased expression in V’B. Compared with N’B, the expression levels of genes (TRINITY_DN1611_c0_g1 and TRINITY_DN4636_c0_g1) involved in the salicylic acid metabolic process were significantly increased in V’B. In addition, compared with N’L, the expression levels of three genes (TRINITY_DN1096_c1_g1, TRINITY_DN15975_c0_g1, and TRINITY_DN3303_c0_g1) related to the GA biosynthetic process were decreased in V’L.

ABA is a key phytohormone that regulates various aspects of plant development (Arend et al., 2009). In this study, except for TRINITY_DN4618_c0_g1 and TRINITY_DN116851_c1_g3, all genes associated with the ABA metabolic process were highly expressed in three mutant plant tissues, and ABA was also found to be the largest hormone species with 11 DEGs. Therefore, to further investigate plant hormone expressions in mutant plants, we examined the genes involved in ABA synthesis and the ABA signaling pathway (Figure 6A). A total of 34 key DEGs were detected in the ABA synthesis pathway, including the zeaxanthin epoxidase (ZEP), 9-cis-epoxycarotenoid dioxygenase (NCED), abscisic-aldehyde oxidase (AAO), protein phosphatase type 2C (PP2C), and serine/threonine-protein kinase (SnRK) family genes (Figure 6B). Among them, the largest family was PP2C with 13 DEGs, followed by SnRK with 10 DEGs, ZEP and NCED with 4 DEGs, and AAO with 3 DEGs (Supplementary Table 12). In the ZEP family, TRINITY_DN2802_c0_g2 and TRINITY_DN1088_c0_g2 had increased expression levels in V’L, while TRINITY_DN281_c0_g3 had decreased expression in V’L. Two genes (TRINITY_DN9920_c1_g1 and TRINIT_DN11756_c0_g2) related to the NCED family were highly expressed in all tissues of V'. The expression levels of TRINITY_DN18606_c0_g1 and TRINITY_DN3795_c0_g3 associated with the AAO family were significantly high in N’P and V’P. In addition, among ABA signaling genes, 9 genes were upregulated in the three comparison groups, including 8 genes (TRINITY_DN6094_c0_g1, TRINITY_DN849_c1_g1, TRINITY_DN13589_c0_g1, TRINITY_DN423 _c6_g1, TRINITY_DN11756_c0_g1, TRINITY_DN14738_c0_g2, TRINITY_DN12820_c0_g2, and TRINITY_DN54662_c0_g1) in the PP2C family and 1 gene (TRINITY_DN5719_c0_g1) in the SnRK family.
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FIGURE 6. Expression profiles of DEGs associated with abscisic acid (ABA). (A) Biosynthetic and signal transduction pathways of ABA. Pathway was constructed based on the KEGG pathway and literary references. ZEP, zeaxanthin epoxidase; NSY, neoxanthin synthase; VDE, violaxanthin de-epoxidase; ABA, xanthoxin dehydrogenase; NCED, 9-cis-epoxycarotenoid dioxygenase; AAO, abscisic-aldehyde oxidase; PYL, pyrabactin-resistance1-like; PP2C, protein phosphatase type 2C; SnRK, serine/threonine-protein kinase; ABF, ABA responsive element binding factor. (B) Heat map of relative expression levels of DEGs involved in ABA biosynthetic and signal transduction pathways, including ZEP, NCED, AAO, PP2C, and SnRK family. Color scale represents the gene expression level.




Quantitative Real-Time Polymerase Chain Reaction Validation

To evaluate the reliability of the sequencing results, 16 DEGs (5 DEGs from N’L vs. V’L, 5 DEGs from N’B vs. V’B, and 6 DEGs from N’P vs. V’P) were randomly selected and analyzed using qRT-PCR. As shown in Supplementary Figure 4, the qRT-PCR expression trend of the 16 DEGs was consistent with the RNA-seq results. The qRT-PCR results proved that the expression profile results of RNA-seq were true and reliable. Primers for qRT-PCR are shown in the supplementary files (Supplementary Table 13).




DISCUSSION

With the development of science and technology, plant mutation studies have been receiving attention, even though the mechanisms of mutation in some species remain unclear (Uematsu et al., 2014; Zhang et al., 2020b). L. olgensis is a tall deciduous tree species, it is a fast-growing tree with strong adaptability, high ornamental value, and excellent wood properties (Song et al., 2021). However, due to the long growth cycle, complex genetic background, and low natural conifer mutation frequency, few studies report about the mutant of L. olgensis. In the present study, we found that the L. olgensis mutant plants had the following traits: dwarf, short leaves, and multiple branches, which is significantly different from the wild-type plant. Unfortunately, the molecular regulatory mechanisms of L. olgensis mutant plants remain unknown. Therefore, the physiological, and biochemical index of wild-type and mutant plants of L. olgensis were statistically analyzed, and the cytological structures were observed. Additionally, the transcriptome sequencing of different tissues in the wild-type and mutant plants was performed to find candidate genes contributing to bud mutation, which laid the foundation for the subsequent study of bud mutation mechanism in L. olgensis.


Changes in Morphological and Cytological Structures of Mutant Plants

Morphological identification is the most common and direct method to determine bud mutation. In this study, the morphological differences between the mutant and wild-type plants of L. olgensis were distinguishable. The study results showed that the mutant plant was characterized by multiple branches, short branches, and short leaves, while the wild-type plant was characterized by few branches, long branches, and long leaves. Similar results were also reported in few other plants, such as physic nut (Chen et al., 2019) and birch (Han et al., 2019). In addition, the observational and statistical analyses of mutant grafted seedlings showed that the variant traits could be retained in grafted plants. Similar results are consistent with the previously reported results for sweet orange (Marcotrigiano, 1997; Liu et al., 2009). These results suggest that the new phenotype of mutants may be maintained and inherited through asexual reproduction of offspring. These excellent mutant plants can provide new and useful genetic information for further genetic improvement of L. olgensis.

Tracheid, which is smaller and thicker than the conduit in angiosperms, is the only water-carrying tissue in the xylem of gymnosperms (Nardini et al., 2007). Various studies have reported that different tracheid widths and lengths can affect the water transport resistance of the xylem (Rolland et al., 2015). A small width and short length of tracheid will increase water transport resistance and decrease water transport efficiency (Trifilò et al., 2010; Tumajer and Treml, 2019). In this study, compared with the wild-type plant, the mutant plant had a longer tracheid length, smaller tracheid wall thickness, and larger tracheid width. These results may indicate that mutant plants have lower water transport resistance and higher water transport efficiency compared with the wild-type plants, which may be the reason for the presence of multiple branches in mutant plants.



Changes in Physiological Characteristics of Mutant Plants

Photosynthesis is a fundamental process of plant growth and development, and the physiological indexes related to photosynthesis effectively reflect the photosynthetic capacity of plants (Guo et al., 2020). In this study, five indexes (Pn, Gs, Tr, WUE, and Ci) were measured to investigate the effect of bud mutation on photosynthesis. Studies have shown that changes in Gs and Ci mainly lead to the reduction of Pn, and when Ci and Gs decrease simultaneously, stomatal conductance will mainly restrict Pn. By contrast, if Ci increases as Gs decreases or remains constant, the decrease of Pn might be caused by non-stomatal factors (Song et al., 2014). The results found that Pn, Gs, and Tr of mutant plants were lower than wild-type plants, whereas the Ci of the mutant plant was higher than the wild-type plant. These results indicating that non-stomatal factors may be the main reason for the varied traits in mutant plants. Non-stomatal factors including the change in chloroplast structure, plant membrane system, and changes in various enzyme activities (Xie et al., 2014); therefore, we hypothesized that the changes in non-stomatal factors may account for the different phenotypes of mutant and wild-type plants.

Plant growth and development are highly related to the phytohormone content level and phytohormones ratios (Zhang et al., 2020a). In this study, plant hormone levels were significantly different between mutant and wild-type plants. During the vigorous growth period (July), the IAA concentrations in V and V′ needles were lower than that in N and N′, whereas, in the late growth period (September), the IAA concentrations in V and V′ needles were higher than that in N and N’. These results suggest that changes in endogenous hormones might be caused by seasonal changes in mutant plants that further affect plant growth and development. The result was similar to previous studies on Betula pubescens (Rinne et al., 1994), and a study of Abelmoschus Esculentus (Aminu et al., 2019) showed that the concentration of endogenous hormones in plant tissues is related to seasonal change. Moreover, in July and September, GA and ABA concentrations in V and V′ needles were higher than that in N and N’. These results indicate that there may be different growth patterns between the mutant and wild-type plants. According to the changes in hormone concentration, we speculated that the growth rate of the mutant plant was slower than the wild-type plant in the vigorous growth period but faster than that of the wild-type plant during the late growth period. Therefore, we hypothesized that the differences in hormone concentrations may be the reason for the differences between mutant and wild-type plants, and the high hormone concentration in the mutant plant may affect the presence of multiple branches.



Changes in Genes Associated With Cell Differentiation in the Mutant Plants

Plant morphological development is closely related to various genes that control cell division, expansion, and differentiation (Lopez-Hernandez et al., 2020). In addition, the branching structure of plants is derived from SAM during embryonic development (Bi et al., 2019). Previous studies reported that the transcription mechanism of the inflorescence branching mutants in Jatropha curcas is closely related to genes involved in cell division, cell differentiation, and flower development (Chen et al., 2019). Another study of woodland strawberry mutant reported that the differential expression of genes related to cell division, cell differentiation, and SAM activity was the main factor affecting fruit size (Wang et al., 2017). This study provides further evidence supporting other previously reported findings.

In this study, 23 DEGs were associated with cell division, cell differentiation, and SAM activity, but many genes were expressed at low levels in mutant plants. For example, two genes (TRINITY_DN33062_c0_g1 and TRINITY_DN8041_c0_g1) expression levels in V’L were significantly lower than that in other tissues. Annotation analysis revealed that the two genes encoding the homeobox-leucine zipper protein and GPI-anchored protein, and we hypothesized that they may affect the synthesis of related proteins and, thus, affect cell differentiation in mutant plants. In addition, the expression levels of the 5 genes (TRINITY_DN2138_c0_g1, TRINITY_DN3127_c0_g3, TRINITY_DN24126_c0_g2, TRINITY_DN6674_c1_g2, and TRINITY_DN30761_c0_g2) in V’B were higher than those in N’B, suggesting that these genes may be related to bud differentiation and play a key role in mutant plant. These results suggest that the differential expression of genes related to cell division, cell differentiation and SAM structure may be the reason for the difference between mutant and wild-type plants, and thus, new phenotypes of mutant plants were produced.



Changes in TFs in the Mutant Plants

TFs regulate gene expression by binding to cis-acting elements in the promoter region and play an important role in plant structure formation and development (Jiao et al., 2018; Li et al., 2021). Currently, TFs have been reported that control the development of bud and lateral branches. The LOB family has been reported to participate in the morphogenesis of lateral organs and the establishment of apical meristem boundaries in Arabidopsis (Chalfun-Junior et al., 2005; Lee et al., 2019). Additionally, it has been reported that the MYB family directly regulates the development of lateral meristem in Arabidopsis and tomato (Müller et al., 2006; Han et al., 2018). These reports indicate that these TFs are closely related to the branch formation process. In this study, the expression levels changed in some TFs, a total of 27 DEGs encoded nine TF families, including the LOB, AP2/ERF, and MYB families. Among them, the LOB family was the largest TF family with 6 DEGs, which may play an important role in the multiple branch formation of mutant plants. This is consistent with previous studies in Arabidopsis. Moreover, our study identified more TFs than previously reported, suggesting the role of a more complex transcriptional regulation network for mutant plant development (Yang et al., 2018). Particularly, the expression levels of genes from the same TF families varied in different samples, which was consistent with a previously reported study on flowering traits of Liriodendron chinense mutant (Sheng et al., 2021). These results suggest that compared with wild-type plants, some DEGs encoding transcription factor may play a role in mutant development and affect the generation of specific traits, leading to differential traits between wild-type and mutant plants.



Changes in Genes Associated With Sugar Metabolism in the Mutant Plants

In plants, sugar plays an essential role in growth and development. Soluble sugar accumulation is a common phenomenon during plant development (Yang et al., 2019). Sugar acts as a signaling molecule that transmits the cell’s metabolic status to regulate plant growth and development (Debast et al., 2011; Cai et al., 2021). Beveridge et al. proved that the initial signal for lateral bud growth was not auxin, but sucrose (Beveridge et al., 2000). Mason et al. pointed out that sucrose treatment could significantly promote lateral bud growth and downregulate lateral bud inhibitory gene expression (Mason et al., 2014). In this study, a total of 14 DEGs associated with sugar and starch metabolism pathways were explored. Among them, two genes (TRINIT_DN64569_c0_g2 and TRINITY_DN386_c0_g2) encoding sucrose phosphate synthase were upregulated in all mutant plant tissues, indicating a possible role of sucrose biosynthesis in mutant plant-specific traits. The result was consistent with previous studies on Arabidopsis thaliana (Kebrom and Mullet, 2015), and a study of Brassica pekinensis (Xia et al., 2015) showed that sucrose plays a key regulatory role in branching development and flowering. Additionally, the expression level of a sugar signal transduction gene (TRINITY_DN13204_c0_g1) was significantly increased in mutant plant tissues, which is consistent with previous reports suggesting that sugar can be used as a signaling molecule and sugar levels can be trigger factors for lateral bud development (Smeekens et al., 2010; Granot et al., 2013). Furthermore, two genes involved in the starch metabolism pathway were also found to be involved in mutant development, suggesting that the genes encode sugar and starch metabolism are associated with mutant plant development. These results indicate that the expression levels of genes related to sugar metabolism are different between wild-type and mutant plants. Many genes related to glucose metabolism are highly expressed in mutant plants, which may be the factors influencing the differences between mutant and wild-type plants.



Changes in Plant Hormone Genes in the Mutant Plants

Plant hormones are essential for many fundamental and developmental processes of plants, such as cell division, bud development, shoot branching, and senescence (Heyl et al., 2007). Genes related to hormonal metabolism and signal transduction also play important roles in regulating plant and organ size (Guo et al., 2010). In this study, we identified 37 DEGs associated with plant hormones, which belong to seven hormone families. Among them, the expression levels of genes associated with cytokinin differed significantly in various tissues, indicating its role in cell division, cell development, and plant branching. This is consistent with reports concluding that cytokinin directly promotes plant branching, tillering development, and lateral bud growth (Hutchison and Kieber, 2002; Foo et al., 2007). GA plays an important regulatory role in plant growth and development (Mao et al., 2017). GA is also known to control longitudinal shoot growth and shoot branching (Arend et al., 2009). In this study, 3 DEGs related to GA were found to have different expression levels in mutant and wild-type plants, suggesting that GA may play a role in mutant plants development.

ABA was the largest hormone species, with 11 DEGs, which are highly expressed in all tissues of the mutant plant. Combined with our physiological results on plant hormone concentration, ABA concentration was higher in mutant plant leaves than that of normal leaves, which was consistent with the RNA-seq results. Therefore, we hypothesized that ABA plays a more important role than other hormones in the differential changes between mutant and wild-type plants. ABA has been widely investigated as a major endogenous factor involved in seed germination inhibition, internode elongation, and bud dormancy (Da Silva et al., 2008; Singh et al., 2018). Our results indicate that the genes related to ABA are highly expressed in mutant plants compared with wild-type plants, which may inhibit the tissue development of mutant plants, resulting in dwarfed plants, short branches, and short leaves. In ABA biosynthesis, our results indicated that for ABA biosynthesis genes (ABA, AAO, and NCED) were upregulated in the mutant plant tissues, adding to our viewpoint. Similar patterns were also found in previous studies that stated ABA is closely related to plant tissue dormancy (Yin et al., 2009; Porcel et al., 2014). Furthermore, the expression levels of ABA signaling genes (PYL, PP2C, and SnRk) were also significantly changed in mutant plants compared with wild-type plants, again suggesting that ABA may inhibit mutant development. These results suggest that plant hormones may be the main regulatory factors of differential growth and development between mutant and wild-type plants, and ABA-related genes play a more important role in the variation of traits between mutant and wild-type plants.



The Potential Value of Mutant Plants of L. Olgensis in Genetics and Breeding

A long breeding cycle and complex genetic background of L. olgensis are the main reasons for its slow genetic improvement. The rare natural bud mutation is convenient for breeding new varieties and the genetic improvement of L. olgensis. It also acts as a model plant for studying the molecular mechanism of conifer mutation. We have confirmed the special traits in mutant plants can be stably maintained by asexual reproduction methods such as grafting and cutting. Moreover, on investigating the molecular mechanisms associated with bud mutation (Figure 7), we found that the differential expression of genes involved in cell division and differentiation, SAM activity, plant hormone biosynthesis, and sugar metabolism were closely related to differential trait formation between mutant and wild-type plants. Understanding the molecular mechanism of multiple branch mutants lays the foundation for new variety breeding and genetic improvement of L. olgensis. For a long time, L. olgensis has been used only as an afforestation timber species. However, this study highlights that the mutants of L. olgensis are not only precious germplasm resources but also have potential agronomic value. These mutant plants have multiple branches, clustered branches, short leaves, spherical crowns, and high ornamental value, which can be planted as a new tree species for landscaping.
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FIGURE 7. Schematic diagram of general molecular regulation mechanism for mutant formation. The model suggested that the differential expression of genes involved in cell division and differentiation, SAM activity, plant hormone biosynthesis, and sugar metabolism was closely related to the formation of L. olgensis mutants. Transcription factors have also been found to play a role in mutant formation.
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Idioblasts are defined by abnormal shapes, sizes, and contents that are different from neighboring cells. Myrosin cells are Brassicales-specific idioblasts and accumulate a large amount of thioglucoside glucohydrolases (TGGs, also known as myrosinases) in their vacuoles. Myrosinases convert their substrates, glucosinolates, into toxic compounds when herbivories and pests attack plants. In this review, we highlight the similarities and differences between myrosin cells and vascular cells/guard cells (GCs) because myrosin cells are distributed along vascular cells, especially the phloem parenchyma, and myrosin cells share the master transcription factor FAMA with GCs for their cell differentiation. In addition, we analyzed the overlap of cell type-specific genes between myrosin cells and GCs by using published single-cell transcriptomics (scRNA-seq) data, suggesting significant similarities in the gene expression patterns of these two specialized cells.
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PHYSIOLOGICAL ROLES OF THE MYROSINASE–GLUCOSINOLATE SYSTEM

Idioblasts are cells with abnormal shapes, sizes, and contents (proteins and metabolites) (Foster, 1956). Myrosin cells are Brassicales-specific idioblasts. In model plants, Arabidopsis thaliana, myrosin cells are distributed along veins in the aerial parts of the plants without hypocotyls. Myrosin cells are named after storage proteins, myrosinases, which are called “myrosin grain” and thioglucoside glucohydrolase (TGG) (Rask et al., 2000; Andreasson et al., 2001). The substrates of myrosinases are glucosinolates, which are sulfur-rich compounds in plants and accumulate at other types of specialized cells called S-cells (Koroleva et al., 2000; Shroff et al., 2008; Burow and Halkier, 2017; Nintemann et al., 2018). Under normal developmental conditions, enzymes and substrates never meet each other because they are separated into different cell types. After the cell collapses by the attack of herbivories, myrosinase cleaves the bond between sulfur and glucose in glucosinolates to produce the toxic compounds, isothiocyanates (Shirakawa and Hara-Nishimura, 2018). This defense strategy was named “mustard oil bomb” and is one of the critical factors for the habitat range of Brassicales plants (Prasad et al., 2012). In a model plant, A. thaliana, two kinds of myrosinases, TGG1 and TGG2, are stored in myrosin cells. Double knockout mutants of TGG1 and TGG2 have exhibited weak resistance against herbivories compared with the wild-type (Barth and Jander, 2006). Unlike TGG2, it is well known that TGG1 is also expressed in guard cells (GCs) (Zhao et al., 2008). However, the role of the myrosinase–glucosinolate system in GCs was unknown until recently. Salehin et al. (2019) showed that the myrosinase–glucosinolate system is required for the closure of stomata under drought conditions. These results suggested that the myrosinase–glucosinolate system has different functions in two different specialized cells.

Thioglucoside glucohydrolases are defined by the conserved glutamine that is required for binding to glucosinolates. The conserved residue is replaced by glutamic acid in the atypical myrosinases, PENETRATION2 (PEN2) and PYK10 (Matsushima et al., 2003; Bednarek et al., 2009). They prefer indole glucosinolates to aliphatic glucosinolates. For more detailed information about the function and evolution of atypical myrosinases, see Nakano et al. (2014); Pastorczyk and Bednarek (2016), and Nakano et al. (2017).



ANTI-MYROSINASE–GLUCOSINOLATE STRATEGIES AND REUSE OF GLUCOSINOLATES

During evolution, herbivories evolved the resistance and secondary use of the myrosinase–glucosinolates system. Diamondback moth is a crucifer specialist insect and produces glucosinolate sulfatase (GSS) to detoxify glucosinolates (Ratzka et al., 2002). GSS hydrolases glucosinolates to produce desulfo-glucosinolates, which myrosinases cannot cleave. The evolution of GSS during the battle between insects and plants is an open question.

Other insects accumulate plant toxins, glucosinolates, for defense against predators. The specialist herbivorous insect Phyllotreta striolata (flea beetle) ingests glucosinolates and has myrosinases that may cleave glucosinolates from plants (Beran et al., 2014). Recently, it was reported that the horseradish flea beetle Phyllotreta armoraciae uses a sugar transporter as a glucosinolate transporter to transfer glucosinolates from the excretory system to the hemolymph (Yang et al., 2021). It is an interesting question how and why flea beetles start to use glucosinolates for their defense strategies.



MYROSIN CELLS VERSUS VASCULAR CELLS

Myrosin cells are distributed along veins, especially the phloem (Shirakawa and Hara-Nishimura, 2018; Shimada et al., 2018). Myrosin cells contact directly with phloem parenchyma. During development, myrosin cells never encounter veins, resulting in two networks, the network of veins and myrosin cells, which are wired coordinately (parallel organization and alignment). This observation provoked the question of whether myrosin cells differentiate from vascular precursor cells (procambium cells). Two groups compared the spatiotemporal expression patterns of a myrosin cell reporter and a procambium reporter and showed that myrosin cells do not differentiate from procambium cells and, rather, directly differentiate from ground meristem cells, which are stem cell-like cells in inner tissue (Li and Sack, 2014; Shirakawa et al., 2016b). Ground meristem cells are also mother cells of mesophyll cells and procambium cells. How plants coordinate the development of myrosin cells and vascular cells remains an open question. Polar auxin transport (PAT) is required for the proper development of both vascular cells and myrosin cells, suggesting that auxin may coordinate the development of both cell types. Interestingly, mutants of SYNTAXIN OF PLANTS 22 (SYP22) exhibited a less vascular network than wild-type and, in contrast, had more myrosin cells than the wild-type (Ueda et al., 2006; Shirakawa et al., 2009, 2010, 2014a). SYP22 is required for PAT in leaf primordia through the endocytosis of the auxin efflux carrier PIN-FORMED 1 (PIN1) (Shirakawa et al., 2014c). syp22 failed to canalize auxin resulting the abnormal distribution of auxin. Taken together, we hypothesized that high levels of auxin induce the vascular differentiation and low levels of auxin induce the differentiation of myrosin cells. Different dosages of auxin may regulate the development of two specialized cells.

Why do myrosin cells distribute along leaf veins? First, S-cells are distributed along the primary veins. Plants need to develop myrosin cells close to S-cells to efficiently produce toxic compounds when herbivories eat them. This may work as a costless defense system, protecting the lifeline of plants without the loss of photosynthetic organs. Second, myrosin cells may need to communicate with vascular cells, especially phloem cells, to exchange nutrients and metabolites. Consistent with this hypothesis, SUGAR TRANSPORTER PROTEIN 8 is specifically expressed in myrosin cells (Rottmann et al., 2018). Like the wiring of the vein network and myrosin cell network, two networks, the nervous system and blood vessel network, are wired in animals and are called “neurovascular links” (Walchli et al., 2015). The wiring of networks of vascular cells and myrosin cells (named myrovascular links) may be a good model for research on the coordination of the two networks. Future studies may identify new roles of myrosin cells in the context of communication with vascular cells, which may be independent of S-cells.



MYROSIN CELLS VERSUS GUARD CELLS

The basic helix–loop–helix transcription factor FAMA was identified as a master transcription factor for the differentiation of myrosin cells from ground meristem cells (Li and Sack, 2014; Shirakawa et al., 2014b, 2016a). FAMA is also known as the master TF for the transition from guard mother cells (GMCs) into GCs (Ohashi-Ito and Bergmann, 2006). Sister TFs, SPEECHLESS (SPCH) and MUTE, regulate the transition from protodermal cells into meristemoids and the transition from meristemoids into GMCs, respectively (MacAlister et al., 2007; Pillitteri et al., 2007; Lau and Bergmann, 2012; Han and Torii, 2016). Recently, it was shown that MUTE directly activates FAMA in stomatal lineage cells (Han et al., 2018). However, in inner tissues, MUTE is not required for the expression of FAMA, suggesting that other TF(s) activate the expression of FAMA in inner tissues (Shirakawa et al., 2014b). The distribution of FAMA-expressing cells in inner tissues was changed by treatment with PAT inhibitors and in mutants of PAT, including syp22 (Li and Sack, 2014; Shirakawa et al., 2014c). Auxin response factors (ARFs) may activate FAMA in inner tissues.

The downstream FAMA has been well studied in the stomatal lineage (Hachez et al., 2011; Weimer et al., 2018). In the stomatal lineage, FAMA inhibits the ectopic divisions of GMCs and promotes the differentiation of GCs (Ohashi-Ito and Bergmann, 2006). One of the D-type cyclins, CYCD7, is directly repressed by FAMA to inhibit ectopic divisions of GMCs (Figure 1A; Weimer et al., 2018). Although other downstream factors were identified by transcriptome analysis (Hachez et al., 2011), it was still unclear which direct targets of FAMA differentiate from GMCs to GCs. One of the candidates is DNA-binding with one finger (DOF) TF, STOMATAL CARPENTER 1. SCAP1 is upregulated in inducible FAMA-overexpression lines (Hachez et al., 2011). SCAP1 is expressed from young GCs to mature GCs, suggesting that the expression window of SCAP1 fits the later expression window of FAMA (Figure 1A; Negi et al., 2013; Lopez-Anido et al., 2021). In addition, half of GCs in scap1 mutants exhibited skewed morphologies (Negi et al., 2013). SCAP1 is a potential direct target of FAMA in young GCs. However, the stomatal phenotypes of scap1 were much weaker than those of fama. Other direct target(s) of FAMA must exist and cooperatively promote the differentiation of GCs with SCAP1.
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FIGURE 1. Dual role of FAMA in epidermis and inner tissues. (A) FAMA regulates the final division of guard mother cells (GMCs) and the differentiation of guard cells (GCs). FAMA directly represses the expression of CYCD7 and potentially regulates the expression of SCAP1. Loss of FAMA triggers the ectopic divisions of GMCs, resulting in the formation of fama tumors. In focl1 and osp1, the pores of stomata are covered by membranous cuticular material. mus exhibits skewed GC (left) and unopen GC (right). (B) FAMA regulates the differentiation of ground meristem cells into myrosin cells in inner tissues.


In addition to TFs, a leucine-rich repeat receptor-like kinase (MUSTACHES/MUS), a structural protein [FUSED OUTER CUTICULAR LEDGE1 (FOCL1)] and enzymes [POLYGALACTURONASE INVOLVED IN EXPANSION3 (PGX3) and OCCLUSION OF STOMATAL PORE 1 (OSP1)] that are involved in the formation of pores were identified over a decade (Keerthisinghe et al., 2015; Hunt et al., 2017; Rui et al., 2017; Tang et al., 2020). mus exhibited skewed GC and unopen GC, suggesting that MUS receives unknown ligands that coordinate the bilateral symmetry of GC. focl1 and osp1 showed similar phenotypes in that the pores of stomata were covered by membranous cuticular materials. FOCL1 is a secreted cell wall structural protein, and OSP1 is a GDSL lipase. It is an interesting question how FOCL1 and OSP1 interact genetically and biochemically. PGX3 is required for the formation of the proper pore size. It is still an open question whether the expression of these factors is regulated by FAMA.

Compared with stomata, key factor(s) of the differentiation of myrosin cells, which are downstream of FAMA, have not yet been identified (Figure 1B). Only one of the myrosinases, TGG1, has recently been reported to be a direct target of FAMA (Feng et al., 2021). Overall, key factor(s) that promote the differentiation of two specialized cells after FAMA remain enigmatic. In addition to downstream factors of FAMA, several interaction partners of FAMA have been identified (Mair et al., 2019). One of them, SCREAMs, is required for the differentiation of stomata and myrosin cells (Kanaoka et al., 2008; Shirakawa et al., 2014b). Other factors may have specific developmental/physiological functions in one of two specialized cells.



COMMONALITY BETWEEN MYROSIN CELLS AND GUARD CELLS

The FAMA-SCRM complex is a common master regulator of the differentiation of both myrosin cells and GCs. Therefore, it is expected that the two cell types may share gene expression patterns. Very recently, transcriptome analysis of Arabidopsis leaves was performed at single-cell resolution (scRNA-seq) (Berrío et al., 2021). Surprisingly, during the analysis, the unsupervised clustering of scRNA-seq data recognized myrosin cells and GCs as a single cluster. In addition, then, combined with the known markers (an epidermal marker was only expressed at GCs, not at myrosin cells), the authors divided them into two different clusters. Consistent with the previous experiment with reporter lines, TGG1 was expressed in both cell types, and TGG2 was exclusively expressed in myrosin cells in scRNA-seq, suggesting that scRNA-seq with manual clustering successfully separated the two cell types.

These results suggest that the gene expression patterns of the two types of specialized cells may be quite similar. Indeed, we compared cell type-specific genes of two specialized cells, and the analysis revealed that the commonly expressed genes were more than 50% of genes expressed in each cell type (myrosin cells 54%; GCs 64%) (Figure 2). This result indicates that unknown common function(s) may exist in two specialized cells. In addition, some myrosin cells expressed vascular markers, suggesting that myrosin cells can be segmentized into more small groups and that some of them may have features of vascular cells (Berrío et al., 2021). Taken together, scRNA-seq is a powerful tool for research on cell fate determination and differentiation.
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FIGURE 2. Two specialized cells share thousands of genes. Venn diagram of genes specifically expressed in guard cells (GC) and myrosin cells (MC). Original data were reported in Berrío et al. (2021).




PERSPECTIVES

In this review, we discuss the functional and developmental link between myrosin cells and vascular cells and GCs. The link between myrosin cells and vascular cells is hypothesized from anatomical research, and the unexpected link between myrosin cells and GCs is hypothesized from the discovery of master transcription factors. These hypotheses were partly supported by recent scRNA-seq data (Figure 2). These hypotheses may be connected with findings of the new physiological role of myrosin cells.

The downstream factors of FAMA must provide important information to answer this question. During this decade, some direct targets of FAMA were identified. However, the whole network of FAMA downstream is still largely unknown. By using inducible overexpression lines, RNA-seq analysis with sampling at multiple time points may be useful because FAMA is continuously expressed during the development of GCs (Lopez-Anido et al., 2021), and by using such methods, downstream targets of SPCH and MUTE have been identified (Lau et al., 2014; Han et al., 2018). In addition to classical transcriptome analysis, scRNA-seq is a useful tool not only for the identification of cell type-specific genes but also for the reconstruction of cell lineages (Lopez-Anido et al., 2021). Combined with stage-specific fluorescent reporters, fluorescence-activated cell sorting (FACS), and scRNA-seq, it may be possible to reveal the gradual change in gene expression patterns of myrosin cells from the beginning to the maturation of cell differentiation (lineage tracing).

Moreover, in the plant research field, small molecules with various biological functions have been recently identified (Nemhauser and Torii, 2016; Ziadi et al., 2017; Shirakawa et al., 2021). For example, the chemical compound bubblin increased the number of GCs (Sakai et al., 2017). By transient treatment and dosage control, small molecules can overcome the genetic redundancy and lethality of gene functions. It could be possible to identify the molecules that manipulate the number and distribution of myrosin cells and convert the identity of myrosin cells into GCs/vascular cells and vice versa.

The physiological function and developmental program of idioblast myrosin cells are largely unknown. Future works will shed light on the comprehensive molecular network of the function and development of myrosin cells. This information may be connected with the research field of applied plant science.
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Simple and compound which are the two basic types of leaves are distinguished by the pattern of the distribution of blades on the petiole. Compared to simple leaves comprising a single blade, compound leaves have multiple blade units and exhibit more complex and diverse patterns of organ organization, and the molecular mechanisms underlying their pattern formation are receiving more and more attention in recent years. Studies in model legume Medicago truncatula have led to an improved understanding of the genetic control of the compound leaf patterning. This review is an attempt to summarize the current knowledge about the compound leaf morphogenesis of M. truncatula, with a focus on the molecular mechanisms involved in pattern formation. It also includes some comparisons of the molecular mechanisms between leaf morphogenesis of different model species and offers useful information for the molecular design of legume crops.
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INTRODUCTION

Leaves are the most important photosynthetic organs of plants that produce nutrients, to store, or transport them to other organs. Leaf shape is one of the most diverse morphological features in plant kingdoms, which is the result of the evolutionary adaptation of a species to its specific environment (Warman et al., 2011; Milla, 2012; Schmerler et al., 2012). Two basic types of leaves, simple and compound, are distinguished by the pattern of the distribution of blades on the petiole. Simple leaves have a single undivided blade per petiole. Compound leaves consist of multiple independent blade units, called leaflets, that are attached to the petiole and its derivatives, and organized into specific patterns. Different compound leaves show great variation in a leaf pattern, the leaflet number, and organization, exhibiting much more morphological diversity in nature. Each leaflet is usually considered to be functionally equivalent to a simple leaf, and therefore, the emergence of compound leaves during evolution is thought to have provided some advantages, including increased photosynthetic efficiency and enhanced adaptation to herbivory (Champagne and Sinha, 2004; Warman et al., 2011; Milla, 2012). A major question for plant developmental biologists is the molecular mechanism underlying the diversity of compound leaf forms during evolution.

In order to study the molecular basis underlying compound leaf development, five model compound-leafed plants are widely used: the Solanaceae tomato (Solanum lycopersicum), the Brassicaceae Cardamine hirsuta, and three Leguminosae plants Medicago truncatula, Lotus japonicus, and pea (Pisum sativum) (Wang and Chen, 2013; Bar and Ori, 2015). Several excellent related reviews have previously been published, but these are either relatively old or focus primarily on the species tomato and C. hirsuta rather than M. truncatula and Leguminosae plants (Hofer and Ellis, 1998; Goliber et al., 1999; Kessler and Sinha, 2004; Blein et al., 2010; Efroni et al., 2010; Koenig and Sinha, 2010; Bar and Ori, 2014; Du et al., 2018; Wang H. et al., 2021). The leaves of Leguminosae plants, however, display a great diversity in compound leaf patterns, ranging from pinnate and palmate to higher-ordered complicated, and leaflets in these leaves usually show almost uniform morphology (He et al., 2020); moreover, some species from the Cercideae tribe (Caesalpinioideae) and the Desmodium genus (Papilionoideae) have a simple leaf morphology (Sprent, 2007, 2008). Over the last two decades or so, the molecular basis of this morphological diversity in Leguminosae plants has attracted a high level of interest (Hofer et al., 1997, 2009; Hofer and Ellis, 1998; Champagne et al., 2007; Wang et al., 2008, 2013; Hofer and Noel Ellis, 2014; Jeong et al., 2017; Moreau et al., 2018; Jiao K. et al., 2019). Recent studies in model legume M. truncatula identified several regulators involved in the compound leaf development, leading to a growing knowledge of the genetic control of the compound leaf patterning (Chen, 2018; Table 1; Figures 1A,B). M. truncatula is a close relative of alfalfa (Medicago sativa), the most cultivated forage plant that represents the most economically valuable forage for animal feed but has a limited genetic base for breeding programmers (Chen et al., 2020; Shen et al., 2020). This review aims to summarize the current knowledge about how the leaf morphogenesis of M. truncatula is regulated by the coordination of genetic factors, hormones, and other signals, and finally to pattern the compound leaf. It also includes some comparisons of the molecular mechanisms between leaf development of different model species and offers useful information for the molecular design of legume crops.


TABLE 1. Functionally characterized genes involved in compound leaf development.
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FIGURE 1. Genes associated with the morphology of the Medicago truncatula trifoliate leaf. (A) The typical trifoliate leaf of M. truncatula consists of a terminal leaflet (TL), a pair of lateral leaflets (LL), a central rachis, and a petiole subtended by a pair of stipules (St). Each leaflet has a pulvinus at the base of the blade, functioning as the motor organ for leaf movement. The distal part of the blade (∼3/4 midvein) forms serrations (yellow curve) along the edges. (Bar, 2 cm.) (B) The diagram of the trifoliate leaf and some of the functionally characterized genes involved in regulating the morphology of serrations, pulvinus, rachis, petiole, and rachis of the trifoliate leaf.




PATTERN FORMATION AND MORPHOGENESIS IN COMPOUND LEAF DEVELOPMENT OF MEDICAGO TRUNCATULA

The ontogeny of leaf development can be conventionally divided into three continuous and overlapping phases: initiation, primary morphogenesis, and secondary morphogenesis (Efroni et al., 2010; Bar and Ori, 2015). Leaf primordia that lead to either simple or compound shapes are initiated from the flanks of the shoot apical meristem (SAM) and produced in series separated by a time period termed plastochron (P). Universally, leaf primordia at sequential orders of plastochrons (P1, P2, P3, and P4…) are used to describe their developmental stages. The latest emerging leaf primordium is termed P1, the next oldest leaf primordium P2, and so forth, whereas the leaf founder cell population is designated as P0. Leaf initiation, that is stages P0 to P1, refers to the process of the recruitment of leaf founder cells (P0) on the peripheral zone of SAM and the subsequent formation of a protrusion (P1) after early cell division. After initiation, leaf primordia proceed with the second phase, the primary morphogenesis, which includes the establishment of three polarity axes (adaxial–abaxial, proximal–distal, and mediolateral), the specification of the primordial lamina, petiole, and other organs in leaves (i.e., leaflets in compound leaves) and the formation of marginal structures such as lobes and serrations (Du et al., 2018). The final phase is secondary morphogenesis, which involves limited cell division and extensive cell expansion and differentiation, leading to the attainment of final leaf shape and size (Gonzalez et al., 2012). Because of the main role of secondary morphogenesis in promoting laminar outgrowth and organ elongation rather than organ pattern of the leaf, it is generally believed that the controlling mechanisms of this process are likely to have greater similarities than differences between simple and compound leaf development. Overall, different from simple leaf development, compound leaf development contains a specific morphogenetic process during the primary morphogenesis, namely the formation of separated leaflet primordia, and this process largely determines the final leaflet number and arrangement (He et al., 2020). Therefore, in this review, the authors mainly dissect the regulators and pathways controlling the primary morphogenesis of the compound leaf in M. truncatula, with a particular concern about the mechanisms responsible for the pattern formation.

In M. truncatula, the first leaf following the appearance of the cotyledons is unifoliate in the juvenile form in contrast to subsequent trifoliate leaves in adult form, which consist of a pair of lateral leaflets and a terminal leaflet at the distal end of a petiole subtended by a pair of stipules (Wang et al., 2008; Figure 1A). Each leaflet in either unifoliate leaves or trifoliate leaves has an independent pulvinus at the base of the lamina, functioning as the motor organ for the nyctinastic leaf movement (Chen et al., 2012; Zhao et al., 2021). Our description and discussion are concentrated on the development of the trifoliate leaves where most studies have been focused on.

The trifoliate leaf is initiated as a strip of cells termed common primordia (P1) outgrowth along the SAM periphery, and later it progresses into primary morphogenesis, which includes most critical developmental events determining the leaf pattern (Wang et al., 2008; Chen, 2019; Figure 2). At the late P1 stage, stipule primordia become apparent at the proximal end of the common leaf primordium. During the P2 stage, a pair of lateral leaflet primordia were initiated between the stipule and the common primordium which later was differentiated into the terminal leaflet primordium; at the same time, boundaries were sequentially established between the stipule and lateral leaflet primordia, and between the lateral and terminal leaflet primordia (Figure 2A). Up to the late P3 stage, the three separated leaflet primordia were already formed, and the basic structure of the trifoliate leaf was established (Figure 2B). Then, during stages P3 to P4, another important and characteristic developmental event is that the abaxial surface of each leaflet primordium outgrows the adaxial surface, resulting in the leaflet primordia becoming folded (Figure 2C). Beginning from the P4 stage, the specification of petiole, rachis, and pulvinus and the formation of marginal serrations occurred in succession (Figures 2D,E). Primary morphogenesis occurs during very young stages when the leaf is still protected by older leaves at the shoot apex, while secondary morphogenesis encompasses a much longer time period and represents an increase in surface area and volume of several thousandfold. Trichomes, as a maker of cell differentiation, firstly emerge in late P2 from the abaxial surface of the terminal leaflet primordium and later were gradually developed from the stipule, lateral leaflet, petiole, and rachis primordia, and up to P5 stage, they densely covered the leaf surfaces, with especially abundance on the abaxial surface and the petiole and rachis (Figures 2A–D). During P5 and later stages, leaf cells mainly undergo cell-fate determination, differentiation, and expansion; the vasculature, leaf margins, and other specialized epidermal cells such as trichomes and stoma accomplish their differentiation to make a mature leaf. Usually, up to the P8 stage, the flattened shape of leaves was established.
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FIGURE 2. The ontogeny of compound leaf development in M. truncatula. (A–D) SEM images of the shoot apical meristem (SAM) and/or developing leaf primordia. (A) The organization of the shoot apex with two leaf primordia developed at the SAM periphery. Primordia are named according to the plastochron (P) age: the latest emerging primordium is termed P1, the next oldest primordium P2, etc. The yellow curve marks the boundary between the terminal leaflet (TL) and the lateral leaflet (LL) primordia. St, stipule. (B) The organization of the shoot apex shows the SAM protected by P2 and P3 leaf primordia. Curved arrows mark the adaxial–abaxial (pink) and proximal–distal (blue) axes of leaf asymmetry. (C) Adaxial side view of the P4 leaf primordium. Cyan curved arrows mark the mediolateral axis. During stages P3 to P4, due to the abaxial surface outgrows the adaxial surface, the leaflet primordia became folded (orange triangle). (D) Adaxial side view of the P5 leaf primordium with the serrations (yellow curve) being formed. Pet, petiole. (Bars, 50 μm). (E) Diagrams of compound leaf primordia at successive stages of ontogeny. The leaf development of M. truncatula can be divided into three successive phases. The first is the initiation of leaf primordium from the peripheral zone of SAM. The following is primary morphogenesis, during which three axes of leaf polarity are established, and three separated leaflet primordia, as well as primordial petiole and rachis, are formed. The last is secondary morphogenesis, during which the vasculature, leaf margins, and other specialized epidermal cells such as trichomes and stoma accomplish their differentiation to make a mature leaf. A mature trifoliate leaf exhibits both global and local polarity along the proximal-distal axis (rightmost): the global proximal-distal polarity is manifest in the distribution of distinct specialized organs along the proximal-distal axis (blue and long double-headed arrow), while each leaflet exhibits independent local proximal-distal polarity (blue and short double-headed arrows). Rac, rachis.




LEAF INITIATION

The SAM is the source of all cells that ultimately form the above-ground architecture of plants, including the subset that ends up building the leaves (Vernoux et al., 2021). The homeobox gene WUSCHEL (WUS), which is specifically expressed in the organizing center of the SAM, plays a central role in the formation and maintenance of the shoot meristem activity (Schoof et al., 2000); loss-of-function mutations in WUS result in the misspecification of stem cells and the premature termination of meristem activity (Lenhard et al., 2001). In M. truncatula, in addition to a conserved role in the SAM and axillary meristem maintenance, the HEADLESS (HDL)/MtWUS has been implicated in the regulation of both the leaf proximal–distal axis elongation and the leaf margin morphology (Meng et al., 2019; Wang et al., 2019).

Leaf founder cells are part of the SAM and cannot be easily distinguished from other cells in histological appearance, but have certain cellular characteristics, including dense cytoplasm, very small vacuoles, and a high cell division rate (Verdeil et al., 2007; Yruela, 2015). The acquisition of founder cell identity is determined by specific gene expression and hormone signaling programs, and some molecular characteristics are: (i) the class I KNOTTED1-LIKE HOMEOBOX (KNOXI) genes that principally function to maintain the SAM identity are excluded from founder cells (Long et al., 1996; Hake et al., 2004); (ii) genes promoting organ specification and differentiation are activated, such as ASYMMETRIC LEAVES1/ROUGH SHEATH2/PHANTASTICA (collectively named ARP) and other adaxial–abaxial polarity genes (Fukushima and Hasebe, 2014); (iii) PIN-mediated the local auxin accumulation triggers the primordium bulging (Furutani et al., 2014). The initiation program would be highly conserved in M. truncatula which was evident from the following two considerations. At first, KNOXI genes are down-regulated at the site of the incipient leaf primordium where some adaxial–abaxial polarity genes such as M. truncatula ARGONAUTE7 (MtAGO7)/LOBED LEAFLET1 (LOL1), AUXIN RESPONSE FACTOR3 (MtARF3), PINNATE PENTAFOLIATA1 (PPF1)/MtREVOLUTA1 (MtREV1), and MtYABBY3 are activated (Zhou et al., 2013, 2014; Peng et al., 2017). Secondly, the initiation is proved to correspond to transient auxin maxima that probably generated by both Lateral Leaflet Suppression 1 (LLS1)/MtYUCCA1-mediated local biosynthesis (Zhao et al., 2020) and SMOOTH LEAF MARGIN1 (SLM1)/MtPIN10-mediated polar transport (Peng and Chen, 2011; Zhou et al., 2011). Their detailed descriptions have been discussed the below sections.



LFY PLAYS A CENTRAL ROLE IN THE TRIFOLIATE PATTERN FORMATION

How ordered leaflets are formed to a specific pattern is a fundamental question of compound leaf development. The pattern formation is largely dependent on maintaining and modulating a transient morphogenetic activity in the early leaf primordia which directs temporal and spatial patterns of the leaflet initiation (Bar and Ori, 2015). In most compound-leafed species including tomato and C. hirsuta, in addition to the role in promoting and maintaining SAM indeterminacy, KNOX I genes also play a key role in maintaining transient indeterminacy and morphogenetic activity in early compound leaf primordia (Hareven et al., 1996; Hay and Tsiantis, 2006; Challa et al., 2021). As mentioned above, KNOX I genes are specifically expressed in SAM and are down regulated in the incipience of leaf primordium across angiosperms (Vollbrecht et al., 1991; Bharathan et al., 2002). The down-regulation of KNOX I genes expression is permanent during simple leaf development, but short-term expression activation occurs in the early stages of compound leaf development, resulting in the initiation of leaflet primordia from the margin of compound leaf primordia (Hake et al., 2004; Hay and Tsiantis, 2006). Overexpression of KNOX I genes led to extra leaflet production (Hareven et al., 1996; Hay and Tsiantis, 2006), while the loss-of-function mutation in KNOX I genes resulted in simple-like leaves (Rast-Somssich et al., 2015). The reactivation of KNOX I genes in developing compound leaves is also seen in most legumes, but not detected in some legumes belonging to the inverted-repeat-lacking clade (IRLC), including pea and M. truncatula (Champagne et al., 2007). In IRLC legumes, the role of KNOX I genes is completely replaced by the FLORICAULA (FLO)/LEAFY (LFY) orthologs UNIFOLIATA (UNI) and SINGLE LEAFLET1 (SGL1) (Hofer et al., 1997; Wang et al., 2008; Zhou et al., 2014). LFY and its orthologs are highly conserved in plants and play a central role in specifying floral meristem identity in angiosperms (Sayou et al., 2014). In both pea and M. truncatula, loss-of-function mutation of SGL1 not only leads to defective in floral development, producing inflorescence-like structures but also converts compound leaves into simple-like leaves (Hofer et al., 1997; Wang et al., 2008). M. truncatula SGL1 has specifically expressed in central regions of the earliest leaf common primordia, later in terminal leaflet primordia, and last in the developing rachis (He et al., 2020; Zhao et al., 2020); this expression pattern is remarkably similar to that of ChSTM in the earliest stages of leaf development in C. hirsuta (Barkoulas et al., 2008). Interestingly, in some non-IRLC legumes, that is, soybean (Glycine max), L. japonicus, and mungbean (Vigna radiata), RNAi silencing or loss-of-function mutations of LFY orthologs also resulted in decreased leaflet number or even a simple leaf-like pattern, despite that KNOX I genes are detected in the leaf primordia (Champagne et al., 2007; Wang et al., 2013; Jiao K. et al., 2019), suggesting important roles for both KNOX I and LFY genes in leaf pattern formation in these species. It is not clear at present how KNOX I and LFY are coordinated to orchestrate the compound leaf development of the non-IRLC legumes.

During compound leaf pattern formation, how the KNOX I or LFY/SGL1-associated morphogenetic activity is directly regulated to ensure a correct leaf pattern is a central question. Recent publications suggest that the class II KNOX genes (KNOX II) (KNAT3, KNAT4, and KNAT5) confer opposing activities with KNOX I genes to suppress leaflet initiation in the simple leaf developmental program of Arabidopsis (Furumizu et al., 2015; Challa et al., 2021). Two important transcription factors were reported as repressors of the SGL1 expression during the pattern formation of the M. truncatula trifoliate leaves. PALMATE-LIKE PENTAFOLIATA1 (PALM1) encodes a Cys(2)His(2) zinc finger transcription factor that directly binds to the SGL1 promoter region and represses its transcription (Chen et al., 2010). PALM1 especially acts in the lateral leaflet primordia; in palm1 mutants, SGL1 expression was ectopically detected in the lateral leaflet region that caused two (rather than one) pairs of lateral leaflet formation, resulting in five leaflets organized into a palmate-like pattern. PINNA1-LIKE PENTAFOLIATA1 (PINNA1) gene encodes a BEL1-like homeodomain protein and its loss-of-function mutations led to a compound leaf pattern of five leaflets arranged pinnately (He et al., 2020; Wang and Jiao, 2020). PINNA1 proteins also directly bind to specific regions of the SGL1 promoter and inhibit the transcription. PINNA1 expression was found in both terminal and lateral leaflet primordia, and predominantly in the adaxial domain of the leaflet. In pinna1 mutants, an ectopic SGL1 expression was observed only in the early terminal leaflet primordia that thus initiated two additional leaflet primordia at the base, but not in the lateral leaflet primordia because of the existence of the functional PALM1 genes.

The combination of palm1 and pinna1 mutations results in higher-ordered compound leaves consisting of two orders and up to 13 leaflets (He et al., 2020). The five first-order leaflets in a palmate arrangement are formed in a process identical to that described for the five leaflets in palm1 leaves, while the second-order leaflets located on the petiolules of the first-order leaflets are formed in a manner similar to the additional pair of leaflets developing in pinna1 leaves. Elevated SGL1 expression was found to be associated with all leaflet production. The in vivo and in vitro biochemical analysis revealed that both PALM1 and PINNA1 proteins can bind to the SGL1 promoter to repress its expression, and they also can form a protein complex. In conclusion, during the pattern formation of trifoliate leaves, PINNA1 acts alone in the terminal leaflet region, while PALM1 functions as a “master regulator” role and PINNA1 as a “secondary regulator” role, to repress the SGL1 expression and the associated morphogenetic activity (Figure 3A). In another word, either PINNA1 or PALM1 could repress the SGL1 in the terminal or lateral leaflets region respectively, but PINNA1 only repress SGL1 in the absence of PALM1.
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FIGURE 3. Genes-network controlling the trifoliate pattern formation of M. truncatula. (A) Model for LFY/SGL1 pathway in trifoliate pattern formation with the diagram representing the P3 leaf primordium of three leaflet primordia but without stipule primordia. SGL1 is the key indeterminacy factor that maintains a transient morphogenetic activity and promotes the initiation of LL primordia (green arrows), while both PINNA1 and PALM1 negatively regulate the morphogenetic activity by directly inhibiting the expression of SGL1. PINNA1 acts alone in the TL primordia and plays a secondary role in the LL primordia (gray lines), where PALM1 functions as a master role (bold line). (B) Model for auxin actions during the trifoliate pattern formation. MtPIN10 polarization mediates auxin transport leads to the formation of auxin peaks to induce both TL and LL primordia bulging, and the MtYUC1 encoding auxin biosynthetic enzyme plays an essential role in LL growth. (C) Regulation of boundary development. MtNAM facilitates the separation of TL and LL primordia by inhibiting cell proliferation in the boundary region, FCL1 also plays a key role in the development of boundaries between TL and LL primordia. (D) Schematic view of the adaxial–abaxial patterns in leaflet primordia of the P3 leaf (upper panel), regulatory networks for the establishment and maintenance of adaxial–abaxial polarity (middle panel), and links between adaxial–abaxial polarity genes and the leaflet initiation (lower panel). MtAS2, MtAGO7, MtREV1, and PINNA1 are expressed in the adaxial domain of leaf primordia, MtWOX9, MtARF3, and MtYAB3 are expressed in the abaxial domain, and MtPHAN is expressed in both of the adaxial and abaxial domain, while STF is expressed at the adaxial–abaxial junction (middle domain). STF directly represses the expression of MtAS2 and MtWOX9, while MtPHAN and MtAGO7 negatively regulate transcription of MtARF3, MtREV1 represses the expression of MtYAB3. The adaxial–abaxial polarity genes MtPHAN, MtAGO7, and MtARF3 regulate the leaflet initiation through the LFY/SGL1 pathway. The adaxial polarity gene MtREV1 regulates the leaflet initiation through unknown mechanisms. The PINNA1 is mainly expressed in the adaxial domain and it negatively regulates the leaflet initiation through both the LFY/SGL1 pathway and an unknown mechanism independent of the SGL1 gene.




AUXIN IS IMPORTANT FOR LEAFLET INITIATION AND THE SUBSEQUENT OUTGROWTH

The compound leaf development in different species is tightly associated with several hormones signaling pathways. Among them, auxin received particular attention that numerous auxin biosynthetic enzymes, transporters, and signaling components have been reported to be involved in multiple processes of leaf development, including leaf and leaflet initiation, leaflet separation, and patterning, and blade outgrowth (Xiong and Jiao, 2019). Auxin is essential for the initiation of leaf common primordia from the flanks of SAM and leaflet primordia from the margins of leaf common primordia. Accumulation of auxin in initiating organs is driven by the activity of the PIN family of auxin efflux carriers (Wisniewska et al., 2006). In C. hirsuta, loss-of-function of PINFOR MED1 (ChPIN1) resulted in a decreased leaf production and a simple-like leaf pattern (Barkoulas et al., 2008). The ChPIN1 protein establishes local auxin activity maxima at leaf margin in the same manner as that it functions in SAM periphery, and thus facilitates the formation of lateral leaflets. In M. truncatula, SMOOTH LEAF MARGIN1 (SLM1)/MtPIN10 is a functional auxin efflux transporter orthologous to PIN1 (Peng and Chen, 2011; Zhou et al., 2011). The compound leaf development in slm1/mtpin10 mutants exhibited severe defects, including the decrease in marginal serrations, increase in terminal leaflet number, and a simultaneous reduction in lateral leaflet number, accompanied by reduced expression of SGL1 (Zhou et al., 2011). MtPIN10 is apically localized at the epidermal cells of the leaf primordia and marks the site of incipient primordia, and it also directs auxin maxima at the tips of serrations. It is interesting that the defects in the compound leaf pattern of slm1/mtpin10 (not much change in leaflet number) are significantly different from that of chpin1 (almost no leaflet), indicating the auxin regulators acting in diverse manners in different developmental contexts.

Auxin biosynthetic enzymes like YUCCAs are also reported to be necessary for the initiation of leaf and leaflet primordia and the blade outgrowth. A conserved function of YUCCAs on leaf vascular development was found in several species. The loss-of-function of multiple YUCCA genes in Arabidopsis resulted in plants with auxin-deficient phenotypes of short and narrow leaf blades and reduced leaf veins (Zhao et al., 2001; Cheng et al., 2007). The yucca1 mutant of pea (crispoid/psyuc1) has altered vein density and placement, with missing or underdeveloped tendrils and leaflets at low frequency (McAdam et al., 2017). In M. truncatula, the Lateral Leaflet Suppression1 (LLS1) gene encodes a key auxin biosynthetic enzyme MtYUCCA1, which plays a very important role in the compound leaf pattern formation (Zhao et al., 2020). The lls1 mutants are sever defective in vascular tissue development of blade, and the outgrowth of lateral leaflets was significantly suppressed with a morphology ranging from severely malformed or underdeveloped to small blade size. MtYUCCA1 is expressed in the emerging primordia as early as P0 and P1 stages, then at the basal regions between the terminal leaflet and lateral leaflet primordia of P2 and P3 stages, and the vascular tissues of leaflet primordia at later stages. As YUCCA proteins convert indole-3-pyruvic acid IPA to natural auxin IAA (Cao et al., 2019), the development of leaflets in trifoliate leaves therefore should be dependent on MtYUCCA1-catalyzed auxin generation and MtPIN10-driven auxin redistribution (Figure 3B).

How auxin signals are translated into programs of compound leaf morphogenesis remains to be investigated. In the most-studied auxin-signaling pathway, class A AUXIN RESPONSE TRANSCRIPTION FACTORS (ARFs) bind to target genes to activate downstream gene expression, whereas Aux/IAA proteins inhibit the auxin response by interacting with ARF activators to inhibit gene expression (Xiong and Jiao, 2019; Israeli et al., 2020). In tomato, multiple ARFs were found to stabilize the developmental output of auxin during leaf patterning, wherein the class A ARFs, SlMP, SlARF19A, and SlARF19B function to promote leaflet initiation and outgrowth but are repressed in the intercalary regions between leaflets by the Aux/IAA protein ENTIRE (E) (Israeli et al., 2019). In M. truncatula, overexpression of the MtARF3 leads to a curling leaf margin with deep serrations or even palmate-like pentafoliate leaves with radialized blades in some cases, and MtARF3 proteins can directly interact with the PALM1 promoter to negatively regulate PALM1 expression (Zhou et al., 2013; Peng et al., 2017; Figure 3D). The role of MtARF3 in specifying abaxial cell fate is further discussed in the below section “Roles of the leaf polarity genes in the leaf pattern formation” but understanding the detailed molecular mechanism of MtARF3 in the auxin signaling pathway requires further research.



BOUNDARY DEVELOPMENT DURING COMPOUND LEAF PATTERN FORMATION

Compound leaf development is characterized by the formation of separated leaflet primordia during the early stages of ontogeny. Leaflet primordia are initiated from marginal regions of the leaf common primordium and accompanying this process another key developmental event is the establishment of boundaries between leaflet primordia (Figures 2A,E). The boundary that separates two cell groups of organs has a specific feature of restricted cell growth relative to surrounding tissues, which relies on its unique gene expression profiles and hormone signaling programs (Zadnikova and Simon, 2014; Hepworth and Pautot, 2015). The best-characterized boundary is the domain separating the lateral organs from the SAM, where auxin and brassinosteroids (BRs) are down-regulated. The LATERAL ORGAN BOUNDARY DOMAIN (LBD) family gene LATERAL ORGAN BOUNDARIES (LOB) is expressed in the SAM-to-organ boundary and functions to maintain a low level of BRs, which subsequently restricts cell growth and division. CUP-shaped COTYLEDON (CUC)/NO APICAL MERISTEM (NAM) is a class of plant-specific NAC transcription factors that plays a central role in maintaining growth repression in boundaries (Aida et al., 1997; Blein et al., 2008). In addition to controlling SAM and organ separation, CUC/NAMs are also required for the boundary formation between leaflet primordia during compound leaf development (Blein et al., 2008). The silencing or mutation of CUC/NAM in different species all resulted in different degrees of fusion and decrease in the number of leaflets, whereas ectopic expression of CUC/NAM genes resulted in a compound leaf phenotype of increased leaflet number (Blein et al., 2008; Berger et al., 2009; Wang et al., 2013; Rast-Somssich et al., 2015; Jiao K. Y. et al., 2019). In M. truncatula, the CUC/NAM homologous gene MtNAM is also specifically expressed in the boundary region of leaflets (Figure 3C), and mutations lead to leaflet fusion (Cheng et al., 2012). Leaves of the sgl1 mtnam double mutant greatly resembled the phenotype of the sgl1 single mutant with a single leaflet pattern, while MtNAM expression is reduced in the sgl1 mutant but SGL1 expression was not altered in the mtnam mutant (Cheng et al., 2012), indicating that SGL1 is likely epistatic to MtNAM during the trifoliate leaf development and that the leaflet initiation is a prerequisite for leaflet delimitation.

Recently, the class M KNOX proteins, which lack the homeodomain, have been identified in Arabidopsis thaliana and tomato (Kimura et al., 2008; Magnani and Hake, 2008). Ectopic expression of the class M KNOX gene KNATM in A. thaliana leads to elongated petiole and narrow blade (Magnani and Hake, 2008). In tomatoes, the gain-of-function of the class M KNOX protein PETROSELINUM (PTS) increased the compound leaf complexity (Kimura et al., 2008). The M. truncatula Fused Compound Leaf1 (FCL1) gene is the orthologous gene of KNATM/PTS (Peng et al., 2011). Compound leaves in fcl1 mutants are simplified with fused or clustered leaflets and shortened petioles, but without rachises. Similar to that of sgl1 mutants, the reduction in the petiole length in the fcl1 mutants is likely caused by reduced cell division but not cell expansion. During the earliest developmental stages, the FCL1 expression corresponds to the sites of leaf initiation (P0 to P1); at subsequent developmental stages, FCL1 was expressed at the proximal domain of developing leaf primordia (Figure 3C); in older developing leaves, FCL1 was expressed at petiole, rachis and the base of folded blades. This expression pattern of FCL1 was greatly consistent with its roles in boundary separation and proximal–distal axis development, but the underlying mechanism remains undetermined.

The M. truncatula WRINKLED FLOWER AND LEAF (WFL) encodes a 3-ketoacyl-CoA synthase involved in the biosynthesis of very-long-chain fatty acids and cuticular wax. The wfl mutants have dramatic developmental defects in leaves and floral organs, exhibiting wrinkled leaves throughout the growth period and fused floral organs during the reproductive period (Yang et al., 2021). WFL was expressed in epidermal cells of the SAM, leaf primordia, and floral organs. This study is in accordance with the previous report that the functional cuticle is important for maintaining lateral organ separation (Liu et al., 2021).



ROLES OF THE LEAF POLARITY GENES IN THE LEAF PATTERN FORMATION

Once leaf founder cells are specified at the SAM flank, the leaf polarity simultaneously begins to be established through highly organized cell division and differentiation along three axes: adaxial–abaxial (broadly equivalent to the dorso-ventral), mediolateral, and proximal–distal (Efroni et al., 2010). The side of the leaf primordium facing the SAM is called the adaxial/dorsal face, mainly responsible for capturing sunlight and photosynthesis, and the other side called the abaxial/ventral face is mainly responsible for gas exchange. The region connecting the adaxial and abaxial surfaces is defined as the middle domain. The mediolateral polarity represents the horizontal expansion of the blade. The proximal–distal polarity determines the growth direction of the leaf primordia and the relative placement of the blade and petiole. The proximal portion is close to SAM, which differentiates into petiole, while the region farthest from the SAM is the distal portion where the blade forms. Although the pattern of the leaf polarity is establishment along three axes, the adaxial–abaxial axes play a decisive role. Only when the adaxial–abaxial polarity is established, the leaf can be extended, and the pattern of proximal–distal and the mediolateral can be further established (Efroni et al., 2010; Manuela and Xu, 2020).


Adaxial–Abaxial Polarity Genes

The MYB domain protein encoded by the ASYMMETRIC LEAVES1/ROUGH SHEATH2/PHANTASTICA (ARP) gene plays an important role in leaf initiation and the establishment of leaf adaxial–abaxial polarity (Waites et al., 1998; Timmermans et al., 1999; Byrne et al., 2000; Harrison et al., 2005). Mutations in PHANTASTICA of Antirrhinum abolished adaxial cell types and inhibited laminar growth (Waites et al., 1998). In A. thaliana and C. hirsuta, KNOX I and ARP genes are expressed in mutually exclusive domains, and the maintenance of the repressed state of KNOX I genes in the leaf primordium depends on ARP genes (Byrne et al., 2000; Hay and Tsiantis, 2006). The antagonism between ARP and KNOX I is also important for the compound leaf development of C. hirsuta (Hay and Tsiantis, 2006; Rast-Somssich et al., 2015). C. hirsuta chas1 mutants have an altered expression pattern of KNOX I genes in leaf primordia, leading to an increased leaflet production. In tomatoes, down-regulation of ARP results in a switch from pinnate into peltately palmate compound leaves with abaxialized petioles and reduced leaflet number (Kim et al., 2003). Loss-of-function of the pea ARP ortholog CRISPA causes various leaf abnormalities, including crisp leaf organs, narrowing leaflets, the curvature of petiole and rachis, and ectopic stipules on its petiole-rachis axis which is also associated with ectopic KNOX I genes expression (Tattersall et al., 2005). The M. truncatula mtphan mutants also exhibited severe compound leaf defects, including curling and deep serration of leaf margins, shortened petioles, increased rachises, petioles acquiring motor organ characteristics, and ectopic development of petiolules (Ge et al., 2014; Zhou et al., 2014). MtPHAN expresses throughout the SAM as well as in adaxial and abaxial sides of developing leaf primordia; KNOX I genes appear to uncouple from the PHAN regulation. Taken together, the effect of ARPs on leaf development and on KNOX I expression varies in different species, but it seems that, in compound leaf development, ARPs have much more important and complex roles on the petiole-rachis identity regulation than what is previously recognized.

The identity of adaxial surface cells depends on the activity of class III homeodomain-leucine zipper (HD-ZIP III) transcription factors, including PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV) (McConnell et al., 2001; Ochando et al., 2008). Single loss-of-function of PHB, PHV, or REV has no significant effect on the polarity development of lateral organs; simultaneous loss-of-function of PHB PHV and REV abaxializes cotyledons, abolishes primary apical meristem, and in severe cases, eliminates the bilateral symmetry of lateral organs (Emery et al., 2003). It is well recognized that the adaxial expression of PHB PHV and REV is restricted by microRNA165/166 (miR165/166), which are expressed in the abaxial domain and mediate the cleavage and degradation of HD-ZIP III mRNAs (Rhoades et al., 2002; Tang et al., 2003). Mutations in the homologous gene of PHB results in curly leaf in cucumber (Cucumis sativus) (Rong et al., 2019); in rice, LATERAL FLORET 1 (LF1) is homologous to Arabidopsis REV and the gain-of-function mutant lf1, in which LF1 was expressed ectopically because miRNA165/166 could not act on the mutated LF1 mRNA, showed a phenotype of highly abaxialized and rolled leaves (Zhang et al., 2017; Zhang et al., 2021). There is only one PHB/PHV gene but two REVOLUTA genes in M. truncatula (Zhou et al., 2019). Most leaves in the mtrev1 mutant consist of five leaflets arranged pinnately, with some cases of a trumpet-shaped terminal leaflet, of which the adaxial side is surrounded by the abaxial side. MtREV1 was preferentially expressed in the adaxial domain of leaf primordia at different developmental stages, and this polarized expression pattern would also depend on post-transcriptional regulation by miR165/166. Overexpression of MtmiR166-insensitive MtREV1 showed ectopic blade tissues forming along the midvein and on the abaxial side of the leaf (Zhou et al., 2019). These suggest that MtREV1 plays an important role both in maintaining the adaxial polarity of leaves and in the trifoliate pattern formation, and it will be interesting to further investigate how MtREV1 regulates compound leaf pattern formation and the nature of the relationship between adaxial–abaxial polarity and compound leaf patterning. The YABBY (YAB) family of transcription factors confers abaxial identity in A. thaliana (Siegfried et al., 1999), and MtYAB3 is similarly specific to the abaxial side in M. truncatula, while in mtrev1 mutants, the expression of MtYAB3 was observed in both adaxial and abaxial sides of leaf primordia (Zhou et al., 2019). However, the remaining yab mutants of M. truncatula were not characterized and the role of MtYAB genes needs to be further investigated.

In addition to YAB genes, the above-mentioned ARFs are another type of determinant of abaxial cell fate (Pekker et al., 2005). ARFs are regulated by a group of ta-siRNA named ta-siARFs, which are originated from the cleavage of TAS3 transcripts by ARGONAUTE7 (AGO7) coupled with miR390 (Adenot et al., 2006; Garcia et al., 2006; Hunter et al., 2006). It has been reported that the M. truncatula MtAGO7 is required for the biogenesis of ta-siARFs to negatively regulate the expression of MtARF3 (Zhou et al., 2013). MtAGO7 is predominantly expressed on the adaxial sides of both the leaf and leaflet primordia and its loss-of-function mutation results in lobed leaf margins and more widely spaced lateral organs. In wild-type, the ta-siARFs assumed to be expressed in the adaxial domain, and expression of MtARF3 is detected in the abaxial domain; but in mtago7 mutants, putative ta-siARFs are dramatically reduced and the MtARF3 was highly expressed and extended into the adaxial domain (Zhou et al., 2013). Plants overexpressed the original MtARF3 exhibited downward-curled leaves and showed more serrations along the leaf margin, whereas overexpression of a mutated ARF3 carrying two altered ta-siARF target sites was phenotyped with obvious lobed leaf margin, mimicking the ago7-1 phenotype (Zhou et al., 2013).

As mentioned above, a recent study suggested that MtARF3 can directly interact with specific auxin response elements (AuxREs) in the PALM1 promoter and functions as a repressor to negatively regulate PALM1 transcription, while MtARF3 overexpression results in palmate-like pentafoliate leaves with radialized blades, which, to some degree, resembled the phenotype of the palm1 mutant (Peng et al., 2017). The MtARF3-PALM1 module may benefit from the involvement of MtPHAN and MtAGO7 in the adaxial domain. In either mtphan or mtago7 single mutants, MtARF3 expression was similarly elevated and detected in both the adaxial and abaxial domains; more surprisingly, in the mtphan mtago7 double mutants, MtARF3 transcripts increased drastically and even appeared much higher in the adaxial domain than the abaxial domain, accompanying the downregulated PALM1 expression and the change of compound leaf pattern from trifoliate to palmate-like pentafoliate with radialized blades. These interactions among MtPHAN, MtARF3, and PALM1 suggest a complex relationship among adaxial–abaxial polarity development, auxin signaling program, and compound leaf patterning.



Mediolateral Polarity Genes

Formation of the leaf blade requires growth along the mediolateral axis, and WOX1 genes were found to be specifically involved in this process in diverse eudicot species (Vandenbussche et al., 2009; Nakata et al., 2012; Zhuang et al., 2012; Vandenbussche, 2021; Wang C. et al., 2021). In A. thaliana, two WOX family genes, WUS-related HOMEOBOX1 (WOX1) and PRESSED FLOWER (PRS)/WOX3, are expressed at the middle domain between the adaxial and the abaxial domains at the P2 stage and the leaf margin at later stages. The WOX1 and PRS/WOX3 can inhibit the expression of adaxial–abaxial characteristic genes in the middle domain, whereas their own gene expression is repressed by KANADI (KAN) feedback in the abaxial domain (Nakata et al., 2012). In compound leaf development of M. truncatula, the WOX1 ortholog STENOFOLIA (STF) has conserved roles in promoting lamina outgrowth along the mediolateral axis (Tadege et al., 2011). The stf mutants showed a very narrow blade or bladeless phenotype with severe disruption of vein patterning. Similar to the expression patterns of WOX1 and PRS/WOX3 in Arabidopsis, STF is specifically expressed at the adaxial–abaxial junction of the early leaf primordia, and at the margin of the distal half portion of the leaflets in young developing leaves. The STF protein recruits the TOPLESS (MtTPL) protein to directly repress the LBD family gene MtAS2 expression and promote cell proliferation at the adaxial–abaxial boundary (Zhang et al., 2014). A recent study found that MtWOX9 is an abaxial factor required for proper blade outgrowth in Medicago, and STF represses MtWOX9 expression by directly binding to its promoter at multiple sites (Wolabu et al., 2021). It is, therefore, likely that STF establishes and maintains a cell proliferation zone at the adaxial–abaxial junction in the middle mesophyll and leaf margin by keeping adaxial and abaxial polarity factors away from this region (Figure 3D).



Proximal–Distal Polarity Genes

Medicago truncatula trifoliate leaves exemplify global and local polarity along the proximal–distal axis (Figure 2E). The global proximal–distal polarity is manifest in the distribution of distinct specialized organs along the proximal–distal axis: the proximal portion being of a petiole with a pair of stipules located at the proximal end, and the distal portion of three ovate leaflets connected to a central rachis through their pulvini at the lamina base. Each leaflet exhibits independent local proximal–distal polarity which is exemplified by the distal half portion of the lamina forming the acute apex and the proximal half forming the cuneate or slightly convex base, and by the marginal serrations forming in the distal portion (∼75%) but absent in the proximal portion (∼25%).

In A. thaliana, two BTB/POZ domain-ankyrin repeat proteins BLADE-ON-PETIOLE1 (BOP1) and BOP2 are reported to regulate proximo-distal patterning and the bop1 bop2 double mutant develops blade-on-petiole structures (Ha et al., 2007). In pea, coch mutants carry mutations in the BOP1 homolog and have stipule phenotypes that vary from weak modifications (asymmetric shape) to spoon-like leaf structures and even complete conversion into complex pea leaf structures (Couzigou et al., 2012). COCH gene was expressed at the base of the developing leaf where stipules are formed. The Medicago BOP1 homolog, NOOT/MtBOP1, loss-of-function phenotype were simplified stipules with a reduced number of serrations (Couzigou et al., 2012). Recently, the Pea Stipules reduced (St) gene was identified and it encodes a C2H2 zinc finger transcription factor that is regulated by COCH (Moreau et al., 2018). St regulates both cell division and cell expansion in the stipule, and it has one highly homologous gene in Medicago, which awaits to be characterized in the future.

Both SGL1 and FCL1 are required for the development of petiole and rachis (Wang et al., 2008; Peng et al., 2011). The petiole was significantly shortened in the sgl1 leaves and the rachis was absent. In fcl1 mutants, the petiole was also shorter than the wild-type counterparts and the rachis appears to be shortened or completely absent in different alleles. The average length of petiole epidermal cells was indistinguishable between fcl1 mutants and wild-type plants, indicating the reduced petiole elongation may be due to altered cell division activity in fcl1 mutants. Mature leaves of sgl1 fcl1 double mutants were simple, resembling those of sgl1 mutants, and besides completely lacked petioles (Peng et al., 2011).

A novel nucleus-localized protein containing a putative Myb/SANT-like DNA-binding domain and a PKc kinase domain, AGAMOUS-LIKE FLOWER (AGLF)/AGAMOUS AND TERMINAL FLOWER (AGTFL), was recently reported to regulate the flower development of M. truncatula (Zhao et al., 2019; Zhang et al., 2019; Zhu et al., 2019). Loss-of-function of AGLF results in flowers with stamens and carpel transformed into extra whorls of petals and sepals. The mutants also displayed defects in compound leaf development; both the rachis and petiole were shortened while leaflets clustered together. In aglf mutants, leaflet elongation in the longitudinal direction is significantly affected, leading to a heart-shaped lamina with a retuse apex in contrast to the ovate lamina with an acute apex in wild-type plants. The MtWUS and MINI ORGAN1 (MIO1)/SMALL LEAF AND BUSHY1 (SLB1) are two important regulators for leaflet elongation along the proximal–distal axis. As mentioned above, the MtWUS has conserved functions in the SAM and AM maintenance; besides, mtwus mutants produced heart-shaped leaves that showed retuse apex and increased width/length ratio (Meng et al., 2019; Wang et al., 2019). In young leaves, the MtWUS was slightly expressed in the leaf lamina as a whole, but it was considered at the tips of the marginal serrations. The MIO1/SLB1 encodes an F-box protein, an ortholog of A. thaliana STERILE APETALA (SAP) (Yin et al., 2020; Zhou et al., 2021). The loss-of-function of MIO1/SLB1 severely reduced organ size. Leaves of mio1 mutants exhibited not only reduced size but also heart-shaped blade morphology. These studies indicate that the lamina growth along the proximal–distal axis of each leaflet is subject to a complex regulation, in which AGLF, MtWUS, and MIO1 would play important roles. However, the detailed mechanism of their action in this developmental process remains to be clarified.




THE GENETIC CONTROL OF LEAF ORGAN SIZE AND MARGINAL SERRATIONS

The overall leaf size is often characterized by its length and width, which are dependent on the growth along the proximal–distal and the mediolateral axes respectively. Cell proliferation and cell expansion are important basic processes promoting growth along the two axes. In Medicago, several molecules and signaling pathways responsible for these processes have been recently identified, including phytohormones, transcription factors, and other molecular regulators.

Gibberellin (GA) is involved in various processes of plant growth and development, including leaf expansion, seed germination, induction of flowering, and stem elongation. In M. truncatula, Dwarf and Increased Branching 1 (DIB1)/SMALL AND SERRATED LEAF (SSL) encodes a gibberellin 3β-hydroxylase (GA3ox) enzyme, catalyzing the final step of the biosynthetic pathway for bioactive GAs (Zhang et al., 2020; Wen et al., 2021). The mutant exhibits extreme dwarfism and an increased number of lateral branches, and besides, leaves of the mutant were extremely reduced in all organ sizes and bore a more pronounced leaf margin. Another component of GA biosynthesis in M. truncatula, Mini Plant 1 (MNP1), encodes a putative copalyl diphosphate synthase (CPS) implicating in the first biosynthetic step (Guo et al., 2020). The mutant also exhibits extreme dwarfism and very small leaves. MtGA3ox and MtCPS were shown to affect both cell proliferation and elongation because the shortened stem length of two mutant lines is due to a decrease in cell number and size. Three GA 20-oxidases catalyzing the late step of GA biosynthesis, MAIN STEM DWARF1 (MSD1) and its homologs MtGA20ox7 and MtGA20ox8, were recently identified in M. truncatula, and they play partially redundant roles in controlling the shoot elongation and the lateral organ size (Li et al., 2021). The msd1 mutant exhibits a phenotype of the semi-dwarfed main stem but normal leaves, while the msd1 mtga20ox7 mtga20ox8 triple mutant exhibits a severely dwarf phenotype with markedly reduced leaf size, mimicking the phenotypes of the dib1 and mnp1 mutants.

A well-characterized role for brassinosteroids (BRs) is their involvement in cell expansion and organ elongation (Bajguz et al., 2020). BR-deficient or -insensitive mutants of Arabidopsis exhibit phenotypes of dwarf, round leaves, shorter petioles, and infertility. Brassinosteroids Insensitive 1 (BRI1) is required for BR perception and initiation of subsequent signal transduction in Arabidopsis (Li and Chory, 1997). In Medicago, the loss-of-function mutant of MtBRI1 has typical BR-deficient phenotypes of extreme dwarfness and infertility, and its leaves were thickened, curled, dark green, and greatly reduced in size with the petioles and rachises failed to elongate (Cheng et al., 2017; Kong et al., 2021). MtDWARF4A (MtDWF4A), a gene encoding a cytochrome P450 protein orthologous to A. thaliana DWARF4, is required for the BR biosynthesis. The mtdwf4a mutant exhibits mild BR-deficient phenotypes, semi-dwarfism, short petioles, and rachis, but normal fertility (Kong et al., 2021; Zhao et al., 2021). The MtDWF4A has a highly homologous copy designated as MtDWF4B, it will be critical to explore the possibilities of functional redundancy and diversification between MtDWF4A and MtDWF4B in the BR biosynthetic pathways (Zhao et al., 2021).

Medicago truncatula BIG SEEDS1 (BS1) encodes a member of group II of the TIFY transcription factor family and it plays a critical role in determining seed and leaf size (Ge et al., 2016). BS1 is homologous to A. thaliana PEAPOD1 (PPD1) and PPD2. Loss-of-function of BS1 leads to enlarged seeds, fruits, and leaves. As mentioned above, the F-box protein MIO1/SLB1 plays a positive role in organ size determination. Plants overexpressing MIO1/SLB1 had enlarged organs, and this is because MIO1/SLB1 forms part of SKP1/Cullin/F-box (SCF) E3 ubiquitin ligase complex, targeting BS1 proteins for degradation (Yin et al., 2020; Zhou et al., 2021). The pathway of BS1 and MIO1/SLB1 may mainly modulate primary cell proliferation during the early stages of leaf development to control the leaf size.

In A. thaliana, CUC2 promotes the establishment of PIN1 convergence points to generate auxin maxima at the tip of serrations (Bilsborough et al., 2011). M. truncatula leaflets have serrations on the distal part (∼3/4 midvein) of the lamina margin, and the involved regulators have been recently reviewed (Wang H. et al., 2021). MtPIN10 plays a key role in generating the auxin maxima at the tips of serrations, while MtNAM is also involved in the marginal serration formation (Zhou et al., 2011). MtLMI1s encoding HD-Zip I transcription factors homologous to A. thaliana LATE MERISTEM IDENTITY1 (LMI1) and C. hirsuta REDUCED COMPLEXITY (RCO) (Vlad et al., 2014; Kierzkowski et al., 2019), directly activate the expression of SLM1 to regulate the auxin distribution along leaf margin (Wang X. et al., 2021). The elaboration of leaf margin formation also requires the determination of the degree of marginal indentation, which is regulated by the MtAGO7-mediated TAS3 ta-siRNA pathway through the suppression of MtARF3 expression (Zhou et al., 2013).



THE PULVINUS DEVELOPMENT IN MEDICAGO TRUNCATULA

The pulvinus-driven nyctinastic leaf movement is a common and characteristic phenomenon found in legume plants. Many legume plants have compound leaves consisting of multiple leaflets. Each leaflet usually has an independent pulvinus at the base of the lamina, functioning as the motor organ for leaf movement. The determination of pulvinus identity in legumes seemingly shares a conserved genetic network orchestrated by a conserved LBD family gene, namely SLEEPLESS (SLP) in Lotus japonicas, APULVINIC (APU) in pea (P. sativum), and ELONGATED PETIOLULE1 (ELP1)/PETIOLULE-LIKE PULVINUS (PLP) in M. truncatula (Chen et al., 2012; Zhou et al., 2012). Mutations in these genes completely abolished the pulvinus development and leaf movement, while overexpression of ELP1/PLP in the M. truncatula elp1/plp mutants could not only rescue the pulvinus and movement defect but also lead to highly reduced petioles and rachises, distorted leaf blades, and dwarfed status in some cases, showing a phenotype partially similar to the mtdwf4a mutants. Considering that the ELP1/PLP and its orthologs are highly homologous to the Arabidopsis LOB protein which has been shown to directly up-regulates the BR metabolic gene phyB Activation-tagged Suppressor1-dominant (BAS1), further efforts are needed to determine whether BR accumulation is involved in pulvinus development and what roles ELP1/PLP and its orthologs play in this process. The F-box protein MIO1/SLB1 is another factor necessary for robust pulvinus development (Zhou et al., 2021). The pulvini of mio1/slb1 mutants were shortened even completely absent from the base of its leaflets, leading to a reduced degree of leaflet rotation or a completely impaired leaf movement. Therefore, an interesting and important question is how ELP1/PLP and MIO1/SLB1 control the pulvinus development of M. truncatula and whether there is a direct gene-protein relationship between MIO1/SLB1 and ELP1/PLP, which awaits future elucidation.

In addition to the pulvinus playing a central role in leaf movement, other elements of the compound leaf, such as leaflet geometry (the spatial structure and organization of leaflets), would also play important roles, which is proposed recently. In the loss-of-function mtdwf4a mutant, the shortened rachises and pulvini in leaves resulted in a physical space constraint among leaflets, leading to their leaflets could not close during the night in contrast to the wild-type (Zhao et al., 2021).



CONCLUSION AND PERSPECTIVES

As shown in the above sections, we now have a rather good knowledge of the genetic networks that control major developmental processes during the pattern formation of M. truncatula trifoliate leaves and that correspond to other morphological traits of the leaves. Briefly, one of the most critical developmental processes that determines the trifoliate leaf pattern is the formation of three separated leaflet primordia during early stages, which is characterized by two key events: the initiation of leaflet primordia and the boundary formation between leaflets; and the reported regulatory mechanisms involved in such biological events can be reasonably summarized into at least four aspects: (1) the LFY/SGL1 pathway plays a central role in maintaining the morphogenetic activity of the compound leaf primordia which determines the leaflet initiation from marginal regions of the leaf primordium (Figure 3A); (2) the leaflet initiation and outgrowth is tightly associated with the auxin pathway which is facilitated by multiple components, including MtYUCCA1-catalyzed auxin generation and MtPIN10-driven auxin redistribution (Figure 3B); (3) the boundary formation between leaflets is critically dependent on the function of the boundary-specific MtNAM/MtCUC2 gene and the FCL1 gene (Figure 3C); (4) the adaxial–abaxial polarity genes play important roles in determining the compound leaf pattern and there would be a complex crosstalk between the LFY/SGL1 pathway and the regulation of the adaxial–abaxial polarity (Figure 3D).

For a more comprehensive understanding of the molecular mechanism underlying the compound leaf pattern formation of M. truncatula, elucidation of the additional key players as well as of the coupled upstream and downstream pathways are required. Several important questions should be addressed in future studies such as the following. At first, the initiation of leaflet primordia and the boundary delimitation between them during pattern formation are two interconnected processes, and it will be important to investigate how they are coordinatively controlled. Secondly, FCL1 may be involved in regulating NAM/CUC transcription factor-dependent and/or auxin-dependent regulatory networks, and future investigation will be aimed at elucidating the mechanism of FCL1 controlling the leaf pattern formation. Thirdly, the adaxial–abaxial polarity genes MtREV1, MtPHAN, MtAGO7, and MtARF3 regulate both adaxial–abaxial identity and compound leaf patterning, and meanwhile, they were involved in the auxin signaling pathway, besides, PINNA1 shows an adaxial-specific expression pattern and is involved in the LFY/SGL1 pathway; therefore, complex links seem to exist between the establishment of adaxial–abaxial polarity, the auxin signaling pathway, and the LFY/SGL1 pathway during compound leaf patterning, and it would be promising to study such links at a deeper molecular level.

The genome sequences are now available for alfalfa, and CRISPR has been shown to efficiently work in it, which should greatly facilitate the translation of basic knowledge obtained in the M. truncatula to the future breeding of leaf traits in alfalfa (Chen et al., 2020; Shen et al., 2020). Most importantly, the loss-of-function mutant of MsPALM1 generated by CRISPR/Cas9 developed palmate-like pentafoliate leaves and besides, the mutated alleles and phenotypes can be stably transmitted to progenies by cross-pollination between two mutants in a transgene-free manner, which may help to accelerate the breeding speed.



AUTHOR CONTRIBUTIONS

XM wrote the first draft. LH and JC contributed to wrote and revised the manuscript. LH designed the figures. YL, DW, and BZ provided help and advice, and corrected the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Work on leaf development in the Jianghua Chen lab is supported by the Strategic Priority Research Program of Chinese Academy of Sciences (Grant Nos. XDB27030106 and XDA26030301), CAS-Western Light “Cross-Team Project-Key Laboratory Cooperative Research Project” (E1XB051), National Natural Science Foundation of China (U1702234 and 32170839, 31471171, and 32070204), the “High-end Scientific and Technological Talents in Yunnan Province” (2015HA032), and the Yunnan Fundamental Research Project (202101AW070004).



REFERENCES

Adenot, X., Elmayan, T., Lauressergues, D., Boutet, S., Bouche, N., Gasciolli, V., et al. (2006). DRB4-dependent TAS3 trans-acting siRNAs control leaf morphology through AGO7. Curr. Biol. 16, 927–932. doi: 10.1016/j.cub.2006.03.035

Aida, M., Ishida, T., Fukaki, H., Fujisawa, H., and Tasaka, M. (1997). Genes involved in organ separation in Arabidopsis: an analysis of the cup-shaped cotyledon mutant. Plant Cell 9, 841–857. doi: 10.1105/tpc.9.6.841

Bajguz, A., Chmur, M., and Gruszka, D. (2021). Comprehensive overview of the brassinosteroid biosynthesis pathways: substrates, products, inhibitors, and connections. Front. Plant Sci. 11:1034. doi: 10.3389/fpls.2020.01034

Bar, M., and Ori, N. (2014). Leaf development and morphogenesis. Development 141, 4219–4230.

Bar, M., and Ori, N. (2015). Compound leaf development in model plant species. Curr. Opin. Plant Biol. 23, 61–69. doi: 10.1016/j.pbi.2014.10.007

Barkoulas, M., Hay, A., Kougioumoutzi, E., and Tsiantis, M. (2008). A developmental framework for dissected leaf formation in the Arabidopsis relative Cardamine hirsuta. Nat. Genet. 40, 1136–1141. doi: 10.1038/ng.189

Berger, Y., Harpaz-Saad, S., Brand, A., Melnik, H., Sirding, N., Alvarez, J. P., et al. (2009). The NAC-domain transcription factor GOBLET specifies leaflet boundaries in compound tomato leaves. Development 136, 823–832. doi: 10.1242/dev.031625

Bharathan, G., Goliber, T. E., Moore, C., Kessler, S., Pham, T., and Sinha, N. R. (2002). Homologies in leaf form inferred from KNOXI gene expression during development. Science 296, 1858–1860. doi: 10.1126/science.1070343

Bilsborough, G. D., Runions, A., Barkoulas, M., Jenkins, H. W., Hasson, A., Galinha, C., et al. (2011). Model for the regulation of Arabidopsis thaliana leaf margin development. Proc. Natl. Acad. Sci. U.S.A. 108, 3424–3429.

Blein, T., Hasson, A., and Laufs, P. (2010). Leaf development: what it needs to be complex. Curr. Opin. Plant Biol. 13, 75–82. doi: 10.1016/j.pbi.2009.09.017

Blein, T., Pulido, A., Vialette-Guiraud, A., Nikovics, K., Morin, H., Hay, A., et al. (2008). A conserved molecular framework for compound leaf development. Science 322, 1835–1839. doi: 10.1126/science.1166168

Byrne, M. E., Barley, R., Curtis, M., Arroyo, J. M., Dunham, M., Hudson, A., et al. (2000). Asymmetric leaves1 mediates leaf patterning and stem cell function in Arabidopsis. Nature 408, 967–971. doi: 10.1038/35050091

Cao, X., Yang, H., Shang, C., Ma, S., Liu, L., and Cheng, J. (2019). The roles of auxin biosynthesis YUCCA gene family in plants. Int. J. Mol. Sci. 20:6343. doi: 10.3390/ijms20246343

Challa, K. R., Rath, M., Sharma, A. N., Bajpai, A. K., Davuluri, S., Acharya, K. K., et al. (2021). Active suppression of leaflet emergence as a mechanism of simple leaf development. Nat. Plants 7, 1264–1275. doi: 10.1038/s41477-021-00965-3

Champagne, C., and Sinha, N. (2004). Compound leaves: equal to the sum of their parts? Development 131, 4401–4412. doi: 10.1242/dev.01338

Champagne, C. E., Goliber, T. E., Wojciechowski, M. F., Mei, R. W., Townsley, B. T., Wang, K., et al. (2007). Compound leaf development and evolution in the legumes. Plant Cell 19, 3369–3378. doi: 10.1105/tpc.107.052886

Chen, H., Zeng, Y., Yang, Y., Huang, L., Tang, B., Zhang, H., et al. (2020). Allele-aware chromosome-level genome assembly and efficient transgene-free genome editing for the autotetraploid cultivated alfalfa. Nat. Commun. 11:2494. doi: 10.1038/s41467-020-16338-x

Chen, J. H., Moreau, C., Liu, Y., Kawaguchi, M., Hofer, J., Ellis, N., et al. (2012). Conserved genetic determinant of motor organ identity in Medicago truncatula and related legumes. Proc. Natl. Acad. Sci. U.S.A. 109, 11723–11728. doi: 10.1073/pnas.1204566109

Chen, J. H., Yu, J. B., Ge, L. F., Wang, H. L., Berbel, A., Liu, Y., et al. (2010). Control of dissected leaf morphology by a Cys(2)His(2) zinc finger transcription factor in the model legume Medicago truncatula. Proc. Natl. Acad. Sci. U.S.A. 107, 10754–10759. doi: 10.1073/pnas.1003954107

Chen, R. (2018). Functional genomics and genetic control of compound leaf development in Medicago truncatula: an overview. Methods Mol. Biol. 1822, 197–203. doi: 10.1007/978-1-4939-8633-0_14

Chen, R. (2019). Compound leaf development in Medicago truncatula. Model Legume Medicago Truncatula 19, 154–172.

Cheng, X., Gou, X., Yin, H., Mysore, K. S., Li, J., and Wen, J. (2017). Functional characterisation of brassinosteroid receptor MtBRI1 in Medicago truncatula. Sci. Rep. 7:9327. doi: 10.1038/s41598-017-09297-9

Cheng, X. F., Peng, J. L., Ma, J. Y., Tang, Y. H., Chen, R. J., Mysore, K. S., et al. (2012). NO APICAL MERISTEM (MtNAM) regulates floral organ identity and lateral organ separation in Medicago truncatula. New Phytol. 195, 71–84.

Cheng, Y., Dai, X., and Zhao, Y. (2007). Auxin synthesized by the YUCCA flavin monooxygenases is essential for embryogenesis and leaf formation in Arabidopsis. Plant Cell 19, 2430–2439. doi: 10.1105/tpc.107.053009

Couzigou, J. M., Zhukov, V., Mondy, S., Abu el Heba, G., Cosson, V., Ellis, T. H. N., et al. (2012). NODULE ROOT and COCHLEATA maintain nodule development and are legume orthologs of Arabidopsis BLADE-ON-PETIOLE genes. Plant Cell 24, 4498–4510. doi: 10.1105/tpc.112.103747

Du, F., Guan, C. M., and Jiao, Y. L. (2018). Molecular mechanisms of leaf morphogenesis. Mol. Plant 11, 1117–1134. doi: 10.1016/j.molp.2018.06.006

Efroni, I., Eshed, Y., and Lifschitz, E. (2010). Morphogenesis of simple and compound leaves: a critical review. Plant Cell 22, 1019–1032. doi: 10.1105/tpc.109.073601

Emery, J. F., Floyd, S. K., Alvarez, J., Eshed, Y., Hawker, N. P., Izhaki, A., et al. (2003). Radial patterning of Arabidopsis shoots by class III HD-ZIP and KANADI genes. Curr. Biol. 13, 1768–1774. doi: 10.1016/j.cub.2003.09.035

Fukushima, K., and Hasebe, M. (2014). Adaxial-abaxial polarity: the developmental basis of leaf shape diversity. Genesis 52, 1–18. doi: 10.1002/dvg.22728

Furumizu, C., Alvarez, J. P., Sakakibara, K., and Bowman, J. L. (2015). Antagonistic roles for KNOX1 and KNOX2 genes in patterning the land plant body plan following an ancient gene duplication. PLoS Genet. 11:e1004980. doi: 10.1371/journal.pgen.1004980

Furutani, M., Nakano, Y., and Tasaka, M. (2014). MAB4-induced auxin sink generates local auxin gradients in Arabidopsis organ formation. Proc. Natl. Acad. Sci. U.S.A. 111, 1198–1203. doi: 10.1073/pnas.1316109111

Garcia, D., Collier, S. A., Byrne, M. E., and Martienssen, R. A. (2006). Specification of leaf polarity in Arabidopsis via the trans-acting siRNA pathway. Curr. Biol. 16, 933–938. doi: 10.1016/j.cub.2006.03.064

Ge, L., Yu, J., Wang, H., Luth, D., Bai, G., Wang, K., et al. (2016). Increasing seed size and quality by manipulating BIG SEEDS1 in legume species. Proc. Natl. Acad. Sci. U.S.A. 113, 12414–12419. doi: 10.1073/pnas.1611763113

Ge, L. F., Peng, J. L., Berbel, A., Madueno, F., and Chen, R. J. (2014). Regulation of compound leaf development by PHANTASTICA in Medicago truncatula. Plant Physiol. 164, 216–228. doi: 10.1104/pp.113.229914

Goliber, T., Kessler, S., Chen, J. J., Bharathan, G., and Sinha, N. (1999). Genetic, molecular, and morphological analysis of compound leaf development. Curr. Top. Dev. Biol. 43, 259–290. doi: 10.1016/s0070-2153(08)60384-1

Gonzalez, N., Vanhaeren, H., and Inze, D. (2012). Leaf size control: complex coordination of cell division and expansion. Trends Plant Sci. 17, 332–340. doi: 10.1016/j.tplants.2012.02.003

Guo, S., Zhang, X., Bai, Q., Zhao, W., Fang, Y., Zhou, S., et al. (2020). Cloning and functional analysis of dwarf gene mini plant 1 (MNP1) in Medicago truncatula. Int. J. Mol. Sci. 21:4968. doi: 10.3390/ijms21144968

Ha, C. M., Jun, J. H., Nam, H. G., and Fletcher, J. C. (2007). BLADE-ON-PETIOLE1 and 2 control Arabidopsis lateral organ fate through regulation of LOB domain and adaxial-abaxial polarity genes. Plant Cell 19, 1809–1825. doi: 10.1105/tpc.107.051938

Hake, S., Smith, H. M. S., Holtan, H., Magnani, E., Mele, G., and Ramirez, J. (2004). The role of knox genes in plant development. Annu. Rev. Cell Dev. Biol. 20, 125–151. doi: 10.1146/annurev.cellbio.20.031803.093824

Hareven, D., Gutfinger, T., Parnis, A., Eshed, Y., and Lifschitz, E. (1996). The making of a compound leaf: genetic manipulation of leaf architecture in tomato. Cell 84, 735–744.

Harrison, C. J., Corley, S. B., Moylan, E. C., Alexander, D. L., Scotland, R. W., and Langdale, J. A. (2005). Independent recruitment of a conserved developmental mechanism during leaf evolution. Nature 434, 509–514.

Hay, A., and Tsiantis, M. (2006). The genetic basis for differences in leaf form between Arabidopsis thaliana and its wild relative Cardamine hirsuta. Nat. Genet. 38, 942–947. doi: 10.1038/ng1835

He, L., Liu, Y., He, H., Liu, Y., Qi, J., Zhang, X., et al. (2020). A molecular framework underlying the compound leaf pattern of Medicago truncatula. Nat. Plants 6, 511–521. doi: 10.1038/s41477-020-0642-2

Hepworth, S. R., and Pautot, V. A. (2015). Beyond the divide: boundaries for patterning and stem cell regulation in plants. Front. Plant Sci. 6:1052. doi: 10.3389/fpls.2015.01052

Hofer, J., Turner, L., Hellens, R., Ambrose, M., Matthews, P., Michael, A., et al. (1997). UNIFOLIATA regulates leaf and flower morphogenesis in pea. Curr. Biol. 7, 581–587. doi: 10.1016/s0960-9822(06)00257-0

Hofer, J., Turner, L., Moreau, C., Ambrose, M., Isaac, P., Butcher, S., et al. (2009). Tendril-less regulates tendril formation in pea leaves. Plant Cell 21, 420–428. doi: 10.1105/tpc.108.064071

Hofer, J. M., and Noel Ellis, T. H. (2014). Developmental specialisations in the legume family. Curr. Opin. Plant Biol. 17, 153–158. doi: 10.1016/j.pbi.2013.11.014

Hofer, J. M. I., and Ellis, T. H. N. (1998). The genetic control of patterning in pea leaves. Trends Plant Sci. 3, 439–444.

Hunter, C., Willmann, M. R., Wu, G., Yoshikawa, M., de la Luz Gutierrez-Nava, M., and Poethig, S. R. (2006). Trans-acting siRNA-mediated repression of ETTIN and ARF4 regulates heteroblasty in Arabidopsis. Development 133, 2973–2981. doi: 10.1242/dev.02491

Israeli, A., Capua, Y., Shwartz, I., Tal, L., Meir, Z., Levy, M., et al. (2019). Multiple auxin-response regulators enable stability and variability in leaf development. Curr. Biol. 29, 1746.e5–1759.e5. doi: 10.1016/j.cub.2019.04.047

Israeli, A., Reed, J. W., and Ori, N. (2020). Genetic dissection of the auxin response network. Nat. Plants 6, 1082–1090. doi: 10.1038/s41477-020-0739-7

Jeong, S. C., Kim, J. H., and Bae, D. N. (2017). Genetic analysis of the Lf1 gene that controls leaflet number in soybean. Theor. Appl. Genet. 130, 1685–1692. doi: 10.1007/s00122-017-2918-0

Jiao, K., Li, X., Su, S., Guo, W., Guo, Y., Guan, Y., et al. (2019). Genetic control of compound leaf development in the mungbean (Vigna radiata L.). Hortic. Res. 6:23. doi: 10.1038/s41438-018-0088-0

Jiao, K. Y., Li, X., Guo, Y. F., Guan, Y. X., Guo, W., Luo, D., et al. (2019). Regulation of compound leaf development in mungbean (Vigna radiata L.) by CUP-SHAPED COTYLEDON/NO APICAL MERISTEM (CUC/NAM) gene. Planta 249, 765–774. doi: 10.1007/s00425-018-3038-z

Kessler, S., and Sinha, N. (2004). Shaping up: the genetic control of leaf shape. Curr. Opin. Plant Biol. 7, 65–72. doi: 10.1016/j.pbi.2003.11.002

Kierzkowski, D., Runions, A., Vuolo, F., Strauss, S., Lymbouridou, R., Routier-Kierzkowska, A. L., et al. (2019). A growth-based framework for leaf shape development and diversity. Cell 177, 1405.

Kim, M., McCormick, S., Timmermans, M., and Sinha, N. (2003). The expression domain of PHANTASTICA determines leaflet placement in compound leaves (vol 424, pg 438, 2003). Nature 425, 102–102. doi: 10.1038/nature01820

Kimura, S., Koenig, D., Kang, J., Yoong, F. Y., and Sinha, N. (2008). Natural variation in leaf morphology results from mutation of a novel KNOX gene. Curr. Biol. 18, 672–677. doi: 10.1016/j.cub.2008.04.008

Koenig, D., and Sinha, N. (2010). Evolution of leaf shape: a pattern emerges. Curr. Top. Dev. Biol. 91, 169–183. doi: 10.1016/S0070-2153(10)91006-5

Kong, Y., Meng, Z., Wang, H., Wang, Y., Zhang, Y., Hong, L., et al. (2021). Brassinosteroid homeostasis is critical for the functionality of the Medicago truncatula pulvinus. Plant Physiol. 185, 1745–1763. doi: 10.1093/plphys/kiab008

Lenhard, M., Bohnert, A., Jurgens, G., and Laux, T. (2001). Termination of stem cell maintenance in Arabidopsis floral meristems by interactions between WUSCHEL and AGAMOUS. Cell 105, 805–814. doi: 10.1016/s0092-8674(01)00390-7

Li, J., and Chory, J. (1997). A putative leucine-rich repeat receptor kinase involved in brassinosteroid signal transduction. Cell 90, 929–938. doi: 10.1016/s0092-8674(00)80357-8

Li, W., Ma, Q., Yin, P., Wen, J., Pei, Y., Niu, L., et al. (2021). The GA 20-oxidase encoding gene MSD1 controls the main stem elongation in Medicago truncatula. Front. Plant Sci. 12:709625. doi: 10.3389/fpls.2021.709625

Liu, X., Bourgault, R., Galli, M., Strable, J., Chen, Z., Feng, F., et al. (2021). The FUSED LEAVES1-ADHERENT1 regulatory module is required for maize cuticle development and organ separation. New Phytol. 229, 388–402. doi: 10.1111/nph.16837

Long, J. A., Moan, E. I., Medford, J. I., and Barton, M. K. (1996). A member of the KNOTTED class of homeodomain proteins encoded by the STM gene of Arabidopsis. Nature 379, 66–69. doi: 10.1038/379066a0

Magnani, E., and Hake, S. (2008). KNOX lost the OX: the Arabidopsis KNATM gene defines a novel class of KNOX transcriptional regulators missing the homeodomain. Plant Cell 20, 875–887. doi: 10.1105/tpc.108.058495

Manuela, D., and Xu, M. (2020). Patterning a leaf by establishing polarities. Front. Plant Sci. 11:568730. doi: 10.3389/fpls.2020.568730

McAdam, E. L., Meitzel, T., Quittenden, L. J., Davidson, S. E., Dalmais, M., Bendahmane, A. I., et al. (2017). Evidence that auxin is required for normal seed size and starch synthesis in pea. New Phytol. 216, 193–204. doi: 10.1111/nph.14690

McConnell, J. R., Emery, J., Eshed, Y., Bao, N., Bowman, J., and Barton, M. K. (2001). Role of PHABULOSA and PHAVOLUTA in determining radial patterning in shoots. Nature 411, 709–713. doi: 10.1038/35079635

Meng, Y., Liu, H., Wang, H., Liu, Y., Zhu, B., Wang, Z., et al. (2019). HEADLESS, a WUSCHEL homolog, uncovers novel aspects of shoot meristem regulation and leaf blade development in Medicago truncatula. J. Exp. Bot. 70, 149–163. doi: 10.1093/jxb/ery346

Milla, R. (2012). Compound leaves and the evolution of leaf size and display. Ideas Ecol. Evol. 5:4288.

Moreau, C., Hofer, J. M. I., Eleouet, M., Sinjushin, A., Ambrose, M., Skot, K., et al. (2018). Identification of Stipules reduced, a leaf morphology gene in pea (Pisum sativum). New Phytol. 220, 288–299. doi: 10.1111/nph.15286

Nakata, M., Matsumoto, N., Tsugeki, R., Rikirsch, E., Laux, T., and Okada, K. (2012). Roles of the middle domain-specific WUSCHEL-RELATED HOMEOBOX genes in early development of leaves in Arabidopsis. Plant Cell 24, 519–535. doi: 10.1105/tpc.111.092858

Ochando, I., Gonzalez-Reig, S., Ripoll, J. J., Vera, A., and Martinez-Laborda, A. (2008). Alteration of the shoot radial pattern in Arabidopsis thaliana by a gain-of-function allele of the class III HD-Zip gene INCURVATA4. Int. J. Dev. Biol. 52, 953–961. doi: 10.1387/ijdb.072306io

Pekker, I., Alvarez, J. P., and Eshed, Y. (2005). Auxin response factors mediate Arabidopsis organ asymmetry via modulation of KANADI activity. Plant Cell 17, 2899–2910. doi: 10.1105/tpc.105.034876

Peng, J., Berbel, A., Madueno, F., and Chen, R. (2017). AUXIN RESPONSE FACTOR3 regulates compound leaf patterning by directly repressing PALMATE-LIKE PENTAFOLIATA1 expression in Medicago truncatula. Front. Plant Sci. 8:1630. doi: 10.3389/fpls.2017.01630

Peng, J., and Chen, R. (2011). Auxin efflux transporter MtPIN10 regulates compound leaf and flower development in Medicago truncatula. Plant Signal. Behav. 6, 1537–1544. doi: 10.4161/psb.6.10.17326

Peng, J. L., Yu, J. B., Wang, H. L., Guo, Y. Q., Li, G. M., Bai, G. H., et al. (2011). Regulation of compound leaf development in Medicago truncatula by fused compound Leaf1, a class M KNOX gene. Plant Cell 23, 3929–3943. doi: 10.1105/tpc.111.089128

Rast-Somssich, M. I., Broholm, S., Jenkins, H., Canales, C., Vlad, D., Kwantes, M., et al. (2015). Alternate wiring of a KNOXI genetic network underlies differences in leaf development of A. thaliana and C. hirsuta. Gene Dev. 29, 2391–2404.

Rhoades, M. W., Reinhart, B. J., Lim, L. P., Burge, C. B., Bartel, B., and Bartel, D. P. (2002). Prediction of plant microRNA targets. Cell 110, 513–520.

Rong, F. X., Chen, F. F., Huang, L., Zhang, J. Y., Zhang, C. W., Hou, D., et al. (2019). A mutation in class III homeodomain-leucine zipper (HD-ZIP III) transcription factor results in curly leaf (cul) in cucumber (Cucumis sativus L.). Theor. Appl. Genet. 132, 113–123. doi: 10.1007/s00122-018-3198-z

Sayou, C., Monniaux, M., Nanao, M. H., Moyroud, E., Brockington, S. F., Thevenon, E., et al. (2014). A promiscuous intermediate underlies the evolution of LEAFY DNA binding specificity. Science 343, 645–648. doi: 10.1126/science.1248229

Schmerler, S. B., Clement, W. L., Beaulieu, J. M., Chatelet, D. S., Sack, L., Donoghue, M. J., et al. (2012). Evolution of leaf form correlates with tropical-temperate transitions in Viburnum (Adoxaceae). Proc. Biol. Sci. 279, 3905–3913. doi: 10.1098/rspb.2012.1110

Schoof, H., Lenhard, M., Haecker, A., Mayer, K. F. X., Jurgens, G., and Laux, T. (2000). The stem cell population of Arabidopsis shoot meristems is maintained by a regulatory loop between the CLAVATA and WUSCHEL genes. Cell 100, 635–644. doi: 10.1016/s0092-8674(00)80700-x

Shen, C., Du, H., Chen, Z., Lu, H., Zhu, F., Chen, H., et al. (2020). The chromosome-level genome sequence of the autotetraploid alfalfa and resequencing of core germplasms provide genomic resources for alfalfa research. Mol. Plant 13, 1250–1261. doi: 10.1016/j.molp.2020.07.003

Siegfried, K. R., Eshed, Y., Baum, S. F., Otsuga, D., Drews, G. N., and Bowman, J. L. (1999). Members of the YABBY gene family specify abaxial cell fate in Arabidopsis. Development 126, 4117–4128. doi: 10.1242/dev.126.18.4117

Sprent, J. I. (2007). Evolving ideas of legume evolution and diversity: a taxonomic perspective on the occurrence of nodulation. New Phytol. 174, 11–25. doi: 10.1111/j.1469-8137.2007.02015.x

Sprent, J. I. (2008). 60Ma of legume nodulation. What’s new? What’s changing? J. Exp. Bot. 59, 1081–1084. doi: 10.1093/jxb/erm286

Tadege, M., Lin, H., Bedair, M., Berbel, A., Wen, J. Q., Rojas, C. M., et al. (2011). STENOFOLIA regulates blade outgrowth and leaf vascular patterning in Medicago truncatula and Nicotiana sylvestris. Plant Cell 23, 2125–2142. doi: 10.1105/tpc.111.085340

Tang, G., Reinhart, B. J., Bartel, D. P., and Zamore, P. D. (2003). A biochemical framework for RNA silencing in plants. Genes Dev. 17, 49–63. doi: 10.1101/gad.1048103

Tattersall, A. D., Turner, L., Knox, M. R., Ambrose, M. J., Ellis, T. H. N., and Hofer, J. M. I. (2005). The mutant crispa reveals multiple roles for PHANTASTICA in pea compound leaf development. Plant Cell 17, 1046–1060. doi: 10.1105/tpc.104.029447

Timmermans, M. C. P., Hudson, A., Becraft, P. W., and Nelson, T. (1999). ROUGH SHEATH2: a Myb protein that represses knox homeobox genes in maize lateral organ primordia. Science 284, 151–153. doi: 10.1126/science.284.5411.151

Vandenbussche, M. (2021). The role of WOX1 genes in blade development and beyond. J. Exp. Bot. 72, 1514–1516. doi: 10.1093/jxb/eraa599

Vandenbussche, M., Horstman, A., Zethof, J., Koes, R., Rijpkema, A. S., and Gerats, T. (2009). Differential recruitment of WOX transcription factors for lateral development and organ fusion in Petunia and Arabidopsis. Plant Cell 21, 2269–2283. doi: 10.1105/tpc.109.065862

Verdeil, J. L., Alemanno, L., Niemenak, N., and Tranbarger, T. J. (2007). Pluripotent versus totipotent plant stem cells: dependence versus autonomy Trends Plant Sci. 12, 245–252. doi: 10.1016/j.tplants.2007.04.002

Vernoux, T., Besnard, F., and Godin, C. (2021). What shoots can teach about theories of plant form. Nat. Plants 7, 716–724. doi: 10.1038/s41477-021-00930-0

Vlad, D., Kierzkowski, D., Rast, M. I., Vuolo, F., Dello Ioio, R., Galinha, C., et al. (2014). Leaf shape evolution through duplication, regulatory diversification, and loss of a homeobox gene. Science 343, 780–783.

Vollbrecht, E., Veit, B., Sinha, N., and Hake, S. (1991). The developmental gene knotted-1 is a member of a maize homeobox gene family. Nature 350, 241–243. doi: 10.1038/350241a0

Waites, R., Selvadurai, H. R. N., Oliver, I. R., and Hudson, A. (1998). The PHANTASTICA gene encodes a MYB transcription factor involved in growth and dorsoventrality of lateral organs in Antirrhinum. Cell 93, 779–789. doi: 10.1016/s0092-8674(00)81439-7

Wang, C., Zhao, B., He, L., Zhou, S., Liu, Y., Zhao, W., et al. (2021). The WOX family transcriptional regulator SlLAM1 controls compound leaf and floral organ development in Solanum lycopersicum. J. Exp. Bot. 72, 1822–1835. doi: 10.1093/jxb/eraa574

Wang, H., Chen, J., Wen, J., Tadege, M., Li, G., Liu, Y., et al. (2008). Control of compound leaf development by FLORICAULA/LEAFY ortholog SINGLE LEAFLET1 in Medicago truncatula. Plant Physiol. 146, 1759–1772. doi: 10.1104/pp.108.117044

Wang, H., Kong, F., and Zhou, C. (2021). From genes to networks: the genetic control of leaf development. J. Integr. Plant Biol. 63, 1181–1196. doi: 10.1111/jipb.13084

Wang, H., Xu, Y., Hong, L., Zhang, X., Wang, X., Zhang, J., et al. (2019). HEADLESS regulates auxin response and compound leaf morphogenesis in Medicago truncatula. Front. Plant Sci. 10:1024. doi: 10.3389/fpls.2019.01024

Wang, X., Zhang, J., Xie, Y., Liu, X., Wen, L., Wang, H., et al. (2021). LATE MERISTEM IDENTITY1 regulates leaf margin development via the auxin transporter gene SMOOTH LEAF MARGIN1. Plant Physiol. 187, 218–235. doi: 10.1093/plphys/kiab268

Wang, Y., and Chen, R. (2013). Regulation of compound leaf development. Plants 3, 1–17.

Wang, Y., and Jiao, Y. (2020). Keeping leaves in shape. Nat. Plants 6, 436–437. doi: 10.1038/s41477-020-0660-0

Wang, Z. H., Chen, J. H., Weng, L., Li, X., Cao, X. L., Hu, X. H., et al. (2013). Multiple components are integrated to determine leaf complexity in Lotus japonicus. J. Integr. Plant Biol. 55, 419–433. doi: 10.1111/jipb.12034

Warman, L., Moles, A. T., and Edwards, W. (2011). Not so simple after all: searching for ecological advantages of compound leaves. Oikos 120, 813–821.

Wen, L. Z., Kong, Y. M., Wang, H. F., Xu, Y. T., Lu, Z. C., Zhang, J., et al. (2021). Interaction between the MtDELLA-MtGAF1 complex and MtARF3 mediates transcriptional control of MtGA3ox1 to elaborate leaf margin formation in Medicago truncatula. Plant Cell Physiol. 62, 321–333. doi: 10.1093/pcp/pcaa163

Wisniewska, J., Xu, J., Seifertova, D., Brewer, P. B., Ruzicka, K., Blilou, I., et al. (2006). Polar PIN localization directs auxin flow in plants. Science 312:883. doi: 10.1126/science.1121356

Wolabu, T. W., Wang, H., Tadesse, D., Zhang, F., Behzadirad, M., Tvorogova, V. E., et al. (2021). WOX9 functions antagonistic to STF and LAM1 to regulate leaf blade expansion in Medicago truncatula and Nicotiana sylvestris. New Phytol. 229, 1582–1597. doi: 10.1111/nph.16934

Xiong, Y. Y., and Jiao, Y. L. (2019). The diverse roles of auxin in regulating leaf development. Plants Basel 8:243. doi: 10.3390/plants8070243

Yang, T., Li, Y., Liu, Y., He, L., Liu, A., Wen, J., et al. (2021). The 3-ketoacyl-CoA synthase WFL is involved in lateral organ development and cuticular wax synthesis in Medicago truncatula. Plant Mol. Biol. 105, 193–204. doi: 10.1007/s11103-020-01080-1

Yin, P., Ma, Q., Wang, H., Feng, D., Wang, X., Pei, Y., et al. (2020). SMALL LEAF AND BUSHY1 controls organ size and lateral branching by modulating the stability of BIG SEEDS1 in Medicago truncatula. New Phytol 226, 1399–1412.

Yruela, I. (2015). Plant development regulation: overview and perspectives. J. Plant Physiol. 182, 62–78. doi: 10.1016/j.jplph.2015.05.006

Zadnikova, P., and Simon, R. (2014). How boundaries control plant development. Curr. Opin. Plant Biol. 17, 116–125. doi: 10.1016/j.pbi.2013.11.013

Zhang, F., Wang, Y. W., Li, G. F., Tang, Y. H., Kramer, E. M., and Tadege, M. (2014). STENOFOLIA recruits TOPLESS to repress ASYMMETRIC LEAVES2 at the leaf margin and promote leaf blade outgrowth in Medicago truncatula. Plant Cell 26, 650–664. doi: 10.1105/tpc.113.121947

Zhang, T., Li, Y., Ma, L., Sang, X., Ling, Y., Wang, Y., et al. (2017). LATERAL FLORET 1 induced the three-florets spikelet in rice. Proc. Natl. Acad. Sci. U.S.A. 114, 9984–9989. doi: 10.1073/pnas.1700504114

Zhang, T., You, J., Zhang, Y., Yao, W., Chen, W., Duan, Q., et al. (2021). LF1 regulates the lateral organs polarity development in rice. New Phytol. 231, 1265–1277. doi: 10.1111/nph.17220

Zhang, X. J., He, L. L., Zhao, B. L., Zhou, S. L., Li, Y. H., He, H., et al. (2020). Dwarf and Increased Branching 1 controls plant height and axillary bud outgrowth in Medicago truncatula. J. Exp. Bot. 71, 6355–6365. doi: 10.1093/jxb/eraa364

Zhao, B., He, L., Jiang, C., Liu, Y., He, H., Bai, Q., et al. (2020). Lateral leaflet suppression 1 (LLS1), encoding the MtYUCCA1 protein, regulates lateral leaflet development in Medicago truncatula. New Phytol. 227, 613–628. doi: 10.1111/nph.16539

Zhao, W., Bai, Q., Zhao, B., Wu, Q., Wang, C., Liu, Y., et al. (2021). The geometry of the compound leaf plays a significant role in the leaf movement of Medicago truncatula modulated by mtdwarf4a. New Phytol. 230, 475–484. doi: 10.1111/nph.17198

Zhao, Y., Liu, R., Xu, Y. T., Wang, M. M., Zhang, J., Bai, M. Y., et al. (2019). AGLF provides C-function in floral organ identity through transcriptional regulation of AGAMOUS in Medicago truncatula. Proc. Natl. Acad. Sci. U.S.A. 116, 5176–5181. doi: 10.1073/pnas.1820468116

Zhao, Y. D., Christensen, S. K., Fankhauser, C., Cashman, J. R., Cohen, J. D., Weigel, D., et al. (2001). A role for flavin monooxygenase-like enzymes in auxin biosynthesis. Science 291, 306–309. doi: 10.1126/science.291.5502.306

Zhou, C., Han, L., Fu, C., Wen, J., Cheng, X., Nakashima, J., et al. (2013). The trans-acting short interfering RNA3 pathway and no apical meristem antagonistically regulate leaf margin development and lateral organ separation, as revealed by analysis of an argonaute7/lobed leaflet1 mutant in Medicago truncatula. Plant Cell 25, 4845–4862. doi: 10.1105/tpc.113.117788

Zhou, C., Han, L., Li, G., Chai, M., Fu, C., Cheng, X., et al. (2014). STM/BP-like KNOXI is uncoupled from ARP in the regulation of compound leaf development in Medicago truncatula. Plant Cell 26, 1464–1479. doi: 10.1105/tpc.114.123885

Zhou, C. N., Han, L., Fu, C. X., Chai, M. F., Zhang, W. Z., Li, G. F., et al. (2012). Identification and characterization of petiolule- like pulvinus mutants with abolished nyctinastic leaf movement in the model legume Medicago truncatula. New Phytol. 196, 92–100. doi: 10.1111/j.1469-8137.2012.04268.x

Zhou, C. N., Han, L., Hou, C. Y., Metelli, A., Qi, L. Y., Tadege, M., et al. (2011). Developmental analysis of a Medicago truncatula smooth leaf margin1 mutant reveals context-dependent effects on compound leaf development. Plant Cell 23, 2106–2124. doi: 10.1105/tpc.111.085464

Zhou, C. N., Han, L., Zhao, Y., Wang, H. F., Nakashima, J., Tong, J. H., et al. (2019). Transforming compound leaf patterning by manipulating REVOLUTA in Medicago truncatula. Plant J. 100, 562–571. doi: 10.1111/tpj.14469

Zhou, S., Yang, T., Mao, Y., Liu, Y., Guo, S., Wang, R., et al. (2021). The F-box protein MIO1/SLB1 regulates organ size and leaf movement in Medicago truncatula. J. Exp. Bot. 72, 2995–3011. doi: 10.1093/jxb/erab033

Zhu, B. T., Li, H., Hou, Y. F., Zhang, P. C., Xia, X. Z., Wang, N., et al. (2019). AGAMOUS AND TERMINAL FLOWER controls floral organ identity and inflorescence development in Medicago truncatula. J. Integr. Plant Biol. 61, 917–923.

Zhang, J., Zhao, Y., Liu, R., and Zhou, C. (2019). AGAMOUS-LIKE FLOWER regulates flower and compound leaf development through different regulatory mechanisms in Medicago truncatula. Plant Signaling. 14

Zhuang, L. L., Ambrose, M., Rameau, C., Weng, L., Yang, J., Hu, X. H., et al. (2012). LATHYROIDES, encoding a WUSCHEL-related Homeobox1 transcription factor, controls organ lateral growth, and regulates tendril and dorsal petal identities in garden pea (Pisum sativum L.). Mol. Plant 5, 1333–1345. doi: 10.1093/mp/sss067


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Mo, He, Liu, Wang, Zhao and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 10 February 2022
doi: 10.3389/fpls.2022.749809





[image: image]

Developmental Analysis of Compound Leaf Development in Arachis hypogaea

Ruiqi Sun1, Zhenying Peng2, Shuangshuang Li1, Hongyao Mei1, Yiteng Xu1, Wenying Yang1, Zhichao Lu1, Hongfeng Wang1, Jing Zhang1 and Chuanen Zhou1*

1The Key Laboratory of Plant Development and Environmental Adaptation Biology, Ministry of Education, School of Life Sciences, Shandong University, Qingdao, China

2Institute of Crop Germplasm Resources, Shandong Academy of Agricultural Sciences, Jinan, China

Edited by:
Yuling Jiao, Peking University, China

Reviewed by:
Yuanhu Xuan, Shenyang Agricultural University, China
Zhipeng Liu, Lanzhou University, China

*Correspondence: Chuanen Zhou, czhou@sdu.edu.cn, orcid.org/0000-0001-5667-0255

Specialty section: This article was submitted to Plant Development and EvoDevo, a section of the journal Frontiers in Plant Science

Received: 30 July 2021
Accepted: 07 January 2022
Published: 10 February 2022

Citation: Sun R, Peng Z, Li S, Mei H, Xu Y, Yang W, Lu Z, Wang H, Zhang J and Zhou C (2022) Developmental Analysis of Compound Leaf Development in Arachis hypogaea. Front. Plant Sci. 13:749809. doi: 10.3389/fpls.2022.749809

Leaves are the primary photosynthetic structures, while photosynthesis is the direct motivation of crop yield formation. As a legume plant, peanut (Arachis hypogaea) is one of the most economically essential crops as well as an important source of edible oil and protein. The leaves of A. hypogaea are in the tetrafoliate form, which is different from the trifoliate leaf pattern of Medicago truncatula, a model legume species. In A. hypogaea, an even-pinnate leaf with a pair of proximal and distal leaflets was developed; however, only a single terminal leaflet and a pair of lateral leaflets were formed in the odd-pinnate leaf in M. truncatula. In this study, the development of compound leaf in A. hypogaea was investigated. Transcriptomic profiles revealed that the common and unique differentially expressed genes were identified in a proximal leaflet and a distal leaflet, which provided a research route to understand the leaf development in A. hypogaea. Then, a naturally occurring mutant line with leaf developmental defects in A. hypogaea was obtained, which displayed a pentafoliate form with an extra terminal leaflet. The characterization of the mutant indicated that cytokinin and class I KNOTTED-LIKE HOMEOBOX were involved in the control of compound leaf pattern in A. hypogaea. These results expand our knowledge and provide insights into the molecular mechanism underlying the formation of different compound leaf patterns among species.

Keywords: Arachis hypogaea, compound leaf pattern, pentafoliate, tetrafoliate, cytokinin, KNOXI


INTRODUCTION

Leaves are the major organs of plants for photosynthesis and serve as their prime mediator with the environment above the soil surface. There are many forms of leaves, but they can be classified as simple leaves or compound leaves according to the number of blades. Simple leaves supported by a petiole have a single blade unit, whereas compound leaves attached to a rachis by leaflets have multiple blade units. Genetic evidence shows that the occurrence of leaflet primordia during compound leaf development is similar to that of simple leaf primordia (Hasson et al., 2010).

Compared to simple leaves, compound leaves suffered much less pressure or resistance to wind and rain, which significantly improves the ability of the plant to adapt to harsh conditions (Vogel, 2009). Moreover, the development of compound leaves requires the establishment of leaf properties and polarity according to different development patterns, rather than the simple addition of single leaves. Compound leaves were initiated from the periphery zone (PZ) of the pluripotent shoot apical meristem (SAM). Leaf morphogenesis occurs in three successive stages: (1) initiation of the leaf primordium which is recruited from the PZ of the SAM, (2) primary morphogenesis, i.e., the primordium of each principal component of the compound leaf was divided, while the adaxial-abaxial, mediolateral, and proximal-distal axes were established, and (3) expansion and secondary morphogenesis, i.e., intercalation growth occurred throughout the entire leaf blade, resulting in an overall expansion of leaf area in multiple directions (Dengler and Tsukaya, 2001; Du et al., 2018).

Auxin plays a crucial role in leaves. In shoot, auxin efflux carrier PINFORMED1 (PIN1) actively directs the transportation and distribution of auxin (Reinhardt et al., 2003). The inhibition of auxin activity or transportation resulted in simplified leaves in Cardamine, tomato, and pea (Bar and Ori, 2015). Moreover, the downregulation of IAA9, a distinct subfamily of Aux/IAA genes, results in simple leaves in tomato (Wang et al., 2005; Zhang et al., 2007). In Medicago truncatula, MtPIN10/SLM1 loss-of-function mutant shows the impaired auxin distribution, resulting in increased terminal leaflets and reduced lateral leaflets (Zhou et al., 2011). In addition, shoot apices treated with the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) lead to a pin-like structure without leaves (Reinhardt et al., 2000). The external application of indole-3-acetic acid (IAA) to the apices in NPA-treated and pin1 mutant restores leaf formation (Reinhardt et al., 2000). These findings demonstrate that auxin is tightly correlated with leaf development.

During compound leaf development, class I KNOTTED-LIKE HOMEOBOX (KNOXI) family is required for leaflet formation. For example, the KNOXI homeobox transcription factor TKN2 antagonizes CLAUSA (CLAU) in regulating the morphogenesis-differentiation balance of the compound leaf development in tomato (Israeli et al., 2021). CLAU is a negative regulator of KNOXI genes, and clau mutant showed excessively divided leaves (Bar et al., 2016). In M. truncatula, class M KNOX protein FCL1 encodes a truncated KNOX that lacks the homeodomain. FCL1 plays a key role in boundary separation, and fcl1 mutants show fused leaflets (Peng et al., 2011). The plant hormone cytokinin (CK) acts downstream of KNOXI proteins to maintain the prolonged morphogenetic activity of the leaf margin (Shani et al., 2010). In addition, the shoot and leaf development is retarded in CK-deficient mutants in Arabidopsis, such as reduced shoot growth rates, reduced size of SAM, and reduced cell production in the leaves, indicating that CK is a positive regulator in cell division (Werner et al., 2003).

Leguminosae is the third largest family of angiosperms and contains about 19,000 species in about 750 genera. Legumes are a good source of protein that contains high iron, folate, potassium, and magnesium. They also contain beneficial fats and soluble and insoluble fiber. Most plants of legumes have typically compound leaves, while a few subfamilies have simple leaves. The compound leaf development in legumes has been studied in several species, such as M. truncatula, Lotus japonicus, and Vigna radiata (Wang et al., 2008, 2013; Jiao et al., 2019). Peanut (Arachis hypogaea) is one of the most economically essential legume crops (Xu et al., 2021). The leaf in A. hypogaea is tetrafoliate with a pair of proximal and distal leaflets, which is different from that in M. truncatula and L. japonicus. However, the regulation mechanism of compound leaf pattern in A. hypogaea is largely unknown. In this study, we focused on the ontogeny of leaf development and characterized a mutant with pentafoliate leaf form in A. hypogaea. The possible developmental mechanism of tetrafoliate leaf form in A. hypogaea was proposed.



MATERIALS AND METHODS


Plant Materials and Growth Condition

A cultivated peanut variety Fenghua-1 was used as a wild type. The plants with pentafoliate leaf form were a naturally occurring mutant line in the genetic background of the variety Fenghua-1. The peanut plants were grown in soil with a photoperiod of 16-h day/8-h night, a temperature of 22°C, and a relative humidity of 70% in a growth chamber.



Scanning Electron Microscopy

Shoot apices were collected from 4 weeks post-germination of wild-type and mutant plant. Plant tissues were fixed in a fixative solution (3.0% glutaraldehyde in 25 mM phosphate buffer, pH 7.0, and 0.1% Trixon-100) by vacuum infiltration for 10 min and then incubated in 4°C overnight. On the following day, the tissues were dehydrated in a series of graded ethanol (30, 50, 60, 70, 85, 95, and 100% three times), each lasting for a minimum of 20 min. A critical-point drier was used to dry the ethanol in liquid CO2 to remove the alcohol. The tissues were mounted on aluminum stubs, dissected under a stereoscopic microscope, and sputtered with gold. Tissue samples were then examined using Tecnai G2 F20 Scanning Electron Microscope (SEM) at an accelerating voltage of 5 kV (FEI).



RNA Extraction and Real-Time PCR Analysis

Total RNA from different frozen tissues was extracted using EASYspin Plus Complex Plant RNA Kit (Aidlab). The quality of RNA was measured by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) to detect the concentration and integrity using RNA Reverse Transcription Kit (Roche). Real-time PCR was performed using SYBR Green (Roche), while data acquisition and analysis were performed using Bio-Rad CFX Connect TM sequence detection system. Three biological replicates were applied in the assay, and each biological replicate was technically replicated three times. Gene expression levels were calculated and normalized by the arithmetic mean with AhADH3 used as housekeeping genes (Brand and Hovav, 2010). The single-factor ANOVA method was used to estimate if the difference in gene expression level is significant.



Transcriptomic Analysis

For the transcriptomic analysis of proximal and distal leaflets, the newly emerged folded leaflets and petioles at the early developmental stage were harvested from 40-day-old wild-type plants. For the transcriptomic analysis of leaf development in the mutant, the shoot buds were harvested from 40-day-old wild-type and pentafoliate mutant plants. Three biological replicates of each sample were prepared. Total RNA of each sample was extracted, and all samples were sequenced on a BGISEQ-500 platform at the BGI Genomics Institute (BGI-Shenzhen). Differentially expressed genes (DEGs) were determined using an upregulated/downregulated more than twofold and a false discovery rate (FDR) < 0.01. The FDR method was used to adjust the hypergeometric test of the p-value to evaluate the enrichment degree of the Gene Ontology (GO) items and the KEGG pathway. The heatmap was created by Helm software (Heatmap Illustrator, version 1.0).



Phenotypic Analysis

For leaf morphology analysis, wild-type and mutant plants were photographed by the Nikon D300 camera. Nikon SMZ 1500 stereomicroscope (Nikon) was used to image the close-up view of the leaf. At least 10 samples were observed from each experiment.



Phylogenetic Analyses

The candidate KNOXI proteins were identified in Arabidopsis thaliana, M. truncatula, and A. hypogaea. Amino acid sequences were downloaded from the websites of Phytozome and NCBI. All confirmed amino acids sequences were aligned using the ClustalW program. The neighbor-joining phylogenetic trees were constructed using the MEGA7 software, with 1,000 bootstrap iterations.



Cytokinin Treatment

Of note, 4-week-old wild-type plants growing in soil were sprayed with a solution containing 0.1, 0.25, and 0.5 mM 6-benzyladenine (6-BA) with 0.01% Tween 20, respectively. The pentafoliate mutants were sprayed with lovastatin (Lov) at a concentration of 0.01 and 0.05 μM with 0.01% Tween 20. The same concentration of Tween 20 was applied in the mock treatments. Twelve plants were used in each group for analysis. 6-BA and Lov were sprayed every 2 days for five times, and the leaf phenotypes were analyzed with three biological replicates.




RESULTS


Ontogeny of Compound Leaf Development in Arachis hypogaea

To investigate the compound leaf development in peanut, we first compared the leaf patterns between M. truncatula and A. hypogaea. As a model legume species, M. truncatula has a typical trifoliate leaf pattern (Figure 1A). The degree of compoundness in M. truncatula is much simpler than other compound leaf species, which develops a pair of lateral leaflets and a terminal leaflet (Wang et al., 2008). The SEM analysis showed that a common leaf primordium and a pair of stipule primordia were initiated at stage 2 (Figure 1B). At stage 5, a pair of lateral leaflet primordia and one terminal leaflet primordium were observed (Figure 1C). Subsequently, the leaflet primordia and trichomes were developed at stage 6 (Figure 1D).
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FIGURE 1. The ontogeny of compound leaf development in Medicago truncatula and Arachis hypogaea. (A) The mature leaf morphology of M. truncatula. (B–D) Different stages of compound leaf development in M. truncatula. (B) Stage 2. A pair of stipule primordia (ST) were initiated from leaf primordium. (C) Stage 5. The common leaf primordium differentiated into a pair of lateral leaflet primordia (LL) and a terminal leaflet primordium (TL). (D) Stage 6. Trichomes were developed on terminal leaflet primordium. (E,F) Fully expanded compound leaf of A. hypogaea. A close-up view is shown in panel (F). (G–L) The Scanning Electron Microscopy (SEM) analysis of the ontogeny of leaf development in A. hypogaea. (G) Stage 1. Leaf primordium (asterisk) initiates and grows to enwrap the SAM. (H) Stage 2. A pair of stipule primordia (ST) were initiated from the proximal end of the leaf primordium. (I) Stage 3. The boundaries formed between the common leaf primordium and stipule leaflet primordia. (J) Stage 4. A pair of proximal leaflet primordia (PL) and a pair of distal leaflet primordia (DL) were formed. (K) Stage 5. Trichomes were developed. (L) Stage 6. The leaflet primordia became folded. Bars = 0.5 cm in panels (A,E), 20 μm in panels (B–D), 0.2 cm in panel (F), and 50 μm in panel (G–L).


The leaves of A. hypogaea plant are in tetrafoliate form, displaying the pinnately compound leaf with two pairs of leaflets (Figure 1E). It is noted that unique even-pinnate leaflets were formed in A. hypogaea, which are significantly different from the odd-pinnate leaflets in M. truncatula (Figure 1F). SEM observation showed that a common leaf primordium was formed from the flank of SAM at stage 1 (Figure 1G). At stage 2, a pair of stipule primordia have emerged at the proximal end of the common leaf primordium (Figure 1H). Then, the boundaries between the two stipules and the common leaf primordium were established at stage 3 (Figure 1I). At stage 4, the common leaf primordium was differentiated into a pair of proximal leaflet and distal leaflet primordia (Figure 1J). Subsequently, at stage 5, the proximal and distal leaflet primordia separated away from each other so that the boundaries were established, and spherical trichomes were initiated (Figure 1K). At stage 6, the proximal leaflet and distal leaflet primordia became folded. Trichomes were differentiated further as tubular trichomes. Finally, a pair of proximal leaflets and distal leaflets were formed (Figure 1L).



Transcriptomic Analysis Between the Developing Proximal Leaflet and Distal Leaflet

To compare the proximal leaflet and distal leaflet of A. hypogaea, the RNA-seq transcriptomic analysis was performed using newly developed folded proximal leaflet, distal leaflet, and petiole at the vegetative stage as materials. Genes with more than twofold expression changes and p-values < 0.05 were identified as DEGs. Compared with the petiole, 4,617 upregulated DEGs and 8,885 downregulated DEGs were identified in the distal leaflet, while 6,504 upregulated DEGs and 8,959 downregulated DEGs were identified in the proximal leaflet (Supplementary Tables 1, 2). Then, we compared the DEGs in a proximal leaflet and a distal leaflet using petiole as a control. The results showed that 2,354 DEGs were exclusively detected in developing distal leaflets. The KEGG analysis showed that plant hormone signal transduction, glycerolipid metabolism, and mismatch repair were significantly enriched, in which 69 DEGs were involved in plant hormone signal transduction (Figure 2A). Among 69 DEGs, 33 DEGs were involved in auxin signaling pathways, while 4 DEGs were involved in the CK pathway. Moreover, the exclusive DEGs in the proximal leaflet were enriched in plant hormone signal transduction, starch and sucrose metabolism, plant-pathogen interaction, and MAPK signaling pathway (Figure 2B). Among them, 67 DEGs were involved in plant hormone signal transduction, including 18 DEGs in auxin signaling pathways and 13 DEGs in the CK pathway. Furthermore, in auxin signal transduction pathways, there were 143 DEGs in common in both proximal and distal leaflets, while 18 and 33 DEGs existed exclusively in the proximal and distal leaflet, respectively. In CK signal transduction pathways, there were 46 DEGs in common in both proximal and distal leaflets, while 13 and 4 DEGs existed exclusively in the proximal and distal leaflet, respectively. In addition, the DEGs enriched in auxin and CK pathway were compared between proximal leaflet and distal leaflet, and part of them displayed the different expression levels (Figure 2C and Supplementary Table 3). These results imply that auxin and CK signal transduction may play different roles in the developing proximal and distal leaflets. These data indicate that most genes related to auxin and CK signal transduction pathways play similar roles during the development of both proximal leaflet and distal leaflet.
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FIGURE 2. Analysis of differentially expressed genes (DEGs) in proximal and distal leaflets in A. hypogaea. (A) KEGG enrichment analysis of DEGs in distal leaflets. (B) KEGG enrichment analysis of DEGs in proximal leaflets. (C) A heatmap of DEGs enriched in auxin and cytokinin (CK) signaling transduction pathway between proximal and distal leaflets. PL, proximal leaflet, DL, distal leaflet, PE, petiole.




Identification of the Mutant Line With Pentafoliate Leaf Form in Arachis hypogaea

During the cultivation of cultivated peanut variety Fenghua-1, a naturally occurring mutant with leaf defects was isolated in the same genetic background. About 46.1% of leaves in mutant showed pentafoliate leaf form, and this phenotype could be stably inherited. Compared with wild type, a distally oriented terminal leaflet (TLd) was developed between two distal leaflets in the mutant (Figures 3A,B). SEM analysis showed that leaf primordium was initiated at stage 1, and a pair of stipule primordia had emerged at stage 3, which is similar to those in wild type (Figures 3C,D). At stage 5, the TLd primordium has emerged between a pair of distal leaflet primordia in the mutant (Figure 3E). At stage 6, the boundaries were established between the TLd and distal leaflet primordia, but the development of TLd was slower than that of the distal leaflet (Figure 3F).
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FIGURE 3. Characterization of pentafoliate mutant in A. hypogaea. (A) About 46.1% of leaves showed pentafoliate leaf form in the mutant. (B) The close-up view of the leaf in panel (A). (C,D) The leaf primordia were emerged at stage 1 (C), and the stipule primordia were formed at stage 3 (D). (E,F) Distally oriented terminal leaflet (TLd) primordium was emerged and developed between the distal leaflet primordia (DL) at stage 5 (E) and stage 6 (F). Bars = 0.5 cm (A), 0.2 cm in panel (B), and 50 μm in panels (C–F).




Transcriptomic Analysis Between Wild Type and Mutant

To gain insight into the developmental mechanism of the pentafoliate mutant, the transcriptomic analysis was performed using RNA-seq. The transcriptomes of shoot apices were acquired from wild type and mutant, and a total of 2,252 DEGs were identified (Supplementary Table 4). Among them, 1,150 DEGs were upregulated, and 1,102 DEGs were downregulated (Figure 4A). The GO term enrichment analysis showed that the most enriched GO terms were transmembrane transporter activity, transporter activity, and oxidoreductase activity (Figure 4B). The KEGG analysis showed that plant-pathogen interaction, starch and sucrose metabolism, and plant hormone signal transduction were significantly enriched (Figure 4C). There are 61 DEGs involved in plant hormone signal transduction, such as auxin, CK, and gibberellin (GA) signaling and other hormone pathways (Supplementary Table 5). CK can alter leaf differentiation by changing its concentration (Bar et al., 2016). In the transcriptomes of the CK signaling pathway, 9 DEGs were enriched, including 2 DEGs in the CK receptor, 5 DEGs in the B-ARR family, and 2 DEGs in the A-ARR family (Figure 4D and Supplementary Table 6). B-ARRs act as key players and positive regulators in CK signal transduction, while A-ARRs are the targets of B-ARRs (To et al., 2004; Mason et al., 2005). Most of them were upregulated in the mutant, implying that increased CK activity may be related to the additional TLd in the mutant.
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FIGURE 4. The DEG analysis in wild type and mutant. (A) The heatmap of Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values of 2,252 DEGs between the wild type and the mutant shoot buds in three biological replicates. (B) Gene Ontology (GO) enrichment analysis of DEGs. (C) KEGG enrichment analysis of DEGs. (D) The heatmap of expression levels of CK-related DEGs.




Cytokinin Plays a Key Role in the Compound Leaf Development in Arachis hypogaea

The KNOXI family has been reported to be involved in promoting the extended morphogenesis in leaves in many plant species (Barth et al., 2009; Rast-Somssich et al., 2015). In previous studies, the gene regulatory network in leaf development was identified in tomato and two related wild species, indicating that KNOX homeobox genes are located in the bottleneck position (Ichihashi et al., 2014). In addition, Class I KNOX genes in M. truncatula were isolated (Di Giacomo et al., 2008; Zhou et al., 2014) and increased the expression levels of STM/BP-like KNOXI genes in plants exhibited higher-order leaflets, suggesting their conserved roles in regulating leaf complexity in M. truncatula (Zhou et al., 2014). The phylogenetic analysis of KNOXI protein from A. thaliana, M. truncatula, and A. hypogaea indicated that 10 AhKNOXI proteins existed in A. hypogaea (Figure 5A). According to the relationship of the KNOXI proteins in M. truncatula, we named AhKNOXI in A. hypogaea. To investigate whether AhKNOXI genes are involved in the leaf development of mutant, their expression levels derived from the data of transcriptomic profiles were analyzed. The results showed that all of them were upregulated in pentafoliate mutant plants, while AhKNOX1-3, AhKNOX2-1, and AhKNOX2-3 were significantly upregulated than other AhKNOXI (Figure 5B). Previous reports showed that KNOXI proteins are able to activate CK biosynthesis in SAM, and CK can partially rescue the loss-of-KNOXI function in A. thaliana (Yanai et al., 2005; Sakamoto et al., 2006). Therefore, these data imply that the increased expression levels of AhKNOXI genes probably result in the CK-related DEGs in the mutant.
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FIGURE 5. AhKNOXI and CK are involved in the compound leaf pattern of A. hypogaea. (A) Phylogenetic analysis of KNOXI genes in A. thaliana, M. truncatula, and A. hypogaea. (B) A heatmap analysis of AhKNOXI genes expression in wild type and mutant. (C) Adult leaf of wild type. (D) Adult leaf of wild type treated with the same concentration of Tween 20 as control. (E,F) Adult leaves of wild type treated with 6-benzyladenine (6-BA). (G) Adult leaf of the pentafoliate mutant. Bar = 1 cm (C–G).


To further investigate the relationship between CK and leaf pattern in A. hypogaea, wild-type plants were treated with 6-BA at a concentration of 0.1, 0.25, and 0.5 mM for five times at 2-day intervals, and the same concentration of Tween 20 was applied as a control. The observations showed that 0.5 mM 6-BA treatment could induce the additional terminal leaflet between two distal leaflets. About 10.8% of wild-type leaves were changed from tetrafoliate form to pentafoliate form, which mimicked the mutant phenotype (Figures 5C–G). These data indicate that exogenous CK treatment is sufficient for increasing leaf complexity in A. hypogaea. Lov is an effective inhibitor of the mevalonate pathway and has been used to eliminate the biosynthesis of CK (Hartig and Beck, 2005). However, the mutants treated with Lov at a concentration of 0.01 and 0.05 μM for five times at 2-day intervals did not recover the defects (Supplementary Figures 1A–D). These observations imply that the CK signal transduction pathway, instead of the CK biosynthetic pathway, was probably defective in the mutant.




DISCUSSION

Leaves are vital to plants for their ability to process photosynthesis. The diversity of leaf shapes has evolved to adapt to the environment, by maximizing the ability to absorb sunlight (Liu et al., 2021). Most legume species have compound leaf structures. M. truncatula is composed of a pair of lateral leaflets and a single terminal leaflet, which is similar to Glycine max and L. japonicus (Wang et al., 2008, 2013; Jiao et al., 2019). However, the compound leaf pattern in A. hypogaea is different from those species, which is the tetrafoliate form with a pair of proximal and distal leaflets. It is surprising that 2,354 DEGs were exclusively involved in the distal leaflet, and 2,315 DEGs were only shown in the proximal leaflet, implying that the development between proximal leaflet and distal leaflet is different. The KEGG pathway analysis showed that DEGs were significantly enriched in plant hormone signal transduction, which is coincidental with their important role in leaf development. These data imply that different hormone-related genes are involved in the formation of both proximal leaflet and distal leaflet.

The investigation of mutants helps us better understand the developmental mechanism of leaves. In this study, we discovered a naturally occurring mutant plant with an extra terminal leaflet in A. hypogaea, leading to the transformation of the compound leaf pattern from tetrafoliate to pentafoliate form. Transcriptomic and KEGG pathway analyses suggest that plant hormone signal transduction plays a crucial role in regulating leaf development in the mutant, in which CK signal transduction-related genes are changed. CK is essential for multiple developmental processes in plants (Kieber and Schaller, 2018), such as organ initiation, SAM size, and phyllotaxis (Giulini et al., 2004; Leibfried et al., 2005; Besnard et al., 2014). Arabidopsis CK biosynthesis gene ISOPENTENYL TRANSFERASE7 (IPT7) and CK degradation gene CYTOKININ OXIDASE3 (CKX3) under the control of FILpro lead to super-compound leaves and simplified leaves in tomato, indicating that CK regulates the morphogenesis of compound leaves, and different CK levels result in the alterations in leaf complexity (Shani et al., 2010).

In previous studies, CK biosynthesis is positively regulated by KNOXI proteins (Sakamoto et al., 2006), and CK acts downstream of KNOXI proteins to maintain the prolonged morphogenetic activity (Shani et al., 2010). KNOXI proteins are required in the leaf primordia to produce a dissected leaf form in compound leaf development (Hay and Tsiantis, 2006). In tomato, the overexpression of KNOXI leads to increase leaf complexity (Hareven et al., 1996). It has been reported that CK and KNOXI have a positive correlation (Hay et al., 2004). In this study, the expression levels of multiple AhKNOXI genes were increased in mutant plants, implying that CK level may be correlated with the extended morphogenesis in leaves of mutants. According to this, the increasing CK level in wild type is able to induce the extra terminal leaflet, which is similar to that in the mutant. Therefore, CK is probably a key regulator in the control of compound leaf patterns in A. hypogaea. However, mutant treated with Lov did not recover its defects, implying that CK signal transduction instead of the biosynthetic pathway is probably defective in the mutant. Moreover, the transcriptomic data showed the DEGs enriched in several plant hormone pathways such as auxin and GA signaling pathways, suggesting that these hormones also probably contribute to the mutant phenotype.

The relationship between lateral leaflet and terminal leaflet development has been reported in several studies. In M. truncatula, sgl1 mutant exhibits simple leaves due to the failure of the initiation of lateral leaflet primordium, indicating that SGL1 plays important roles in the lateral leaflet development (Wang et al., 2008). Moreover, slm1 mutant shows multiple terminal leaflets and reduced lateral leaflet number associated with lower SGL1 expression in M. truncatula (Zhou et al., 2011). Previous reports also show that the morphogenetic activity of the terminal leaflet is suppressed by the BLH protein PINNA1 in M. truncatula (He et al., 2020). Additionally, M. truncatula Cys(2) His(2) zinc finger transcription factor PALM1 binds to and downregulates the expression of SGL1, and the loss-of-function mutant shows five leaflets clustered at the leaf tip (Chen et al., 2010). The characteristics of these mutants indicate that the distinct developmental domains between the terminal and lateral leaflet formation existed. In A. hypogaea, exogenous CK treatment in wild type results in the additional terminal leaflet between a pair of distal leaflets, instead of the proximal leaflet, indicating that the developmental response to CK is different between proximal leaflet and distal leaflet.



CONCLUSION

In this study, we analyzed the ontogeny of compound leaf development in A. hypogaea. The transcriptomic profiles between different leaflets are clarified, providing the potential gene networks for regulating leaf development in legumes. The characterization of a pentafoliate mutant suggested that CK plays a critical role in compound leaf patterns in A. hypogaea. Leaf area affects the efficiency of photosynthesis and thus influences yield. Therefore, the investigation of the developmental mechanism of compound leaves in peanut may contribute to improve its production by the molecular design of leaf patterning.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: National Center for Biotechnology Information (NCBI) BioProject database under accession number GSE180915.



AUTHOR CONTRIBUTIONS

RS, SL, and CZ designed the research. RS, ZP, SL, and JZ performed the experiments and analyzed the data. HM, YX, and WY assisted in analysis experiments and revised the manuscript. ZL and HW contributed to the new analytical tools. RS and CZ wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from the Agricultural Variety Improvement Project of Shandong Province (2019LZGC010), the National Natural Science Foundation of China (U1906201 and 31900172) and the Shandong Province (ZR2019MC013 and ZR2020KC018), and the Project for Innovation and Entrepreneurship Leader of Qingdao (19-3-2-3-zhc).



ACKNOWLEDGMENTS

We would like to thank Sen Wang, Haiyan Yu, and Xiaomin Zhao from the State Key Laboratory of Microbial Technology of Shandong University for their assistance in microimaging of SEM analysis.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.749809/full#supplementary-material



REFERENCES

Bar, M., Israeli, A., Levy, M., Ben Gera, H., Jimenez-Gomez, J. M., Kouril, S., et al. (2016). CLAUSA Is a MYB transcription factor that promotes leaf differentiation by attenuating cytokinin signaling. Plant Cell 28, 1602–1615. doi: 10.1105/tpc.16.00211

Bar, M., and Ori, N. (2015). Compound leaf development in model plant species. Curr. Opin. Plant Biol. 23, 61–69. doi: 10.1016/j.pbi.2014.10.007

Barth, S., Geier, T., Eimert, K., Watillon, B., Sangwan, R. S., and Gleissberg, S. (2009). KNOX overexpression in transgenic Kohleria (Gesneriaceae) prolongs the activity of proximal leaf blastozones and drastically alters segment fate. Planta 230:1081. doi: 10.1007/s00425-009-0997-0

Besnard, F., Refahi, Y., Morin, V., Marteaux, B., Brunoud, G., Chambrier, P., et al. (2014). Cytokinin signalling inhibitory fields provide robustness to phyllotaxis. Nature 505, 417–421.

Brand, Y., and Hovav, R. (2010). Identification of suitable internal control genes for quantitative real-time PCR expression analyses in peanut (Arachis hypogaea). Peanut Sci. 37, 12–19. doi: 10.3146/PS09-014.1

Chen, J., Yu, J., Ge, L., Wang, H., Berbel, A., Liu, Y., et al. (2010). Control of dissected leaf morphology by a Cys(2)His(2) zinc finger transcription factor in the model legume Medicago truncatula. Proc. Natl. Acad. Sci. U.S.A. 107, 10754–10759.

Dengler, N., and Tsukaya, H. (2001). Leaf morphogenesis in dicotyledons: current Issues. Int. J. Plant Sci. 162, 459–464. doi: 10.1086/320145

Di Giacomo, E., Sestili, F., Iannelli, M. A., Testone, G., Mariotti, D., and Frugis, G. (2008). Characterization of KNOX genes in Medicago truncatula. Plant Mol. Biol. 67, 135–150. doi: 10.1007/s11103-008-9307-7

Du, F., Guan, C., and Jiao, Y. (2018). Molecular mechanisms of leaf morphogenesis. Mol. Plant 11, 1117–1134. doi: 10.1016/j.molp.2018.06.006

Giulini, A., Wang, J., and Jackson, D. (2004). Control of phyllotaxy by the cytokinin-inducible response regulator homologue ABPHYL1. Nature 430, 1031–1034.

Hareven, D., Gutfinger, T., Parnis, A., Eshed, Y., and Lifschitz, E. (1996). The making of a compound leaf: genetic manipulation of leaf architecture in tomato. Cell 84, 735–744. doi: 10.1016/S0092-8674(00)81051-X

Hartig, K., and Beck, E. (2005). Assessment of lovastatin application as tool in probing cytokinin-mediated cell cycle regulation. Physiol. Plant. 125, 260–267. doi: 10.1111/j.1399-3054.2005.00556.x

Hasson, A., Blein, T., and Laufs, P. (2010). Leaving the meristem behind: the genetic and molecular control of leaf patterning and morphogenesis. C. R. Biol. 333, 350–360. doi: 10.1016/j.crvi.2010.01.013

Hay, A., Craft, J., and Tsiantis, M. (2004). Plant hormones and homeoboxes: bridging the gap? BioEssays 26, 395–404. doi: 10.1002/bies.20016

Hay, A., and Tsiantis, M. (2006). The genetic basis for differences in leaf form between Arabidopsis thaliana and its wild relative Cardamine hirsuta. Nat. Genet. 38, 942–947.

He, L., Liu, Y., He, H., Liu, Y., Qi, J., Zhang, X., et al. (2020). A molecular framework underlying the compound leaf pattern of Medicago truncatula. Nat. Plants 6, 511–521.

Ichihashi, Y., Aguilar-Martínez, J. A., Farhi, M., Chitwood, D. H., Kumar, R., Millon, L. V., et al. (2014). Evolutionary developmental transcriptomics reveals a gene network module regulating interspecific diversity in plant leaf shape. Proc. Natl. Acad. Sci. U.S.A. 111:E2616. doi: 10.1073/pnas.1402835111

Israeli, A., Burko, Y., Shleizer-Burko, S., Zelnik, I. D., Sela, N., Hajirezaei, M. R., et al. (2021). Coordinating the morphogenesis-differentiation balance by tweaking the cytokinin-gibberellin equilibrium. PLoS Genet. 17:e1009537. doi: 10.1371/journal.pgen.1009537

Jiao, K., Li, X., Su, S., Guo, W., Guo, Y., Guan, Y., et al. (2019). Genetic control of compound leaf development in the mungbean (Vigna radiata L.). Hortic. Res. 6:23. doi: 10.1038/s41438-018-0088-0

Kieber, J. J., and Schaller, G. E. (2018). Cytokinin signaling in plant development. Development 145:dev149344. doi: 10.1242/dev.149344

Leibfried, A., To, J. P. C., Busch, W., Stehling, S., Kehle, A., Demar, M., et al. (2005). WUSCHEL controls meristem function by direct regulation of cytokinin-inducible response regulators. Nature 438, 1172–1175.

Liu, H., Hu, D., Du, P., Wang, L., Liang, X., Li, H., et al. (2021). Single-cell RNA-seq describes the transcriptome landscape and identifies critical transcription factors in the leaf blade of the Allotetraploid Peanut (Arachis hypogaea L.). Plant Biotechnol. J. 19, 2261–2276. doi: 10.1111/pbi.13656

Mason, M. G., Mathews, D. E., Argyros, D. A., Maxwell, B. B., Kieber, J. J., Alonso, J. M., et al. (2005). Multiple type-B response regulators mediate cytokinin signal transduction in Arabidopsis. Plant Cell 17, 3007–3018. doi: 10.1105/tpc.105.035451

Peng, J., Yu, J., Wang, H., Guo, Y., Li, G., Bai, G., et al. (2011). Regulation of compound leaf development in Medicago truncatula by fused compound Leaf1, a Class M KNOX Gene. Plant Cell 23, 3929–3943. doi: 10.1105/tpc.111.089128

Rast-Somssich, M. I., Broholm, S., Jenkins, H., Canales, C., Vlad, D., Kwantes, M., et al. (2015). Alternate wiring of a KNOXI genetic network underlies differences in leaf development of A. thaliana and C. hirsuta. Genes Dev. 29, 2391–2404. doi: 10.1101/gad.269050.115

Reinhardt, D., Mandel, T., and Kuhlemeier, C. (2000). Auxin regulates the initiation and radial position of plant lateral organs. Plant Cell 12, 507–518.

Reinhardt, D., Pesce, E.-R., Stieger, P., Mandel, T., Baltensperger, K., Bennett, M., et al. (2003). Regulation of phyllotaxis by polar auxin transport. Nature 426, 255–260. doi: 10.1038/nature02081

Sakamoto, T., Sakakibara, H., Kojima, M., Yamamoto, Y., Nagasaki, H., Inukai, Y., et al. (2006). Ectopic expression of KNOTTED1-like homeobox protein induces expression of cytokinin biosynthesis genes in rice. Plant Physiol. 142, 54–62. doi: 10.1104/pp.106.085811

Shani, E., Ben-Gera, H., Shleizer-Burko, S., Burko, Y., Weiss, D., and Ori, N. (2010). Cytokinin regulates compound leaf development in tomato. Plant Cell 22, 3206–3217. doi: 10.1105/tpc.110.078253

To, J. P. C., Haberer, G., Ferreira, F. J., Deruère, J., Mason, M. G., Schaller, G. E., et al. (2004). Type-A Arabidopsis response regulators are partially redundant negative regulators of cytokinin signaling. Plant Cell 16, 658–671. doi: 10.1105/tpc.018978

Vogel, S. (2009). Leaves in the lowest and highest winds: temperature, force and shape. New Phytol. 183, 13–26. doi: 10.1111/j.1469-8137.2009.02854.x

Wang, H., Chen, J., Wen, J., Tadege, M., Li, G., Liu, Y., et al. (2008). Control of compound leaf development by FLORICAULA/LEAFY ortholog SINGLE LEAFLET1 in Medicago truncatula. Plant Physiol. 146, 1759–1772. doi: 10.1104/pp.108.117044

Wang, H., Jones, B., Li, Z., Frasse, P., Delalande, C., Regad, F., et al. (2005). The tomato Aux/IAA transcription factor IAA9 is involved in fruit development and leaf morphogenesis. Plant Cell 17, 2676–2692. doi: 10.1105/tpc.105.033415

Wang, Z., Chen, J., Weng, L., Li, X., Cao, X., Hu, X., et al. (2013). Multiple components are integrated to determine leaf complexity in Lotus japonicus. J. Integr. Plant Biol. 55, 419–433. doi: 10.1111/jipb.12034

Werner, T., Motyka, V., Laucou, V., Smets, R., Van Onckelen, H., and Schmülling, T. (2003). Cytokinin-deficient transgenic Arabidopsis plants show multiple developmental alterations indicating opposite functions of cytokinins in the regulation of shoot and root meristem activity. Plant Cell 15, 2532–2550. doi: 10.1105/tpc.014928

Xu, M., Zhang, X., Yu, J., Guo, Z., Li, Y., Wu, J., et al. (2021). First report of fusarium ipomoeae causing peanut leaf spot in China. Plant Disease doi: 10.1094/pdis-01-21-0226-pdn Online ahead of print

Yanai, O., Shani, E., Dolezal, K., Tarkowski, P., Sablowski, R., Sandberg, G., et al. (2005). Arabidopsis KNOXI proteins activate cytokinin biosynthesis. Curr. Biol. 15, 1566–1571. doi: 10.1016/j.cub.2005.07.060

Zhang, J., Chen, R., Xiao, J., Qian, C., Wang, T., Li, H., et al. (2007). A single-base deletion mutation in SlIAA9 gene causes tomato (Solanum lycopersicum) entire mutant. J. Plant Res. 120, 671–678. doi: 10.1007/s10265-007-0109-9

Zhou, C., Han, L., Hou, C., Metelli, A., Qi, L., Tadege, M., et al. (2011). Developmental analysis of a Medicago truncatula smooth leaf margin1 mutant reveals context-dependent effects on compound leaf development. Plant Cell 23, 2106–2124. doi: 10.1105/tpc.111.085464

Zhou, C., Han, L., Li, G., Chai, M., Fu, C., Cheng, X., et al. (2014). STM/BP-Like KNOXI is uncoupled from ARP in the regulation of compound leaf development in Medicago truncatula. Plant Cell 26, 1464–1479. doi: 10.1105/tpc.114.123885


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Sun, Peng, Li, Mei, Xu, Yang, Lu, Wang, Zhang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	REVIEW
published: 22 February 2022
doi: 10.3389/fpls.2022.825341





[image: image]

CINCINNATA-Like TCP Transcription Factors in Cell Growth – An Expanding Portfolio

Monalisha Rath1, Krishna Reddy Challa1, Kavitha Sarvepalli2 and Utpal Nath1*

1Department of Microbiology and Cell Biology, Indian Institute of Science, Bengaluru, India

2Undergraduate Program, Indian Institute of Science, Bengaluru, India

Edited by:
Daniel Kierzkowski, Université de Montréal, Canada

Reviewed by:
Marie Monniaux, UMR 5667 Laboratoire Reproduction et Développement des Plantes (RDP), France
Gorou Horiguchi, Rikkyo University, Japan

*Correspondence: Utpal Nath, utpalnath@iisc.ac.in

Specialty section: This article was submitted to Plant Development and EvoDevo, a section of the journal Frontiers in Plant Science

Received: 30 November 2021
Accepted: 13 January 2022
Published: 22 February 2022

Citation: Rath M, Challa KR, Sarvepalli K and Nath U (2022) CINCINNATA-Like TCP Transcription Factors in Cell Growth – An Expanding Portfolio. Front. Plant Sci. 13:825341. doi: 10.3389/fpls.2022.825341

Post-mitotic cell growth is a key process in plant growth and development. Cell expansion drives major growth during morphogenesis and is influenced by both endogenous factors and environmental stimuli. Though both isotropic and anisotropic cell growth can contribute to organ size and shape at different degrees, anisotropic cell growth is more likely to contribute to shape change. While much is known about the mechanisms that increase cellular turgor and cell-wall biomass during expansion, the genetic factors that regulate these processes are less studied. In the past quarter of a century, the role of the CINCINNATA-like TCP (CIN-TCP) transcription factors has been well documented in regulating diverse aspects of plant growth and development including flower asymmetry, plant architecture, leaf morphogenesis, and plant maturation. The molecular activity of the CIN-TCP proteins common to these biological processes has been identified as their ability to suppress cell proliferation. However, reports on their role regulating post-mitotic cell growth have been scanty, partly because of functional redundancy among them. In addition, it is difficult to tease out the effect of gene activity on cell division and expansion since these two processes are linked by compensation, a phenomenon where perturbation in proliferation is compensated by an opposite effect on cell growth to keep the final organ size relatively unaltered. Despite these technical limitations, recent genetic and growth kinematic studies have shown a distinct role of CIN-TCPs in promoting cellular growth in cotyledons and hypocotyls, the embryonic organs that grow solely by cell expansion. In this review, we highlight these recent advances in our understanding of how CIN-TCPs promote cell growth.
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INTRODUCTION

Plant growth and development are remarkably plastic, which helps them overcome the constraints posed by their sessile existence and enables them to thrive in diverse environmental conditions. Developmental plasticity is achieved partly by preserving the self-renewing stem cells within the meristem niches and by post-embryonic initiation of lateral organs from the flanks of the meristem (Powell and Lenhard, 2012). Organ growth is a resultant outcome of two key cellular processes, proliferation, and post-mitotic expansion, the former preceding the latter. Proliferation produces an adequate cell reserve at an early stage of organ growth, and expansion increases cell volume under the force of turgor pressure (Donnelly et al., 1999; Cosgrove, 2005; Gonzalez et al., 2012). For example, mitotic cycle in Arabidopsis and tobacco leaves ceases when their blades reach ∼10% of their final area, triggering endoreduplication-mediated cell expansion that drives the remainder of the blade growth (Poethig and Sussex, 1985; Donnelly et al., 1999).

Though the physical basis of cell expansion through turgor pressure and cell-wall extensibility has been studied in detail (Ray et al., 1972; Braidwood et al., 2014), its genetic regulation remains less clear. This is primarily because of an overlapping occurrence of cell division and expansion in the lateral organs of post-embryonic origin. For example, within the growing primordium of most angiosperm leaves, cell division and expansion coexist in the proximal and distal domains, respectively (Nath et al., 2003; Das Gupta and Nath, 2015). Cells transiting from an actively dividing state to differentiation characterize a dynamic transition zone, flanked by mitotic cells to its proximal end and differentiated cells to its distal end. Perturbations in rate, duration, or distribution of cell proliferation and expansion often affect the final size and shape of organs (Donnelly et al., 1999; Efroni et al., 2008; Andriankaja et al., 2012). Because proliferation and differentiation are linked by a compensatory mechanism (Gonzalez et al., 2012) in post-embryonic organs, it is difficult to uncouple the contribution of cell growth from that of cell division to the final organ morphology. However, the organs of embryonic origin such as hypocotyl and cotyledon serve as an ideal model for cell growth studies since cell division is absent or insignificant during their growth after germination (Tsukaya et al., 1994; Stoynova-Bakalova et al., 2004; Boron and Vissenberg, 2014). Besides, these embryonic organs possess simpler and uniform epidermal cell morphology, making their analysis more tractable. Utilization of these simplifying advantages of hypocotyl and cotyledon has shed light on the molecular players involved in unidirectional and planar cell expansion, respectively. In this review, we highlight recent advances in our understanding of the genetic regulation of post-mitotic cell growth, with an emphasis on CIN-TCP transcription factors and their new-found role in cell expansion.



TYPES OF CELL GROWTH

Because the rigid wall precludes migration of plant cells, organ morphology is greatly influenced by the direction and duration of cell enlargement (Braidwood et al., 2014). Plant cells predominantly show anisotropic expansion, where the rate and direction of growth vary across the cell surface, allowing cells to acquire a variety of forms to limit the magnitude of mechanical stress and simultaneously enhance tissue strength (Johnson and Lenhard, 2011; Braidwood et al., 2014; Sapala et al., 2018). Anisotropic cell growth can be either diffused type where expansion is dispersed over the cell surface, or tip-growth type where expansion occurs only at localized tips (Martin et al., 2001). For example, cells in hypocotyl, stem, and root show growth along the longitudinal direction at their side walls over the entire surface. By contrast, root hairs and pollen tubes exhibit restricted growth only at a single site at the cell tip (Braidwood et al., 2014). In yet another growth pattern, the pavement cells in leaves and cotyledons show multiple growth polarities on segments of their surface, ultimately producing puzzle piece-shaped cells with lobes and indentations. We refer to this type of cell growth as planar growth since the expansion is primarily in the X–Y plane, with little expansion in the orthogonal direction. Distinct cytological properties such as differential deposition of cell-wall material, orientation of cellulose microfibrils, and polarized accumulation of cytoplasmic content determine the mode of cell growth and organ morphology (Braidwood et al., 2014). However, certain cells such as parenchyma of potato tuber or apple fruit display a diffused isotropic mode of growth, forming isodiametric cells compacted together where the cellulose microfilaments are randomly oriented (Cosgrove, 2014).

In most tissue types, rapid increase in cell volume is directly associated with endoreplication cycle where DNA is replicated without cytokinesis or chromosome segregation, leading to enhanced nuclear ploidy level (Melaragno et al., 1993; Edgar and Orr-Weaver, 2001; Breuer et al., 2010). Polyploidization is known to promote ribosome biogenesis, resulting in an increase in protein synthesis and in total cytoplasmic content, which ultimately leads to cell growth (Larkins et al., 2001; Sugimoto-Shirasu and Roberts, 2003). Thus, modulating the onset of endocycle and the duration of its progression substantially influence organ size with a strong correlation with cellular ploidy level. FASCIATA1 (FAS1), a chromatin assembly subunit protein, and E2F TARGET GENE 1 (ETG1), a replisome factor, interfere in the chromatin assembly that triggers endoreplication in plants. Consequently, fas1 and etg1 mutants perform additional rounds of endocycle, leading to larger cells and organs (Ramirez-Parra and Gutierrez, 2007; Takahashi et al., 2010). Similarly, cell cycle inhibitory KIP-RELATED PROTEIN (KRP) genes controlling endoreplication and chromatin structure regulate expression of genes required for cell expansion (Jegu et al., 2013). The quintuple krp mutant exhibits leaves with smaller epidermal cells and KRP-overexpression lines form larger cells, suggesting a direct correlation of KRP abundance and endoreplication-mediated cell growth (Verkest et al., 2005; Cheng et al., 2013). Additional rounds of endoreplication in dark-grown hypocotyl cells serve as a major determinant of de-etiolated seedling growth in contrast to light-grown seedlings (Gendreau et al., 1997). In floral organs, suppressing the transition to endoreduplication in the frill1 mutant, which has a reduced sterol methyltransferase activity, results in expanded cells with enlarged nuclei during the late stage of petal development (Hase et al., 2000). It is also suggested that the combination of phytohormones, nutrients, and environmental signals trigger endoreplication and cell growth (Kondorosi et al., 2000; Sugimoto-Shirasu and Roberts, 2003). For instance, gibberellic acid (GA) and ethylene coordinate with DNA synthesis and endoreplication-mediated hypocotyl cell elongation (Gendreau et al., 1999). Many reports in multiple plant species strongly indicate the presence of endocycle-independent mechanism of cell growth affecting organ size (Sugimoto-Shirasu and Roberts, 2003).



MECHANISM OF CELL GROWTH

The rigid wall of plant cells – comprised of complex meshwork of cellulose, hemicellulose, pectin, and glycoproteins – accommodates two seemingly contradictory biological functions - providing a strong structural support to the cell and an adjustable elasticity necessary for its growth (Bashline et al., 2014). The turgor pressure triggered by osmotic activity leads to cell-wall loosening and produces enlarged cells with balanced water potential without losing their integrity (Cosgrove, 2005; Seifert and Blaukopf, 2010; Bashline et al., 2014). The physical properties of cell-wall are altered to promote expansion by the activity of several cell-wall-modifying enzymes such as glycosyltransferases, methylesterases, hydroxylases, and hydrolases. These enzymes target major components of the cell wall (Braidwood et al., 2014). For example, the EXPANSIN (EXP) family proteins promote cell-wall loosening by breaking the non-covalent bonds between cellulose microfibrils in an acidic environment and correspondingly produce bigger leaves with larger cells when overexpressed (Cho and Cosgrove, 2000; Marowa et al., 2016). Similarly, pectin methyl esterases hydrolyze ester bond and enhance negative electrostatic charge within the cell wall to provide flexibility and mobility to homo-galacturonan in the cell wall. Mutant analysis of multiple cellulose synthase (CESA) genes has demonstrated the redundant function of these cell-wall synthesis promoting genes in cell expansion in multiple organs (Burn et al., 2002).

Phytohormones play a critical role in promoting cell growth in association with either cell-wall-remodeling enzymes or by enhancing orientated deposition of cellular microfibrils (Wolters and Jurgens, 2009). In addition, auxin, brassinosteroid (BR), and GA promote cell-wall biosynthesis and expansion by activating several regulatory transcription factors. Auxin induces rapid cell expansion in stem, hypocotyl, leaf, and coleoptile by activating a proton (H+) pump ATPase in the plasma membrane (PM), resulting in extracellular acidification, an environment favoring the cell-wall loosening enzymes (Rayle, 1973; Rayle and Cleland, 1977, 1992; Perrot-Rechenmann, 2010). The early auxin-responsive SMALL AUXIN UPREGULATED RNA (SAUR) gene family members participate in modulating PM H+-ATPase activity through direct interaction and inhibition of PP2C-D protein phosphatases (Spartz et al., 2014). Recent reports have shed light on tissue-specific expression pattern of SAUR genes and their involvement in distinct morphological processes under the regulation of developmental and environmental factors (Ren and Gray, 2015; Stortenbeker and Bemer, 2019). BR, GA, jasmonic acid (JA), and abscisic acid (ABA) also regulate SAUR-mediated cell growth (Ren and Gray, 2015). Auxin, BR, and GA integrate environmental signals through the DELLA-ARF6-BZR1-PIF4 complex to form a central regulatory network and maintain cell elongation by regulating an overlapping set of SAUR genes (Oh et al., 2014; Van Mourik et al., 2017). Mutants deficient in AUXIN RESPONSE FACTORS (ARFs) form shorter hypocotyl compared to the wild type, further supporting the role of auxin response in cell expansion (Reed et al., 2018). Another homeodomain transcription factor HAT2 is also known to promote cell elongation in hypocotyl in response to auxin signaling (Sawa et al., 2002). A recent report suggests that increased endogenous auxin, triggered by a low-sugar state in the cotyledons following seed germination, promotes compensation-mediated cell enlargement (Tabeta et al., 2021). Another recent study demonstrates that constitutively activated salicylic acid (SA) signaling suppresses compensation-induced cell expansion in leaves, thus assigning a role for SA in organ size regulation (Fujikura et al., 2020).

The regulators of the cell-wall extensibility factors described above are studied in less detail. The ARGOS-LIKE (ARL) gene is preferentially expressed in cotyledon, mature root, and leaves and promotes organ size as a result of increased cell expansion (Hu et al., 2006). Similarly, overexpression of ZINC-FINGER HOMEODOMAIN 5 (ZHD5) produces bigger leaves with enlarged epidermal cells by acting on yet unidentified target genes required for cell expansion (Hong et al., 2011). Few more examples of cell expansion regulators include TARGET OF RAPAMYCIN (TOR), CELL CYCLE SWITCH PROTEIN 52 (CCS27A), CYTOCHROME P450, FAMILY 78, SUBFAMILY A (CYP78A6), and ERBB-3 BINDING PROTEIN 1 (EBP1), overexpression of which results in larger organs due to increased cell expansion (Gonzalez et al., 2012; Vanhaeren et al., 2015). The list of the transcription factors that directly or indirectly regulate cell-wall expansion is still growing, with the recent addition of the TEOSINTE BRANCHED1, CYCLOIDEA, PROLIFERATING CELL FACTOR (TCP) family proteins.



THE TEOSINTE BRANCHED1, CYCLOIDEA, PROLIFERATING CELL FACTOR TRANSCRIPTION FACTORS IN POST-MITOTIC CELL GROWTH

Teosinte branched1, cycloidea, proliferating cell factor proteins participate in sequence-specific DNA-binding, transcriptional activation, and protein–protein interaction to regulate diverse developmental processes including flower symmetry, leaf and petal morphogenesis, trichome development, axillary branching, and pathogen defense (Martin-Trillo and Cubas, 2010; Sugio et al., 2014; Danisman, 2016; Sarvepalli and Nath, 2018; Challa et al., 2019). They are distinguished by their non-canonical basic helix-loop-helix (bHLH) domain known as the TCP domain and are present from chlorophyte algae to higher land plants (Navaud et al., 2007; Dhaka et al., 2017). Based on sequence diversity in amino acid residues within the TCP-domain, the 24 TCP proteins encoded by the Arabidopsis genome are divided into the class I subfamily with thirteen members and the class II subfamily with eleven members (Kosugi and Ohashi, 2002; Li, 2015). Eight class II TCPs are collectively called CINCINNATA-like TCPs (CIN-TCPs) that form a subclade and are expressed in the transition zone in leaf primordia where they redundantly suppress proliferation and promote differentiation in dividing cells (Nath et al., 2003; Das Gupta et al., 2014; Sarvepalli and Nath, 2018; Challa et al., 2019). Transcripts of five CIN-TCP genes – TCP2, 3, 4, 10, and 24 – are degraded by the microRNA miR319 (Palatnik et al., 2003), adding an additional level of complexity in CIN-TCP-mediated regulation of leaf morphogenesis. In addition to leaf maturation, CIN-TCPs also regulate leaflet initiation, biotic and abiotic stress tolerance, photomorphogenic seedling growth, phytohormone signaling, flowering time control, cell-wall thickening, etc (Koyama et al., 2007, 2010a, 2017; Navaud et al., 2007; Efroni et al., 2008; Schommer et al., 2008; Sarvepalli and Nath, 2011a; Aguilar-Martinez and Sinha, 2013; Das Gupta et al., 2014; Wang et al., 2014, 2015; Challa et al., 2016, 2019; Kubota et al., 2017; Lei et al., 2017; Zhou et al., 2018, 2019; Fan et al., 2020; Fang et al., 2021). Most developmental processes regulated by CIN-TCPs are linked to their involvement in suppressing proliferation and promoting differentiation of cells. Effects of CIN-TCPs on the exit from division cycle within leaf primordia have been reviewed elsewhere (Sarvepalli and Nath, 2018).

Accumulating evidence in recent years has revealed a direct participation of CIN-TCPs in post-mitotic cell expansion, which could not be elucidated earlier due to extensive functional redundancy among the members, making the loss-of-function analysis less effective (Efroni et al., 2010; Sarvepalli and Nath, 2011a; Koyama et al., 2017). On the other hand, overexpression of miR319-resistant CIN-TCPs in their endogenous expression domain causes embryonic and seedling lethality, making gain-of-function analysis challenging (Palatnik et al., 2003; Koyama et al., 2007). Moreover, a change in cell proliferation in leaf primordia is often accompanied by an opposite change in cell size by a phenomenon called compensation, making the analysis of gene function in cellular regulation difficult to interpret (Horiguchi and Tsukaya, 2011; Hisanaga et al., 2015). Considering the contribution of CIN-TCPs in repressing cell division potential (Challa et al., 2019), it is rather a daunting task to uncouple TCP-dependent cell expansion from compensatory cellular growth in post-embryonic organs such as leaves.

Several class I TCP proteins have also been implicated in cell division and cell growth. For example, TCP20 is enriched in the chromatin regions that encode cyclin CYCB1;1 and several ribosomal proteins, suggesting its role in coupling division and growth of cells (Li et al., 2005). However, we focus on the class II TCP proteins in this review and set aside the discussion on the class I proteins for future.



CINCINNATA-LIKE TCP-MEDIATED CELL GROWTH IN EMBRYONIC ORGANS


Cell Elongation in Hypocotyl

Hypocotyl initials are formed by patterned cell division during embryo development. Upon seed germination and seedling establishment, hypocotyl grows in length solely by directional cell expansion (Nemhauser and Chory, 2002; Boron and Vissenberg, 2014). Several studies on hypocotyl growth at the cellular level suggest an extreme elongation of the under-differentiated epidermal cells (up to 100-fold elongation compared to embryonic cell stage) as a result of rounds of endoduplication under darkness as opposed to the light-grown seedlings (Gendreau et al., 1997). The epidermal cells in hypocotyl follow a steep acropetal mode of growth where elongation starts at the basal cells and gradually moves upward (Miséra et al., 1994; Wei et al., 1994; Gendreau et al., 1997).

Both miR319-targeted and non-targeted CIN-TCP proteins promote hypocotyl elongation under the influence of environmental signals (Figure 1). Analysis of loss and gain-of-function mutants has demonstrated that miR319-regulated CIN-TCPs promote hypocotyl elongation by directly activating YUCCA5 (YUC5)-mediated auxin biosynthesis, which in turn activates the central ARF6/8-BZR1 circuit and downstream cell expansion genes (Challa et al., 2016). TCP1, a non-CIN-TCP class-II TCP protein, also enhances cell elongation in hypocotyl by directly activating the BR biosynthetic gene DWARF4 (Guo et al., 2010), suggesting that the class II TCPs promote hypocotyl cell growth by acting on multiple phytohormone pathways. Interestingly, TCP3, another miR319-regulated CIN-TCP member, is reported to activate INDOLE-3-ACETIC ACID3/SHORT HYPOCOTYL2 (IAA3/SHY2), a negative regulator of auxin signaling, though overexpression of a miR319-resistant form of TCP3 causes elongation of hypocotyl cells (Koyama et al., 2010a). These observations imply distinct functions of redundant CIN-TCP partners in promoting cell growth, perhaps to maintain homeostasis in hormone response.
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FIGURE 1. The extrinsic (environmental) and intrinsic (developmental) signals are consolidated by miR319-regulated CIN-TCP transcription factors and their co-regulators (Dong et al., 2019; Ferrero et al., 2019; Zhang et al., 2019; Zhou et al., 2019) to form a regulatory network that activates downstream target molecules and phytohormones to promote cell growth linked to hypocotyl elongation and cotyledon opening. Shaded blue color represents CIN-TCP gene expression pattern.


Though CIN-TCPs promote hypocotyl elongation, their promoters are primarily active in the cotyledons (Koyama et al., 2007; Challa et al., 2016; Dong et al., 2019). It is possible that these proteins exert a non-cell-autonomous effect on hypocotyl elongation through systemic enhancement of cotyledon-derived auxin response. This is supported by the fact that polar auxin transport is required to promote hypocotyl elongation in light-grown seedlings, though not in dark-grown seedlings (Jensen et al., 1998). Much of the environmental cues are sensed by the cotyledons where most auxin biosynthesis, response, and transport genes are expressed, and this cotyledon-derived mobile auxin travels to hypocotyl where it promotes cell elongation, as identified by chemical intervention and surgical experiments (Tao et al., 2008; Keuskamp et al., 2010; Procko et al., 2014). Effects of mobile auxin is seen primarily in the epidermal tissue where auxin interacts with the BR pathway to induce hypocotyl growth (Procko et al., 2016). In addition to CIN-TCPs, several class-I TCP members also promote hypocotyl elongation (listed in Table 1) in a context and condition-dependent manner.


TABLE 1. TCP genes implicated in cell growth in Arabidopsis thaliana embryonic organs.
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Cell Expansion in Cotyledons

Planar expansion of pavement cells with interdigitation has been widely studied using cotyledon as a model organ due to their simplicity and lack of concomitant cell division. Hyperactivated TCP4 promotes cotyledon cell expansion (Sarvepalli and Nath, 2011a). The organ-specific activity of the early auxin response genes SAUR16 and SAUR50 contribute to differential cellular response in cotyledon opening, which is driven by cell expansion and hypocotyl elongation upon enhancement in TCP4 level during seedling de-etiolation (Dong et al., 2019). SAUR16 and SAUR50 act as potential direct targets of TCP4 and this transcriptional activity of TCP4 is inhibited by PHYTOCHROME INTERACTING FACTOR3 (PIF3), a canonical bHLH transcription factor abundantly expressed in etiolated seedlings (Dong et al., 2019). PIF3 is recruited to the SAUR promoter and interferes with DNA-binding by TCP4 to retain closed unexpanded cotyledons under darkness. TCP4 does not seem to physically interact with PIF3 in this process, and thus the exact mechanism of this competitive binding to SAUR promoter is still an open question. By acting on the ARF-BZR1 signaling node and SAUR genes, CIN-TCPs promote cotyledon cell expansion perhaps by cell-wall remodeling, though evidence in support of this proposition has remained elusive. Distinct phytohormones such as GA, ethylene, and ABA also regulate cotyledon cell expansion independently (Collett et al., 2000; Stoynova-Bakalova et al., 2004). Crosstalk between CIN-TCPs and these hormone response pathways are not well studied. Based on the involvement of CIN-TCPs in transcriptional regulation of multiple phytohormones (Guo et al., 2010; Sarvepalli and Nath, 2011b; Challa et al., 2016; Gonzalez-Grandio et al., 2017), one can speculate their participation as signal integrators, which can be further explored (Figure 1).




CINCINNATA-LIKE TCP-MEDIATED CELL GROWTH IN POST-EMBRYONIC ORGANS

Like cotyledons, post-embryonic lateral organs such as leaves also display planar growth driven by cell expansion in both transverse and longitudinal axes. Phytohormones such as ethylene and cytokinin promote cell growth along the transverse axes, whereas auxin, BR, and GA promote expansion along longitudinal axes (Mizukami, 2001). These hormones, individually or in combination, affect the organization of cellular and cortical cytoskeleton elements leading to differential expansion rate along growth axes (Blume et al., 2012). In addition, hormones also impact tubulin and actin transcript abundance (Kandasamy et al., 2001; Blume et al., 2012).


Cell Growth in Leaf

As mentioned earlier, analysis of gene function on cell growth in leaf primordium is compounded by compensation wherein an alteration in cell number is compensated by an opposite effect on cell area, resulting in a tendency of the final leaf size to remain unaffected. Genetic analysis coupled with growth kinematic studies have revealed the effect of CIN-TCP proteins on cell growth (Challa et al., 2019). Loss-of-function mutants of CIN-TCPs form bigger leaves with excess cells, and their overexpression results in smaller leaves with fewer cells (Figure 2A; Efroni et al., 2008; Schommer et al., 2014; Challa et al., 2019). Increased cell number in cin-tcp loss-of-function mutants is accompanied by smaller cells, suggesting a compensatory effect. Though the cell-size defect is corrected to the wild-type level when a dominant form of TCP4 is activated, the cell size does not increase beyond the wild-type level, indicating that CIN-TCPs are required but not sufficient for pavement cell growth. These cell kinematics results have been interpreted as CIN-TCPs promoting the division-to-differentiation switch in the proliferating leaf pavement cells (Challa et al., 2019). According to this interpretation, reduced CIN-TCP function causes fewer cells to depart the division cycle and enter the expansion phase, resulting in excess cells at maturity with a higher proportion of smaller cells. On the contrary, gain of CIN-TCP function causes more cells to depart cell cycle and enter differentiation, leaving fewer cells to divide. This interpretation appears to explain both the loss and gain-of-function phenotypes of CIN-TCP mutants without ascribing a cell growth function to them. It also partly explains the cellular basis of compensation in mature leaves: prolonging the proliferation phase accumulates more cells of smaller size, measuring the average cell area at maturity smaller than that in wild type. CIN-TCP proteins possibly promote the division-to-differentiation transition by increasing the nuclear ploidy level via endoreplication (Challa et al., 2019; Zhang et al., 2019). Transition to cell differentiation by CIN-TCPs is redundant with the NGATHA and class II KNOTTED1-LIKE transcription factors, and higher order mutants of these genes produce persistent leaf growth with delayed differentiation status (Alvarez et al., 2016; Challa et al., 2021). The inability of CIN-TCPs to increase cell size over and above the wildtype level can also be interpreted as a threshold-dependent activity below which they are unable to promote cell expansion. Alternatively, it is also possible that CIN-TCPs depend on other factors for driving cell expansion in leaf. Cell-size analysis using transgenic lines expressing a higher level of CIN-TCP would test these possibilities.


[image: image]

FIGURE 2. (A) A schematic to describe the correlation between CIN-TCP activity and cell growth in embryonic and post-embryonic organs. Red and green shades indicate progressively higher and lower CIN-TCP levels, respectively, compared to wild-type level in the middle. Height of the gray-shaded objects corresponds to the extent of phenotype indicated on the right. Organs with embryonic origin such as cotyledons and hypocotyl where cell division and expansion are temporally exclusive, exhibit cell expansion directly proportional to CIN-TCP level. In post-embryonic lateral organs such as leaves and petals where cell division and expansion are contemporary, the correlation of cell growth and CIN-TCP abundance is more complex due to combined action of proliferation and expansion. (B) A schematic describing the correlation of GRF activity and cell number and size in leaf.


The miR396-GRF module regulates leaf size and influences cell proliferation in a manner opposite to that of miR319-CIN-TCP. The GRF transcription factors, which are repressed by miR396, promote cell proliferation in the leaf primordia (Rodriguez et al., 2010; Schommer et al., 2014). Leaves overexpressing GRF accumulate excess pavement cells, whereas GRF down-regulation leads to fewer cells (Rodriguez et al., 2010; Challa et al., 2019). These results are in agreement with a molecular link between these two modules where the miR319-CIN-TCP module acts as an upstream regulator of miR396-GRF, with CIN-TCPs directly activating MIR396 transcription (Schommer et al., 2014). However, contrary to the effects of CIN-TCPs on cell size, loss of GRFs leads to bigger pavement cells whereas their gain-of-function fails to alter cell size (Kim and Lee, 2006; Rodriguez et al., 2010, 2014; Horiguchi and Tsukaya, 2011). These results suggest a diverging effect of CIN-TCPs and GRFs on cell size regulation (Figure 2B).

At the molecular level, only a few cell-expansion genes have been identified as targets of TCP proteins, which control cell growth in lateral organs (listed in Table 2). For instance, TCP4 induces pavement cell differentiation by elevating auxin response as well as by directly activating the HOMEODOMAIN ARABIDOPSIS THALIANA 1 (HAT2)-encoding gene in an auxin-independent manner (Challa et al., 2019). A recent report suggests that the miR319-non-targeted CIN-TCPs such as TCP5, 13, and 17 reduces cell expansion; TCP13 directly associates with the upstream regulatory region of Arabidopsis thaliana homeobox 12 (ATHB12), a known cell expansion gene, and reduces its transcription (Hur et al., 2019). Mutation in the class-I TCP member TCP20 results in enlarged pavement cell during early leaf development, which is antagonistic to the effect shown by their class-II counterparts (Danisman et al., 2012).


TABLE 2. TCP genes associated with post-mitotic cell growth in lateral organs.
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Loss of miR319-targeted CIN-TCPs in the MIR319A-overexpressing leaves, in addition to causing smaller cell size, also reduces the typical jigsaw-puzzle morphology, making the pavement cells relatively rounder (Efroni et al., 2008). The fact that CIN-TCPs transcriptionally regulate several phytohormones which are necessary for intercalated expansion of pavement cells might provide a mechanistic insight to this observation. Small non-lobed pavement cells also appear in the mutant of the chromatin remodeler SWI/SNF ATPase protein BRAHMA, which is a well-established protein interactor of TCP4, indicating an epigenetic regulation of cell expansion (Efroni et al., 2013; Vercruyssen et al., 2014; Thouly et al., 2020).



Cell Growth in Petal

The petals of the cin mutant in snapdragon are made of fewer epidermal cells that are larger in size compared to wild type, suggesting that CIN-TCPs exert an opposite effect on cell expansion in petals to their effect on leaf (Crawford et al., 2004). TCP5, along with TCP13 and TCP17, also suppresses the area of the conical cells in Arabidopsis petals by inhibiting ethylene biosynthesis through direct binding to the 1-aminocyclopropane-1-carboxylate (ACC) synthase 2 (ACS2) locus (Van Es et al., 2018). The tcp5; tcp13; tcp17 triple mutant forms bigger and broader petals with excess and larger conical cells, suggesting an inhibitory effect of these genes on both cell division and expansion, as opposed to the compensatory effect observed in leaves. Conversely, TCP5-overexpressing lines form smaller petals with fewer cells (Van Es et al., 2018). However, the conical cells in these TCP5 gain-of-function petals are slightly larger than wild type, perhaps due to compensation.



CINCINNATA-Like TCPs Regulate Cell Wall Composition

CINCINNATA-like TCP members such as TCP4 are recruited to the genomic regions of several genes involved in cell-wall biogenesis and lignin deposition and promote secondary cell-wall thickening in diverse species. For instance, activation of miR319-resistant TCP4 triggers transcription of a xylem differentiation-promoting gene VASCULAR-RELATED NAC-DOMAIN7 (VND7), and several cellulose (CESA4, 7, and 8) and lignin (LAC4 and LAC17) biosynthetic genes (Sun et al., 2017). Overexpression of GhTCP4 promotes cell-wall thickening by binding to the cis elements of secondary cell-wall biosynthetic genes such as GhCESA7 and GhFSN1 in cotton (Cao et al., 2020). On the contrary, TCP24 negatively regulates genes involved in secondary cell-wall biogenesis and thickening, indicating a possible involvement in cell-wall remodeling and extensibility (Wang et al., 2015). In summary, these results point toward a new field of study which can connect CIN-TCPs directly to the cell-wall biochemistry and provide a mechanistic basis of TCP-mediated cell expansion.




CINCINNATA-LIKE TCPs TRANSLATE ENVIRONMENTAL SIGNAL INTO CELL GROWTH RESPONSE

Recent findings implicate a role for the CIN-TCP genes in modulating hypocotyl elongation in response to environmental cues such as light and temperature. Multiple alleles of the jaw-D dominant mutation, where overexpression of miR319 downregulates five cognate CIN-TCP targets (TCP2, 3, 4, 10, and 24), show light-hypersensitive effect, where TCP4 and TCP24 suppress photomorphogenesis and promote hypocotyl elongation (Tsai et al., 2014). By contrast to TCP4 and TCP24, TCP2 inhibits hypocotyl elongation specifically under blue light condition by interacting with the blue-light receptor CRYPTOCHROME 1 and activating the transcription of ELONGATED HYPOCOTYL5 (HY5) and HY5-HOMOLOG, genes that promote photomorphogenesis (He et al., 2016). The non-miR319-targeted CIN-TCP members TCP5, TCP13, and TCP17 also promote hypocotyl elongation in response to canopy-shade by directly activating the auxin biosynthetic YUC genes and PIF4/5 (Zhou et al., 2018). TCP5/13/17 promote seedling growth also in response to high temperature by targeting PIF4 activity at both transcriptional and post-transcriptional level (Han et al., 2019; Zhou et al., 2019). Interestingly, TCP5 is expressed in both cotyledon and hypocotyl where it directly enhances local increase in auxin biosynthesis and BR response upon elevated temperature (Bellstaedt et al., 2019; Han et al., 2019). Heat treatment shifts TCP5 expression from leaf blade to petiole, supporting its role in differential cell expansion of petiole and reduced leaf size (Han et al., 2019). Thus, there appears to be a positive correlation between the level of CIN-TCP expression and the extent of cell elongation in embryonic organs such as hypocotyl (Figure 2A). Environmental challenges such as low light intensity and rise in ambient temperature induce unequal growth rates between adaxial and abaxial regions of the petiole cells, leading to hyponastic growth in association with major phytohormones (Millenaar et al., 2009). Chimeric repression of the CIN-TCP member TCP3 shows irregularly differentiated petiole formation, whereas overexpression of TCP5/13/17 displays longer petiole in response to high temperature, consistent with their petiole-specific expression (Koyama et al., 2007; Han et al., 2019). Further, enhanced and reduced activity of TCP1 leads to elongated and shortened petiole, respectively, which is mediated by auxin and BR response (Guo et al., 2010; Koyama et al., 2010b).



CONCLUSION AND OUTLOOK

The apparent divergent effects of CIN-TCP transcription factors on the morphogenesis of various primordia including flower, axillary meristem, leaf, and petal converge at their inhibitory effect on cell proliferation. This effect is at least in part mediated by directly activating the transcription of KRP cell-cycle inhibitor genes. By advancing the cessation of cell proliferation and consequently triggering differentiation in various primordia, these proteins regulate the shape and size that are manifested in the mature organs. This rather simplified effect of these proteins has now started to expand with the identification of several target genes, interacting partners, and upstream regulatory proteins, presenting a complex regulatory network involving these transcription factors. One such effect is on cell growth of embryonic organs, which grow solely by cell expansion post-germination. Elongation of hypocotyl cells by CIN-TCPs can be explained by YUCCA-mediated auxin biosynthesis at the shoot apex that is transported to the growing hypocotyl (Challa et al., 2016). Though activation of dominant CIN-TCPs within the cell proliferation phase of leaf primordia reduces cell number, their activation beyond the proliferation phase has no effect on the cell or leaf size (Challa et al., 2019). This is perhaps not surprising, considering that the CIN-TCP genes are primarily expressed in developing leaves. However, the failure of the CIN-TCPs to increase cell expansion in leaves is rather intriguing.

Studies emerging over the past decade have elucidated the function of the CIN-TCP proteins as central integrators of environmental, developmental, and hormonal signals to perform several key developmental processes. By participating at multiple stages of organ growth including the duration and extent of cell proliferation, cell-fate transition from division to differentiation, onset of post-mitotic cell growth and scope of cell expansion, CIN-TCPs program diverse organs to achieve final size and shape over a wide range of plant species. To overcome the intertwined relationship between cell division and differentiation, and to study the exact contribution of CIN-TCP genes in cell expansion per se, the embryonic organs such as hypocotyl and cotyledons are useful model organs. However, the sequence of molecular events leading to cell enlargement and the exact kinetics of cell elongation in association with TCP genes awaits detailed elucidation. Finally, understanding the conservation of this CIN-TCP-dependent modulation in post-mitotic cellular growth across species is a challenge for future studies, considering organ size is a major contributor to crop productivity.
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Confocal imaging is a well-established method for investigating plant phenotypes on the tissue and organ level. However, many differences are difficult to assess by visual inspection and researchers rely extensively on ad hoc manual quantification techniques and qualitative assessment. Here we present a method for quantitatively phenotyping large samples of plant tissue morphologies using triangulated isosurfaces. We successfully demonstrate the applicability of the approach using confocal imaging of aerial organs in Arabidopsis thaliana. Automatic identification of flower primordia using the surface curvature as an indication of outgrowth allows for high-throughput quantification of divergence angles and further analysis of individual flowers. We demonstrate the throughput of our method by quantifying geometric features of 1065 flower primordia from 172 plants, comparing auxin transport mutants to wild type. Additionally, we find that a paraboloid provides a simple geometric parameterisation of the shoot inflorescence domain with few parameters. We utilise parameterisation methods to provide a computational comparison of the shoot apex defined by a fluorescent reporter of the central zone marker gene CLAVATA3 with the apex defined by the paraboloid. Finally, we analyse the impact of mutations which alter mechanical properties on inflorescence dome curvature and compare the results with auxin transport mutants. Our results suggest that region-specific expression domains of genes regulating cell wall biosynthesis and local auxin transport can be important in maintaining the wildtype tissue shape. Altogether, our results indicate a general approach to parameterise and quantify plant development in 3D, which is applicable also in cases where data resolution is limited, and cell segmentation not possible. This enables researchers to address fundamental questions of plant development by quantitative phenotyping with high throughput, consistency and reproducibility.

Keywords: plant development, shoot apical meristem, flower development, 3D phenotyping, tissue segmentation, high-throughput, apex identification


INTRODUCTION

Confocal imaging is a widely used tool in investigating spatiotemporal plant development at tissue, cell and subcellular resolution (Prunet et al., 2016). However, limitations in analysis tools and computational limitations have long restricted researchers from extensively analysing many aspects of development, particularly in three or more dimensions. This is especially pronounced for quantitative analysis of large datasets. Whilst some tools exist for segmenting tissues on the single-cell level (Fernandez et al., 2010; Berg et al., 2019; Wolny et al., 2020; Refahi et al., 2021), this approach requires data of particularly high quality and resolution, which is a limiting factor in terms of acquisition time, storage, and processing capabilities. In addition, a recurring issue in cell segmentation contexts is the usage of tissue dyes such as propidium iodide (PI) which stains entire cells upon tissue damage and cell death (Jones et al., 2016), rendering cell segmentation difficult or impossible. When analysing tissue-level properties, researchers thus often settle with acquiring data of intermediate to low resolution, on which manual analysis of tissue-level components can then be conducted (Lee et al., 2009; Bartrina et al., 2011; Li et al., 2012; Jones et al., 2016).

Whilst recent advancements have enabled new types of analyses on the cell level, few tools exist for complementing these data with information on which tissue-level substructures this information relates to. For situations where manual approaches can help, the issue of reproducibility and consistency becomes a limiting factor, and often analysis is restricted to 2D (Savaldi-Goldstein et al., 2007; Landrein et al., 2018). Frequently, analysis is limited to the tissue surface when working with 3D tissues. This approach makes computational aspects more efficient, allowing the measurement of geometrical features and the projection of fluorescent signals onto the surface mesh. However, available tools for surface extractions have limitations for curved surfaces (Barbier de Reuille et al., 2015), or do not provide a set of phenotyping methods for such surfaces (Kiss et al., 2017).

Animal studies have a successful record of using quantitative shape representation methods to enable more high-throughput analyses, particularly of cell and nuclear shapes (Martínez-Abadías et al., 2016; Ruan and Murphy, 2019; Medyukhina et al., 2020). However, such approaches have seen limited application in plant studies, particularly in 3D, despite the highly plastic and modular way in which plants develop.

Typically, the development of plant tissues involves repeated initiation of complex morphologies from typically more geometrically simplistic meristem domains. One such domain is the shoot apical meristem (SAM), which forms the basis for development of all aerial tissues, such as flowers. Cell growth and proliferation in the SAM is governed by a small pool of stem cells located in the central zone (CZ) at the very apex of the SAM, typically identified by the stem cell marker CLAVATA3 (CLV3) (Fletcher et al., 1999). Several methods for identifying coordinates for the shoot apex using CLV3 expression or geometrical means have been presented, but no standardised parameterisation method has been proposed (Willis et al., 2016; Galvan-Ampudia et al., 2020). In addition, studies have repeatedly approximated the SAM using quadric shapes (Itoh et al., 2000; Bozorg et al., 2014; Gruel et al., 2016), but the extent to which such an approximation captures the morphology of the SAM in 3D has not been thoroughly studied.

Flower development, which takes place at the periphery of the SAM, is also governed by modular principles. In the flower, the sequential formation of early flower buds, primordia, the initiation of the flower pedicel, and the primordial sepals are all part of initiations underpinning early organ development. As such, the initial stages of flower development are typically separated into the initiation of a primordial bud at the meristem periphery (Stage 1), the separation of the bud from the meristem and initiation of the pedicel (Stage 2), the initiation of sepal primordia on the flanks of the flower bud (Stage 3), and the separation and overgrowth of the sepals relative to the flower primordia (Stage 4) (Smyth et al., 1990).

Ultimately, the initiation of these complex morphologies depends on a multitude of genetic, hormonal, and mechanical signals. In terms of molecular signalling, the accumulation of the phytohormone auxin in local maxima has long been characterised as a primary mechanism for organ initiation (Okada et al., 1991). Auxin is transported to these maxima largely by membrane-bound transport-mediating proteins from the PIN-FORMED (PIN) gene family (Kuhlemeier and Reinhardt, 2001; Heisler et al., 2005). Several PIN proteins polarise on the cell membrane, leading to directional cellular efflux of auxin. PIN1 is the primary auxin transporter in the SAM, where the polarisation pattern denotes the sites for incipient primordia (Kuhlemeier and Reinhardt, 2001; Heisler et al., 2005). Consequently, pin1 defective mutants are unable to grow floral organs, and instead form naked, pin-like stems (Okada et al., 1991). Additionally, plants treated with Naphthylphthalamic acid (NPA), which associates with and inhibits PINs, form a similarly organless phenotype (Thomson et al., 1973; Abas et al., 2021).

In contrast to PINs, AUXIN RESISTANT 1 (AUX1) and members of the LIKE-AUX (LAX) family are responsible for cellular influx of auxin. In particular, the quadruple aux1lax1lax2lax3 mutant has been identified to have aberrant floral phyllotaxis (Bainbridge et al., 2008), whereas the singular aux1 mutant has been described to have a leaf phyllotaxis defect (Stieger et al., 2002). Whilst PIN and AUX1/LAX proteins are important short-range focusers of auxin transport, the ATP-binding cassette B (ABCB) gene family transporters ABCB1 and 19, which are membrane-bound and apolar efflux transporters, have been described as long-range transporters of auxin. These have been implicated in processes such as shoot branching (Bennett et al., 2016).

Whilst PIN1 is a known primary regulator of phyllotaxis, mutations in other PINs have not been described to impact phyllotaxis or shoot morphology in the inflorescence. Similarly, whether perturbations of ABCB1 and ABCB19 affect floral phyllotaxis as well as shoot and flower morphology is unknown. In addition, whereas knockouts of the AUX1/LAX influx proteins are known to affect the robustness in phyllotaxis, little is known about the impact of shoot morphology as a whole, as well as the extent of these properties at the very earliest stages of organ initiation.

In terms of mechanical regulation of development, the shoot epidermis has repeatedly been implicated as a mechanical regulator of shape development (Savaldi-Goldstein et al., 2007; Hamant et al., 2008), where tissue-wide stress and strain patterning, alongside local growth help to guide the formation of the different developmental stages (Hamant et al., 2008; Refahi et al., 2021). Cell and tissue mechanics are governed by interactions between the cell wall, plasma membrane, and cytoskeleton. As such, cytoskeleton and cell wall biosynthesis are integral components for regulating growth and maintaining cell and tissue integrity (Landrein and Hamant, 2013). Recent studies have identified that certain mechanical regulators appear in different types of expression domains in the SAM (Yang et al., 2016); for example, members of the CELLULOSE SYNTHASE (CesA) gene family, which are vital regulators of cellulose biosynthesis, are commonly either uniformly expressed in the outer cell layers of the shoot (Type 1), or primordia-specific (Type 2). In particular CesA1 and 3 have Type 1 expression patterns in the SAM, whereas CesA6 is of Type 2 (Yang et al., 2016). Similarly, the Xyloglucan 6-xylosyltransferase encoding family (XXT) can be expressed either as Type 1 (XXT1 and 5), or Type 2 (XXT2) (Yang et al., 2016). However, the impact of these differential expression domains in regulating shape and morphogenesis on the tissue level has not been thoroughly studied.

Here, we introduce a framework for generating 2.5D epidermal tissue surfaces from binary masks generated from confocal data, which is flexible with respect to the tissue orientation defined by the acquisition angle. Further, we utilise the vertex-level curvature of this tissue together with a gradient descent method to identify and label substructures in the tissue. Our method is applicable on data of varying resolution and quality, and thus enables the analysis of tissue samples also in cases where the tissue has been damaged, or when the resolution is insufficient to conduct cell-level segmentation and analysis.

We illustrate the potential of our method by showcasing examples including both geometric and genetic data, and show how a mathematical paraboloid can be mapped to the inflorescence domain of the SAM in order to quantify tissue-wide curvatures with few parameters, and to identify the geometric apex of the inflorescence shoot. Further, we apply our method to illustrate differences in the positioning and other tissue-level geometric properties of initiating flower organs, as well as the inflorescence domains in two different datasets.



RESULTS


A Robust and Modular Pipeline for Surface Generation of Shoot Apical Meristems and Other Plant Tissues

Our protocol for generating triangulated isosurfaces from 3D confocal data relies on a series of acquisition, preprocessing, contouring, meshing, and mesh post-processing steps, optionally followed by segmentation and segmentation post-processing (Figures 1A–F and Supplementary Figure 1, Methods). The pipeline utilises a morphological snake step to generate an initial contour, which is intensity-based, orientation agnostic, robust to noise, and does not require that object boundaries are well-defined (Chan and Vese, 2001; Márquez-Neila et al., 2014). This method is extended by adding additional heuristical and case-specific methods relating to the specific data type and tissue orientation to aid the quality of the quantification, both in terms of the contouring and surface generation steps (Methods). This allows for the quantification of tissues and the utilisation of data also when is limited; for example, autofluorescence or damaged tissues can be used provided the corresponding signal is sufficiently representative of the tissue morphology (Supplementary Figure 2). To illustrate the versatility of our method, realistic and accurate surface meshes of a set of five different Arabidopsis thaliana tissues with varying morphologies were generated (Figures 1A–F and Supplementary Figure 3).
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FIGURE 1. A low-resolution tolerant surface quantification framework. (A–F) Example illustration of the quantification framework, showing the fundamental stages illustrated by the (A) raw confocal intensity data after acquisition, (B) intensity data after pre-processing, (C) contour after post-processing, (D) mesh after post-processing, (E) vertex curvature after post-processing, and (F) segmentation after post-processing. (A) is a summed intensity projection, (B,C) are 3D volume renders of the data, (D–F) are 2.5D surface meshes encapsulated in 3D space. Scale bar: 75 μm. Scales in (B–F) further to (A). Colouring in (A,B) and (E) shows the corresponding value magnitude in arbitrary units, whereas (C,D) are false-coloured, and (F) is coloured by integer label value. A detailed description of the protocol is provided in Methods and further illustrated in Supplementary Figure 1. (G) Mean error for the closest vertex on the downscaled mesh for every vertex in the high-resolution mesh. The error increases more rapidly with decreasing resolution in XY relative to that of Z as the X and Y dimensions are altered synchronously.


To analyse the sensitivity of the method relative to the data resolution, the method was applied to an example tissue with complex morphology, with increasing downsampling in the Z and joint XY dimensions, respectively. The method produces a surface estimation typically falling within an error of 0.5 μm also in cases when the spatial resolution is relatively low (∼1 μm), and produces an average error consistently lower than the corresponding image resolution (Figure 1G).



A Fitted Paraboloid Accurately Approximates the Local Wild Type Shoot Shape and Apex

Being able to parameterise a shape using a few variables can be important for an efficient high-throughput quantitative analysis and comparison of tissue shapes. Because of this, we sought to resolve whether a quadric shape is representative of the inflorescence shoot morphology, both for the local growth occurring in the CZ, and for the shoot and stem altogether. To that end, we implemented a method for quantifying 3D dome shape that revolves around the mapping of a mathematical paraboloid to the inflorescence domain (Methods). We applied our method to extract the inflorescence domain from Arabidopsis thaliana plants grown either on plates with media containing NPA (Willis et al., 2017), i.e., without forming flower primordia, or without NPA on soil (Methods).

To separate the inflorescence meristem domain from early flower tissue, we implemented a segmentation protocol applicable to our surface meshes (Figures 1A–F and Supplementary Figure 1). The mean curvature was calculated at all vertices in the mesh, and the curvature field then smoothened to amplify high (ridges) and low (trenches) curvature regions (Methods). Trenches typically correspond to boundary regions between different organs, such as the inflorescence meristem and emerging flower primordia, and ridges typically denote apex points of morphologically relevant organs, such as flower primordia. The curvature field was used to identify basins of attraction within the curvature values, i.e., points to which multiple trajectories end up when iteratively connecting vertices to their vertex neighbour with the highest curvature (Methods). Additional merging of neighbouring attractors were used to identify organs with correct classification (Methods).

When extracting the inflorescence domains and mapping paraboloids to them (Supplementary Movie 1), it was observed that wild type (WT) inflorescence domains are significantly better approximated by paraboloids than organless NPA-treated shoots (Figure 2A). The average distance between the paraboloid and the actual surface is less than 1 μm in the WT plants (Figure 2A).


[image: image]

FIGURE 2. Local shoot meristem growth is well approximated by a paraboloid. (A) Mean euclidean mesh distance in terms of identification of the closest vertex on the paraboloid, for every point in the surface mesh. Paraboloids are good approximations of the inflorescence tissue shape in WT plants. μWT = 0.96 μm; μNPA = 5.62 μm; d = 4.66 μm; p = 5.84e-08 (****); nWT = 12; nNPA = 59; where μ represents the mean, d the corresponding difference between the means, and n the number of samples per category. (B) Euclidean distance between the identified apices, using either the fitted paraboloid (para), or the inflorescence centre of mass (COM). Paraboloid and centre of mass methods accurately predict the CLV3 peak expression domain. μWT,para = 5.19 μm; μNPA,para = 21.69 μm; dpara = 16.50 μm; μWT, COM = 4.51 μm; μNPA,COM = 7.72 μm; dCOM = 3.21 μm; pWT = 1.00 (ns); pNPA = 2.65e-19 (****); ppara = 2.33e-07 (****); pCOM = 2.1e-02 (*). The centre of mass, paraboloid apex and CLV3 coordinates are projected onto the mesh using the paraboloid central axis for comparison purposes. See Methods and Supplementary Figure 4 for further descriptions of the apex quantification method.


In order to assess whether the geometric apex defined by the mapped paraboloid corresponds to the central zone as defined by CLV3 expression, we investigated plants expressing a pCLV3::dsRed x myr-YFP transgene. We then utilised the centre of mass (COM) of the voxels with the highest CLV3 signal, projected onto the surface mesh, as representative of the central zone (Supplementary Figure 4, Methods). We found that the geometric apex, both as defined by the paraboloid and by using the inflorescence tissue COM, correlates well with the position of the CLV3 expression in WT plants. The geometrical apex is predicted on average within a cell size from the centre of the central zone, as the average distance is 4.51 μm in WT plants (Figure 2B). In contrast, the paraboloid is not as accurate when applied to NPA treated shoots (Figure 2B). In NPA-grown plants, the tissue COM method is at large better than the paraboloid method (Figure 2B). This is indicating that the paraboloid apex typically aligns more with the tissue periphery, whereas the tissue COM-defined apex correlates better with the apex defined by the CLV3 peak expression.

In summary, the paraboloid is a good approximation of the local growth domain and the geometric apex in WT plants, but does not capture the combined shape of the shoot apex and periphery well in the NPA-treated plants.



The Inflorescence Dome Shape Is Controlled by Local Regulatory Expression Patterns

To further illustrate the applicability of our framework, we again utilised the Arabidopsis thaliana SAM as a case study in extracting tissue-level information for large-scale phenotyping. Specifically, we investigated the impact of hormonal and mechanical perturbations on inflorescence dome shape. Dome shape analysis was conducted on two datasets, which are referred to as the auxin transport and mechanical datasets. The auxin transport dataset was generated from the imaging of auxin transport mutants abcb1, abcb19, abcb1,19, aux1, and aux1lax1,2,3 (Supplementary Table 1, Supplementary Figure 5, Methods), which are not canonically implicated as direct or primary regulators of phyllotaxis and shoot morphology. We abbreviate genotypes with multiple mutations within the same gene family using comma-notation (Supplementary Table 1). The mechanical dataset was obtained from mutants with perturbed cell wall biosynthesis pathways, and consists of cesa1any1, cesa3eli1, cesa3je5, cesa6prc1–1, xxt1,2, and xxt1,2,5 (Supplementary Table 1, Methods). Using the surface generation pipeline, meshes were generated, and a paraboloid subsequently fitted. The tissue-level shoot curvature was then computed from the principal curvatures defining the paraboloid (Methods).

Both the auxin transport and the mechanical datasets exhibit a mixture of shoot curvature phenotypes, ranging from negative to positive shifts in Gaussian curvature relative to WT plants (Figures 3A,B and Supplementary Figures 6C,D). Several mutants in the mechanical dataset exhibit a tendency to grow in less symmetric shapes compared to WT (Figure 3D and Supplementary Figure 6F), and in the range of mutants analysed in this study, the mutants in the mechanical dataset are generally more anisotropic than mutants in the auxin transport dataset (Figures 3C,D and Supplementary Figures 6E,F).
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FIGURE 3. Mutations in gene homologs can result in opposite shoot curvature phenotypes, suggesting an important role in region-specific expression for maintaining shoot morphology. (A) Tissue-level gaussian curvature of the shoot inflorescence in WT and 5 auxin transport related mutant genotypes. Cumulative mutations in the ABCB efflux transporter family lead to more pointed shoots, whereas multiple mutations in the AUX1/LAX influx transporter family lead to flatter shoots. (B) Same as for (A), but for WT and 6 mechanically perturbed genotypes. Mutations in different CesA genes can lead to opposite shoot phenotypes, suggesting a role in region-specific expression or regulation in maintaining the inflorescence shape. (C) Max/min ratio of the curvatures defining the corresponding fitted paraboloid (Methods), indicating curvature symmetry, for the auxin transport mutant dataset. At large, no strong trends are apparent, although cumulative mutations in the ABCB efflux transporters appear to trend toward less symmetric shoots with statistically significant differences (cf. Supplementary Figure 6E). (D) Same as in (C) for the mechanical mutant dataset. Perturbations of the mechanical mutants generally lead to less symmetric shoots. Significance tests are reported in Supplementary Figure 6.


Whilst ABCB1 and 19 have not been described as regulators of shoot morphology, both the shoot curvature and asymmetry measures trend toward increasing values when the genes are perturbed (Figures 3A,C and Supplementary Figures 6C,E). To better understand a possible connection to the shoot phenotype we imaged SAMs using a transgenic reporter (pABCB19::ABCB19-GFP). ABCB19 is expressed in early flower primordia (Supplementary Figure 5A), suggesting a potential role in regulating shoot shape by adjusting tissue-wide auxin efflux from primordia during flower initiation. In contrast, multiple mutations in the established shoot-localised AUX1/LAX influx carriers, which are expressed predominantly in the CZ and provasculature (Heisler and Jönsson, 2006; Bainbridge et al., 2008), result in a flatter dome (Figure 3A and Supplementary Figure 6C). These results suggest that the shoot localised transport proteins and their expression patterns have a role in maintaining the inflorescence meristem shape by controlling auxin movement and patterning within the shoot and its peripheral organs.

Mutations in the CesA3, which is largely uniformly expressed across the shoot outermost cell layers, give rise to more pointed shoots; a similar, non-significant trend is observed for the uniformly expressed CesA1 (Figure 3B and Supplementary Figure 6D). In contrast, perturbed CesA6, which is predominantly expressed in primordia (Yang et al., 2016), leads to a flatter dome (Figure 3B and Supplementary Figure 6D). The double-mutation xxt1,2, which from their WT expression domains represent both a uniform and primordia-specific perturbation (Yang et al., 2016), exhibits a flatter dome, whereas an additional mutation in the uniformly expressed XXT5 gene leads to a similar dome curvature (Figure 3B and Supplementary Figure 6D). These results suggest relative rigidity between the CZ and organ initiation sites, as well as the overall tissue integrity in general, is important in controlling the resulting dome shape.



High-Throughput Quantification and Extraction of Organ-Level Features Elucidate Developmental Dynamics of Early Flower Organ Development

To identify patterns in the development of flower geometries, we utilised the segmented data from the 29 WT meristems included in the auxin transport dataset (Figure 3). Parameters of the pipeline were set such that the initial primordium identified roughly corresponds to the first identifiable organ of developmental stage 1 in WT plants, which is defined by early bulging of the tissue in the shoot periphery (Smyth et al., 1990). From the resulting segmentation, geometric data from 198 emerging flower primordia was extracted (Figure 4, Methods). The segmentation was thereafter complemented with manual identification of the phyllotactic order and corresponding spiral direction of the identified primordia. Through this, geometric features were related to the corresponding order of the organs relative to the first identified primordia per plant (Figure 4, Methods).
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FIGURE 4. High-throughput geometric feature quantification of WT flower organs enable accurate identification of the development of, and relationship between, morphological features. (A) Pairwise dependencies on mesh surface area, median of the average vertex curvatures, standard deviation of the mean and maximal vertex distance relative to the inflorescence centre of mass for each organ in the dataset. To avoid outlier obfuscation, curvature statistics are truncated to be within the 10 and 90% distribution quantiles, per organ. Organ indices are coloured from the most to least recently initiated primordium. Kernel density estimates (on the diagonal) have areas normalised to 1 for each organ index, and the y-axis represents density. (B) Illustration of the segmented WT flower organs, ordered by left-right, top-bottom in coloured groups corresponding to their phyllotactic index. Generally, organs of a certain index exhibit similar morphology.


Flowers at any given order index are largely of similar morphology between different plants (Figure 4). In terms of the relationship between organ index and developmental stage, we note that organ indices 0–2 roughly correspond to stage 1 (early bulging), indices 2–4 to stage 2 (initiation of pedicel and separation from inflorescence), and 5–7 to stage 3 (substantial outgrowth and initiation of sepals) (Figure 4B; Smyth et al., 1990). Certain geometric measures, such as the domain surface area, the organ-wide median of the mean vertex curvature, the mean curvature standard deviation, and the maximal distance to the inflorescence centre of mass, are informative measures of organ development stages, and all measures exhibit clear trends in the development of these variables with the developmental stage of the organs (Figure 4A). Hence our shape quantification provides a high-resolution data-driven characterisation of early flower development.

A clear quantitative pattern in the transition between organ indices 2 and 3 can be identified, where the mean surface curvature rapidly decreases after an increase up until that stage (Figure 4A). Phenomenologically, this corresponds to the separation of primordia and inflorescence via the initiation of pedicel growth, i.e., the transition between development stages 1 and 2 (Figure 4B). This result is illustrative of the fact that our quantitative approach provides a method to extract 3D geometric data with high statistical accuracy, and to link quantitative data directly to morphological events. Whilst organ index categories overlap in terms of singular quantities, as expected given that there is no synchronisation in flower stages at the collection time and given the temporal variability in early flower development (Refahi et al., 2021), our results indicate the potential of our quantitative framework in refining traditional classifications of flower development stages and developmental dynamics within a reproducible analysis framework.



Phyllotaxis Phenotyping of Auxin Transport Mutants Elucidates That Non-local Regulation Can Affect Phyllotaxis Robustness

To illustrate the potential applicability in phenotyping plant shoots with small phenotypic variability using our protocol, we used the segmented hormone dataset (Figure 3), and complemented the analysis with further perturbations in the auxin transporters PIN3, 4 and 7 which are not localised in the inflorescence shoot (Guenot et al., 2012). These genotypes consist of pin3, pin4, pin7, pin3,4, pin3,7, pin4,7, and pin3,4,7 (Supplementary Table 1). In total, segmented isosurfaces from a total of 172 plants were successfully generated, for which the aforementioned organ ordering procedure was repeated. Following this, the corresponding divergence angles were calculated (Methods).

We first calculated the relationship between curvature and shoot size, using the apex to first organ distance as a proxy measure. Our analysis shows a strong negative correlation, with typically decreasing shoot curvature relative to the shoot size; however, the differing degrees of correlation between different genotypes indicate a distinct separation between the measures (Figure 5A). We observe that mutations in ABCB1 and 19 exhibit an increasingly perturbed shoot morphology with cumulative mutations relative to WT (Figure 5D and Supplementary Figures 5B–E, 6B; cf. Figure 3A).
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FIGURE 5. Robustness in phyllotaxis is dependent on non-local auxin regulation, whereas local auxin transport affects shoot morphology. (A) The inflorescence meristem curvature correlates with the first organ distance (least-squares regression: r = −0.48, p = 1.23e-10). Outliers further than 100 μm from the meristem apex removed from the analysis. (B) Distributions of divergence angles for WT and five auxin transport related mutant genotypes. Each data point represents the average divergence angle in a plant. Typically 4–8 organs can be identified per plant. Perturbed plants are more prone to include severely aberrant angles. (C) Per-plant distributions of standard deviations from the in divergence angles around the canonical WT average (137.5°). The majority of perturbed plants exhibit increased variability in the internal angles. (D) Size-distributions as defined by the distance from the inflorescence domain centre of mass to the first organ counterpart. Mutations in the ABCB efflux transporter genes trend toward smaller shoots. (E) Curvature-distance distributions for organs in the mutations in the ABCB efflux transporter genes, which affect the plastochron for earlier primordia. The maximal distance refers to the maximal euclidean distance for the organ vertices relative to the inflorescence apex. The corresponding organ index in perturbed plants is generally at a later developmental stage than its WT counterpart. Error bars in (E) show the standard error of the mean, whereas points represent the group means; lines are ordered in terms of the corresponding organ index. Dashed red lines represent the WT distribution median in (B–D). Corresponding significance tests are reported in Supplementary Figure 6.


The divergence angles of the mutated genotypes exhibit similar distributions to WT plants, although mutated plants are more prone to have singular divergence angles that deviate severely from the WT mean (Figure 5B). In addition, the intraplant divergence angle standard deviation is higher in the majority of mutants, whereas none showed substantially decreased variability (Figure 5B and Supplementary Figure 6A). Notably, plants do not always exhibit clear trends in increased difference from WT with cumulative mutations (Figures 5B,C and Supplementary Figure 6A).

For the plants with perturbed ABCB-mediated auxin transport, earlier organs of a similar phyllotactic index are more developed relative to the WT counterpart (Figure 5E), which correlates with the upregulated expression levels in organs of similar developmental stage (Supplementary Figure 5A). This, again, suggests a potential role of ABCB-mediated auxin efflux in regulating shoot morphology and early flower development.




DISCUSSION

We have presented a computational framework for analysing plant tissues on the organ-level in 3D. We have illustrated how our methods enable quantitative analysis of plant tissues using confocal data of high to intermediate resolution. The lack of dependence on single-cell segmentation quality data entails enriched possibilities for quantitative analysis even for data which lacks in quality. For example, it is possible to segment data lacking plasma membrane or cell wall dyes altogether, as well as plant tissues which have suffered damage that may affect tissue dyes, as long as some tissue-demarcating signal is present.

Whilst we have focused our exemplary analysis to 3D data of plant shoots, our framework is versatile, and has the potential to be applicable to tissues of varying morphologies (Supplementary Figure 3). We have here provided example implementations for the stages of preprocessing, contouring, surface generation, and segmentation, but our workflow is modular, and the different steps can be replaced and improved upon in future work. Nonetheless, our methodology used in this study illustrates the potential in investigating and phenotyping tissue-level data, especially in terms of geometric qualities. In the broader scope, our framework can be extended to allow for more versatile integration of fluorescent reporter data and to relate this to tissue-level substructures, such as individual flower organs.

In terms of the early flowers, the strong patterning in geometric data relative to the identified phyllotactic organ index in our analysis is indicative of these variables developing in a structured manner (Figure 4). As expected, the organ-level surface area follows a consistently increasing trend with increasing phyllotactic position, as does the distance of the corresponding organ centre of mass relative to the shoot apex. This indicates that within the scope of initiating primordia, a higher value in these variables generally indicates a more developed organ. Contrastingly, the increase in median vertex curvature relative to the first organs, followed by a negative trend for the subsequent organs is indicative of a more complex developmental trend. However, the overall coupling with the phyllotactic index implicates the median vertex curvature as a morphologically relevant variable in determining the organ developmental stage. The trend reversal itself appears to relate to the detachment of the organ from the meristem and initiation of the formation of the primordial pedicel (Figure 4; Smyth et al., 1990), and thus enables a highly reproducible, quantitative description of morphological events. However, it is important to note the importance of consistent data collection when connecting quantitative variables to morphological events, as including e.g., only partial flower tissues can obfuscate the analysis. Nevertheless, in the extended scope, our analysis could be used to link tissue-level development to the distribution patterns of relevant molecular regulators, which could help elucidate the regulatory mechanisms underpinning the formation of complex morphologies. The quantification of phyllotactic patterns in particular have often been done in late stages in order to generate sufficient statistics (Besnard et al., 2014). Whilst it remains difficult to capture more than a few initial flowers in a single confocal image, our high-throughput analysis pipeline puts the limitation on the data collection step, which, again, can be done faster when the analysis does not require the highest resolution when collecting the data.

The low error in fitting paraboloids to the WT segmented meristems indicate that the paraboloid is a good approximation of the inflorescence shape. In contrast, the high error in the mapping of a paraboloid to NPA-treated plants implicate that the overall structure is typically not well approximated by the apical meristem and the periphery and stem collectively in these plants, which may bear relevance to computational studies approximating the shoot with a quadric mathematical shape (Itoh et al., 2000; Bozorg et al., 2014; Gruel et al., 2016). In addition, this analysis may implicate a disconnect between the local growth determined by isotropic cell growth and proliferation in the central zone, and the apical-basal expansion of the cells in and below the rib meristem (Jacqmard et al., 2003). In contrast, the high correspondence between both the apex defined by the fitted paraboloid, as well as the inflorescence centre of mass, implicate a mutual dependence between the CLV3 domain and the shoot geometry. This fits well with previous modelling predictions, where epidermal signals are part of regulating the positioning, and the curvature of the tissue itself becomes important (Gruel et al., 2016). Various methods have been presented in the literature to help identify the geometric apex of the meristem inflorescence (Willis et al., 2016; Galvan-Ampudia et al., 2020). Here, we have illustrated quantitatively how both the inflorescence centre of mass, as well as the paraboloid defined apex can approximate the CLV3 defined apex with an error approximately equal to an average cell diameter in data of intermediate spatial resolution. In the extended scope, this provides researchers with the ability to parameterise the shoot surface. In conjunction with our segmentation method, this methodology can be used to represent spatial molecular patterning in terms of a shoot-specific coordinate system. In turn, this can aid researchers in determining how certain kinds of molecular patterning relates to and varies with the morphological stage of initiating flower primordia.

Our analysis of auxin transport mutants not canonically implicated as primary regulators of phyllotaxis unveils how phyllotactic robustness is partly a downstream consequence of plant-level growth and development, as perturbations in non-shoot localised auxin transporters still affect phyllotactic robustness (Figure 5C and Supplementary Figure 6A). The vast majority of mutant genotypes investigated exhibit higher standard deviations with respect to their intraplant divergence angles, as well as a higher frequency of singular aberrant divergence angles (Figure 5B). This finding is consistent with that Col-0, at large, is subject to constraining factors serving to optimise robustness in terms of organ positioning.

In terms of the auxin transport proteins present in the SAM, it is notable that perturbations of the peripherally expressed ABCB19 (Supplementary Figure 5A) entails a smaller meristem relative to Col-0, as defined by the first-organ-distance, and that this effect is exacerbated with an additive mutation of ABCB1 – an auxin efflux transporter known to be complementary of ABCB19 (Bennett et al., 2016). In contrast, mutations of the AUX1/LAX genes, which are centrally and provascularly expressed (Bainbridge et al., 2008), exhibit an opposite, non-significant effect, with a larger shoot and potentially exacerbated effect with additive mutations (Figure 5D). A potential explanation for these respective phenotypes could relate to altered levels of auxin in the peripheral zone, and the highly sensitive phenotype identification presented here together with a more detailed combination of perturbations and a use of auxin reporters would provide a venue to investigate this further. Similarly, the apparent trend in the ABCB1 and 19 genes both in terms of regulating shoot morphology (Figures 3A,C, 5D), and on early organ development (Figure 5E), suggests a potential role of long-range auxin transport proteins in regulating shoot development, especially considering its early organ-specific expression pattern (Supplementary Figure 5A). The methodology presented here provides an initial framework for exploring these phenotypes in further detail, both in terms of direct quantification of tissue-level geometries, and as a way of parameterising these shapes and connecting them further to abundance levels of relevant regulatory components.

The control of inflorescence dome shape at large remains obscure. However, we note that amongst the genes investigated in this study, perturbations of mechanically linked regulators tend to generally produce a stronger response in terms of shoot curvature asymmetry (Figure 3D). The result that mutations in the same gene families can give rise to both flatter and more pointed meristems suggests a dependency either on regionally specific expression domains or more complex feedback mechanisms in regulating the dome shape. The contrasting effect between mutations in the different CesA genes can be reconciled by taking their expression domains into account (Yang et al., 2016), which suggests that reduced mechanical stability in the inflorescence periphery leads to a flatter shape. However, it is not entirely clear how a uniformly reduced mechanical stability across the tissue would lead to a more pointed shoot. Similarly, whilst XXT1 and 5 are uniformly expressed and XXT2 is typically upregulated in flower primordia, both xxt1,2 and xxt1,2,5 exhibit a flatter dome (Figure 3B), potentially due to differentially weaker mechanical integrity in the peripheral initiation zones. This would suggest that not only the tissue robustness in absolute terms, but the relative mechanical integrity between the central and peripheral domain, is of importance. It is likely that future, theoretically grounded work can help address this issue in detail. Specifically, future studies may wish to further elucidate these phenotypes by assessing the impact of regional differences in mechanical properties, both in terms of absolute and relative cell wall rigidity, and on possible stress feedback on mechanical anisotropy particularly in the shoot periphery. The resulting consequences for cell growth and division dynamics, and the resulting influence on dome curvature could help elucidate how shoot morphology is regulated by cell-level properties and dynamics, similar to what has been done for single cells in e.g., pollen tube growth (Dumais et al., 2006), and bacteria studies (van Teeffelen et al., 2011).

In summary, our results herein have illustrated how computational methods can be used to quantify and segment tissue-level structures, particularly shoot apical meristems. Whilst our analysis is limited to a few, exemplary cases, our method is general and widely applicable, and can furthermore be extended and modified according to situational requirements. This allows researchers to access a new venue of data quantification and analysis, to help address fundamental questions in tissue development and morphodynamics in general.



MATERIALS AND METHODS


Plant Material, Growth and Imaging Conditions

Plants belonging to the hormone transport dataset were incubated in cold (4°C) chambers for 3–5 days, sown on F2 Levington soil in PT40 trays, and kept in long-day conditions, i.e., 16/8 h light/dark cycles in 20°C, until between 24 and 28 days after germination. Plants in the mechanical mutant dataset were grown on soil as above under short day conditions, i.e., 8/16 h light/dark cycles in 20°C, for 4 weeks before being transferred to long day conditions as above until bolting.

Plants assuming bolting and reaching a stem height of 1–4 cm were decapitated and pruned to remove flower organs following published protocols (Prunet et al., 2016). Before imaging, plants were incubated in propidium iodide (Jones et al., 2016) or FM4-64 (Rigal et al., 2015) for a period of approximately 7–10 min, whereafter the shoots and imaging containers were washed thoroughly with water, and thereafter submerged in the same throughout the course of imaging.

Confocal data for plants grown on NPA conditions were acquired from previous studies (Willis et al., 2017). The soil condition comparison dataset consisted of plants containing pCLV3::dsRed x myr-YFP reporters, and were grown according to the hormone transport and mechanically perturbed datasets above, but were not stained due to the transgenic plasma membrane marker (Supplementary Table 1).

The origins of the abcb1, abcb19, abcb1,19, pin3, pin4, pin7, pin3,4, pin3,7, pin4,7, and pin3,4,7 seeds have been described previously (van Rongen et al., 2019), as have cesa1any1, cesa3eli1, cesa3je5, cesa6prc1–1, xxt1,2 and xxt1,2,5, (Fagard et al., 2000; Caño-Delgado et al., 2003; Desprez et al., 2007; Fujita et al., 2013; Xiao et al., 2016), aux1 and aux1lax1,2,3 (Bainbridge et al., 2008), and the pCLV3::dsRed x myr-YFP transgenic seeds (Willis et al., 2016; Supplementary Table 1).

Confocal stacks were acquired immediately after dissection at a resolution of approximately 0.5 × 0.55 × 0.55 μm3 per voxel using a 20x × /1.0 N.A. water immersion objective. Either a Zeiss LSM 880 or LSM 700 laser scanning confocal microscope was used for all collected data. Detailed imaging settings relating to each image are preserved in the accompanied image metadata.

In terms of the acquisition process, our protocol performs better in terms of accuracy for tissues acquired with high spatial resolution. However, this happens at the cost of computational efficiency. As such, it is often preferable to acquire images with sufficient resolution to easily discern the tissue outline by eye.



Data Preprocessing

We used a number of preprocessing steps to improve image quality (Supplementary Figure 1). In order to improve signal quality, it is recommended to make use of deconvolution algorithms to compensate for optical distortion and to reduce noise (Wiener, 1949; Richardson, 1972; Lucy, 1974). However, in this study, we did not conduct this step due to sufficient data resolution. Further, as it is common for plant samples to suffer from variable signal quality across the tissue, often relating to signal or dye penetration artefacts, it is oftentimes appropriate to perform contrast adjustment in order to equalise the signal level. In our case, this was performed using Contrast Limited Adaptive Histogram Equalization (CLAHE; Pizer et al., 1987). In addition, conventional smoothing algorithms such as median and Gaussian filtering may be used to eliminate noise and even out the signal; here, we limited smoothing to Gaussian filtering. The choice of smoothing and noise elimination methods should be chosen relative to the data type and quality.

When working with large amounts of data with varying spatial properties, it can be helpful to transform the data to have the same spatial resolution, so as to minimise the need to tailor individual parameter sets to specific images. In our analysis herein, all original data was transformed using a third-order spline interpolation (Virtanen et al., 2020), to have an isometric voxel resolution of 0.5 μm in all spatial dimensions. This resolution was chosen manually to balance computational efficiency and output data quality. All original data and code including the preprocessing steps are available via open repositories (Data Availability).

In the mechanically perturbed dataset, not enough tissue was included to allow for reliable organ segmentation. Therefore, we instead manually cropped a cylindrical region around the CZ using ImageJ (Fiji1). The above processing steps were then applied.



Contouring and Meshing

Contours of the input data were generated using the Morphological Chan-Vese algorithm (ACWE; Chan and Vese, 2001; Márquez-Neila et al., 2014), via the Scikit-Image framework (van der Walt et al., 2014). Further, several methods were implemented to fill in missed parts of the tissue interior following the ACWE step, which are provided in the code included with this study (Supplementary Figure 1). Specifically, we filled in holes in each XY section of the image, and extended the tissue contour downwards along the Z-dimension (to the lowest Z-coordinate) to fill in voxels beneath the tissue exterior. In certain cases of particularly bad data quality or signal artefacts, the ACWE algorithm proved unable of accurately distinguishing between interior and exterior parts of the tissue in question, where a simple thresholding mask was instead used to attain a representative contour; the threshold value used was calculated using Otsu’s method (Otsu, 1979) using the intensity data as input. The ACWE step is normally the most time-consuming part of the pipeline, taking approximately 5 min to process for a typical shoot apical meristem image on a Dell inspiron 15 7591 laptop (8GB DDR4, 2666 MHz RAM, Intel Core i7-9750H). For the NPA treated dataset, due to the available cellular segmentations, we utilised the non-background binary mask generated from the segmented images for generating the surfaces.

Fine-grained triangular meshes were generated using Lewiners’s Marching Cubes algorithm (Lewiner et al., 2003). The meshes were simplified using the Approximated Centroidal Voronoi Diagrams (ACVD) algorithm (Valette and Chassery, 2004), to get regular meshes with 10% of the original vertex density, although this parameter can be tuned according to preference. The downscaling parameter was chosen manually to balance output accuracy and computational efficiency. Further, in-house algorithms were utilised to ensure that all meshes were devoid of singularities, self-intersections and degenerate elements. Additionally, we heuristically remove aberrant mesh tissue through in-house algorithms. Mesh processing and management was performed predominantly using the Visualization ToolKit (VTK; Schroeder et al., 2000), largely through usage of the PyVista Python package (Sullivan and Kaszynski, 2019).

The mechanical dataset was generated with focus on the meristem proper and did not include sufficient flower tissue for accurate tissue segmentation. In these data, the segmentation step was therefore circumvented by cropping out an elliptical cylinder limited to the inflorescence central zone. The slightly differing surface generation method compared to the hormonal dataset illustrates the flexibility of the protocol.



Curvature Computation

The mean curvature for all vertices in the meshes were generated using the PyVista package (Sullivan and Kaszynski, 2019). The scalar range of the curvature values were truncated to be within the range of (−0.1, 0.1) so as to avoid singularly obfuscating vertices; however, this truncation value can be adjusted as desired. Subsequently, iterative min-max filtering was applied on each vertex with its immediate neighbourhood, as defined by edge-connectivity, in order to amplify curvature peaks and lower curvature valleys. Lastly, iterative curvature averaging was applied in the same vein to smoothen the curvature field of the mesh.



Segmentation

In order to segment the various substructures from the post-processed curvature field, an algorithm inspired by the Constanza protocol (Åhl et al., 2018; Bhatia et al., 2019) was implemented. For each vertex in the mesh, the neighbouring (i.e., connected by an edge) vertex with the highest curvature was thereafter identified. If no such vertices could be found, the current vertex was considered a curvature attractor. This process was repeated for all vertices in the mesh, and vertices with overlapping components were assigned a single integer label.

Following the initial segmentation, a series of post-processing steps were applied to merge labelling domains depending on certain properties. Implemented methods include (Supplementary Figure 1):


•Merge, depth: Merging of domains based on a scalar threshold criterion such that if the difference in curvature between the domain maximum and the maximum curvature value amongst the vertices bordering the neighbouring domain is below this value, the domains are merged. This ensures that all domains identified have at least the specified depth, which eliminates spurious, shallow domains.

•Merge, engulfing: Merging of domains based on whether more than a given threshold fraction of the domain boundary vertices borders another domain. This further removes spurious domains, and eliminates domains which are entirely contained within other domains.

•Merge, disconnected: Merging of a domain not connected to the inflorescence meristem (or specified domain) with its corresponding domain neighbour with the largest border, provided less than a the threshold fraction of the domain boundary vertices are connected to the inflorescence domain. This helps eliminate spurious domains, particularly in the image periphery, and assists with merging emerging sepals with their corresponding primordium.

•Merge, distance: Two domains are merged based on whether the Euclidean distance between their centre points is below a threshold value.

•Merge, angle: Merge two domains based on whether their respective centre points are within a threshold angle from each other relative to the inflorescence apex. This, again, helps merge emerging sepals with their corresponding flowers.





Feature Identification and Data Extraction

The inflorescence domain is defined as the domain which is penetrated by a ray trace parallel to the z-axis and originates in the whole tissue centre of mass, or, alternatively, as the domain with the most neighbouring domains, which was done in cases when the centre of mass approach failed. Following the inflorescence identification, organs were manually ordered and a corresponding phyllotaxis spiral orientation determined, from which angles and positions could be extracted computationally. Specifically, angles were quantified relative to the domain centre points exclusively in the XY-plane. In turn, domain centre points were defined using either the centre of mass, where each vertex has a weight of 1, or alternatively in the case of the inflorescence meristem, by the apex point of a fitted paraboloid.

The paraboloid was defined by the equation

[image: image]

where p1 to p5 represent the defining parameters, and fitting the corresponding mesh vertices to this using the SciPy Least Squares optimiser (Virtanen et al., 2020). In order to improve the chances of a successful fit, up to five different initial parameter values were attempted. From the above, the paraboloid apex is defined by the coordinates

[image: image]

The tissue-level Gaussian curvature is defined as the product of the principal curvature parameters, p1⋅p2, in the equations above, whereas the principal curvature ratio is defined as max({p1,p2})/min({p1,p2}). A mesh for the paraboloid is generated using the VTK implementation (Schroeder et al., 2000).

The CLV3 apex is defined by computing the centre of mass of the voxels with higher CLV3 signal than the 99.99% image quantile. If no such voxels exist, the threshold is reduced first to the 99.90%, or lastly, the 99.00% quantile, and the computation is repeated.

Unless otherwise specified, all computations relating to the distance to the apex refer to the apex as specified by the inflorescence COM method. Accordingly, in the case of the first organ distance metric, we used the maximal Euclidean distance of all vertices in a given domain relative to the inflorescence apex.



Statistical Tests Used and p-Value Annotation Table

p-values reported refer exclusively to Mann-Whitney-Wilcoxon (MWW) test, two-sided with Bonferroni correction. Statistical computations are done using the SciPy toolkit (Virtanen et al., 2020). We consistently use the following classifications of p-values:

ns: 5.00e-02 < p ≤ 1.00e+00

*: 1.00e-02 < p ≤ 5.00e-02

**: 1.00e-03 < p ≤ 1.00e-02

***: 1.00e-04 < p ≤ 1.00e-03

****: p ≤ 1.00e-04
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LMA

107.28+5.59
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90.11£1.90
124.48+5.68
98.66+4.73
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117.43£4.62
126.18+5.76
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123.82+10.16

113.08+3.47

178.80+8.64

1443121411

133.12+6.04
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1.00+0.00

1.00£0.00

1.00+0.00
1.00+0.00

1.00£0.00

1.00+0.00

IFA

16.95+0.16
5.78+0.31
5.07£0.09
7.94£0.07
13.39+0.81
39.821.60
6.08+0.33
43.84£0.42
24.42:0.65
10.26+0.83
49.65+2.49
475522.92

16.74£0.88

9.09:0.25
15.11£0.92

0.90+0.03
39.16+2.46

74.64£4.09

5224157

57.45:4.72

4881175

52.973.10

76.184.96
84.81+3.81

43.482.22

62.63+4.33

TFA

73.25+10.80
180.4513.19
65.114.82
55.39+11.64
110.7917.51
396.72+14.11
3250+3.13
570.91460.32
122.18+27.78
130.7316.78
678.15:34.80
322.83474.10

190.90+16.43

39.96+3.59
124.28+22.90

37.41£1.09
39.1622.46

74.64£4.09

135.98+13.80

57.45:4.72

48812175

52.97+3.10
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43.48+2.22
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FMA

41242377
49.01:1.64
49.40+1.46
36.2924.21
47.71:3.36
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28,63+0.59
70.49:4.51
31.30£1.32
33.71£1.57
60.44+4.38
23.46+1.34

4117£1.00

30.27£0.37
15.3340.95

18.33+1.51
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29.45+1.61
54.43:2.34
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36.32+1.23

36.97+1.47

45.1421.44

N, sample number; LN, leaf number; ILA, individual leaf area; TLA, total leaf area; LMA, leaf cry mass per unit area; PD, peduncle diameter; IL, inflorescence length; FN, flower number; IFA, individual floral area; TFA, total floral area;
FMA, floral dry mass per unit area. Each value is mean +SE.
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Peduncle diameter
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Flower number
Individual floral area
Total floral area
Floral dry mass per
unit area

CV, coefficient of variation.

Abbreviation
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LMA
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[
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TFA
FMA
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cm?
gm*

Mean +SE

553052
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7.96+1.89
34.81£4.93
146.45+32.54
39.04+2.56

2.00
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57.75
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1.39
10.18
1.00

32550
15.33

11.33
226.30
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294.87

10.70
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12089
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Agent-dased model

Cellular automata

Deep learning
Eulerian

Feedback-loop
Formal grammar

Lagrangian

Lattice
Mesh

Remeshing

Steepest descent minimization
Topology

Viscoelastic

Voronoi

Yield

A computational moael where the behavior of the system IS determined Dy the actions and the interaction of the iIndviaual
elements of the system.

An abstract computational system used to general complex discrete patterns starting from simple units, called “cells” or
“atoms.” The cells exist over a grid, representing the two-dimensional space over which the cells can move. Each cell
possesses a state defining ts current properties which can evolve according to some pre-defined rules.

A branch of machine learning concerned with the use of artifcial neural network composed of several layers of complexity.
A coordinate system where partiles are not observed independently but instead considered as a uniform fluid whose
properties evolves as a function of time and space. This approach requires restricting the environment into a defined space by
imposing boundary lines, and observing the motion of partcles inside the space according o the laws of fluids motion.

A portion of a system where the output of an element of the system is used s input of the same element for future operations.
An abstract structure that describes a formal language in a rigorous way, by setting the mathematical rules that defined the
generation of complex symbols starting from a simple alphabet

A coordinates system where the motion of each partcle is followed independently. The position and velocity of each particle
and its reaction toward the environment is observed at each time point.

A graph of interconnected vertices embedded into the Euciidean plane forming a regular tiing resembiing a grid of points.

In solid modeling, a mesh is a way to represent a polyhedral object using a set of vertices, edges, and faces.

The process of changing the structure of a mesh by completely redefining its topology or by modifying individual elements.

An iterative optimization aigorithm used to find a local minimum of a differentiable function.

A branch of mathematics concerned with the properties of geometric objects and their deformations.

A material that can behave both elasticaly (returning to its original state after deformation) or plastically (partially conserving the
state achieved after deformation).

A diagram obtained by subdividing a Eucidean plane into convex polygons using a set of generating points such that each
polygon contains exactly one generating point and every point in a given polygon is closer to its generating point than to any
other.

In mechanics, the yield point indicates the limit on a stress-strain curve above which we observe the end of elastic behavior
and the onset of plastic behavior.
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Monophasic

Height Diameter
p=07198 p=08207
q=0.1497 q=0.1853
K =255181 K =308222

adjR? = 09727

RSD = 11.8756

AC = 13.7405

B

= 13.9395

Monophasic, diphasic, triphasic, and nonlinear governing equation (NGE) models were used to fit the average growth of stem height and stem diameter of Populus.

Diphasic
Height Diameter
p1=2.5808 p1=5.0151
q1=0.1925 1= 02677
Ky =9.8744 Ki =9.5220
P2 =0.8054 p2=1.1539
G2 =0.3326 G2 = 03321
Ko =15.7204 Ko = 24.7699

adj.R? = 0.9887

RSD = 7.2444

AC = 12,1907

BIC = 12.5888

Triphasic
Height Diameter
p1 =05617 pr=-8.2512
g1 =01321 q; = -08430
Ky =7.6007 Ki =1.6566
p2=25714 p2 = 4.8608
G2 = 01960 q2=0.2574
Kp =7.7947 Ko =9.5961
ps =1.0558 ps = 13770
g5 =0.4139 g5 =0.3320
10.4079 Ka =24.9187
adjR? = 0.9887
RSD = 6.8235
AC = 12.0881
BIC = 12.6853

Diphasic (NGE)

Height Diameter
ayy = 0.5647 ap = 05399
Ky = 149231 Kysy = 19.9831
Pred = -0.0092 fpen =0.0059
pr =1.7521 Po =25652
G =0.1755 o =0.1293
Ky, = 16,1135 Kp, = 18.6017
adjR? = 0.9982
RSD = 8.0006
AC=52173
BIC=5.7972
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n=66 n =100 n =200 n=66 n =100 n =200
Power 0.49 0.82 1.00 0.98 0.99 1.00
FPR 0.10 0.09 0.02 011 011 0.06

The experiments simulated 66 (the same as the real example), 100, and 200 samples under heritability levels of 0, 0.05, and 0.1. The accuracy of positioning and FPR were evaluated
by computer simulation.





OPS/images/fpls-12-711219/fpls-12-711219-t003.jpg
True
AA Aa
ay 04816 05880
Kin 166452 16.3061
Bueo 0.0085  -0.0082
ap 05057 05387
Ko, 188163 18.9900
Bon 0.0034 0.0120
Py 19779 00034
v 04751  0.1699
Ki, 147208 15.0220
Pp 81031 27916
@ 01639  0.1538
Ko, 141880 14.9758

n=66
AA Aa
06689 05827
(0.6401)  (02164)
23.6395 22.7284
(10.1328)  (6.8697)
-0.0215 -0.0126
(0.0230) (00123
02934 03443
(0.2643)  (0.1301)
13.6369 16,5536
(7.9672)  (6.1950)
0.0140 0.0166
(0.0245)  (0.0130)
26715 24703
(3.0861) (09123
02435 0.2065
(0.2401)  (0.0631)
17.7895 15.8602
(4.6844)  (3.6790)
73084 41125
(8.1976)  (2.3937)
04269 0.2346
(0.4866)  (0.1461)
15,5237 15.2730
8.7675)  (6.4920)

n=100
AA Aa
05506 05553
(0.1955)  (0.1053)
22.7374 222026
(7.8829)  (45249)
00182 -0.0131
(0.0141)  (0.0072)
03164 03489
01974)  (0.1023)
14.8980 16.5682
(6:2775)  (3.7728)
00113 00154
(0.0120)  (0.0078)
22885 20182
(1.4237)  (05487)
02122 01981
01110)  (0.0404)
17.1807 16.6285
(38.9218) (3.31593)
44717 36407
(3.2476)  (1.7065)
02336 02054
(0.1899)  (0.1022)
17.7401 16.3567
80927) (68122)

n =200
AA Aa
05366 05424
(0.2111)  (0.0659)
218139 217824
(5.8606)  (5.2260)
-00182 -0.0119
(0.0102)  (0.0054)
02061 03474
(0.1268)  (0.0862)
15.1807 16,1873
(3.8673)  (3.2860)
0.0127  0.0165
(0.0085)  (3.2860)
19735 1.9672
(0.6200)  (05710)
01925 01915
(0.0461)  (0.0879)
17.5520 15.3650
(8.9027)  (2.8692)
45149 34942
(4.3739)  (1.1570)
02424 01995
(0:2365)  (0.0708)
15.7440 13.9565
(5.9795)  (3.6078)

n =66
AA Aa
0.4663  0.5086
(0.1314)  (0.0546)
234571 23.3385
(8.4108)  (6.8279)
-00179  -0.0133
(0.0099)  (0.0059)
02762 0.3762
(0.1528)  (0.0976)
13.4869 15.1540
(6.2724)  (4.0220)
00171 00216
(0.0145)  (0.0109)
24342 1.9927
(1.5801)  (0.6607)
02251  0.1987
(0.1100)  (0.0416)
18.2597 159178
(4.5231)  (3.1224)
43387  3.2320
(2.7992) (1.1822)
02373  0.1876
(0.1616)  (0.0706)
16.7791 153119
(6.1539)  (3.1224)

H?=0.10
n=100
AR Aa
04640 05296
0.1171)  (0.0643)
21.7667 21.1651
(6.0535)  (5.0028)
00177 -00126
(0.0079)  (0.0062)
03114 03779
(0.1146)  (0.0788)
14.4949 155332
(4.0839)  (3.4592)
00157 0.0204
00116 (0.0091)
19493 1.8784
(0.4489)  (0.2874)
0.1876  0.1879
(00384)  (0.0244)
18.6338 16,1130
(3.6628) (2.4214)
43321 32029
(49189 (0.9710)
02360 0.1840
(02723)  (0.0597)
164399 14.9523
(6.0989)  (4.0578)

n =200
AA Aa
04629 05268
(0.0635)  (0.0389)
205583 206019
@.0174)  (3.7874)
00189 -0.0121
(0.0057)  (0.0040)
02940 03815
(0.0950)  (0.0563)
148102 15.7639
(8.5746)  (2.6413)
0.0161 0.0200
(0.0096)  (0.0073)
1.8651  1.8159
(02489 (0.1681)
01927 0.1864
(0.0230)  (0.0154)
197661 16,1545
(2.6491)  (1.8235)
35734 3.1049
(1:2141)  (0.7075)
01998 0.1780
(0.0746)  (0.0432)
14.9613  14.6580
(3.9636)  (2.9999)

A significant locus is used to simulate 100 iterations with the NGE model at heritabilty levels of 0.05 and 0.1, and sample sizes of 66, 100, and 200, which have two genotypes: AA and
Aa. The SE is the value in brackets.
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properties

Yielding

Turgor pressure

Wall extensibilty

Stifiening

Softening
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Cell wallrigicity

Loosening
Creep

Wall theology

Physical properties of the cell wallthat determine its
behavior upon exposure to deforming forces
resulting from pressure, tension, or compression

Meaterial deforming when the applied force exceeds
well-defined threshold

Ahydrostatic pressure generated by the water
pushing the plasma membrane and plant cell wall
Property of the cell wall to be deformed irreversibly
under a deforming load, for example, that caused by
turgor

Enhancing the mechanical strength of the cell wall,
resulting from the moification of the biochemical
configuration

Weakening the mechanical strength of the cel wall,
resulting from the modification of the biochenical
configuration

‘The quality or state of being plastic, especially
capacity for being deformed or altered. With plastic
deformation, materials do not return to their original
shape after the pressure on them being removed
The apparent rigidity of the cell wall results from
turgor pressure while cell wall polymers and bonds
density increase is internal cause

Rearrangement of the cell wal polymers faciltating
the load-induced extension of the cell wall material
Slow, time-dependent, and irreversible extension of
the cell wall

“The study of the flow and deformation of walls in
response to an applied force
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Genes

SINGLE LEAFLET1 (SGL1)
PALMATE-LIKE PENTAFOLIATAT (PALMT)

SMOOTH LEAF MARGINT (SLM1)/MtPIN10

Fused Compound Leaf1 (FCL1)

STENOFOLIA (STF)

MENAM/MtCUC2
NODULE ROOT (NOOT)/MtBOP1

ELONGATED PETIOLULET
(ELP1)/PETIOLULE-LIKE PULVINUS (PLP)

MtAGO7/LOBED LEAFLETT (LOLT)

MtPHAN

BIG SEEDS1 (BS1)

MtBRI1

HEADLESS (HDL)/MtWUS

AGAMOUS-LIKE FLOWER (AGLF)/AGAMOUS

AND TERMINAL FLOWER (AGTFL)

PINNATE PENTAFOLIATAT (PPF1)/MtREV'1

Lateral Leaflet Suppression 1
(LLST)/MtYUCCAT1

PINNATE-LIKE PENTAFOLIATAT (PINNAT)

Dwarf and Increased Branching 1
(DIB1)/SMALL AND SERRATED LEAF
(SSL)/MtGA3ox1

Mini Plant 1 (MNP1)/M{CPS
MINI ORGANT (MIO1Y/SMALL LEAF AND
BUSHY1 (SLB1)

WRINKLED FLOWER AND LEAF (WFL)
MIDWARF4A (MtDWF4A)

MtLMl1a and MtLMI1b

MAIN STEM DWARF1 (MSD1)/MtGA200x1,
MtGA200x7, and MtGA200x8

Annotation of the encoded proteins

FLORICAULA (FLO)/LEAFY (LFY) ortholog
Cys(2)His(2) zinc finger transcription factor

An auxin efflux carrier protein homologous to

Arabidopsis PIN-FORMED1 (PIN1)

A class M KNOX protein homologous to

Arabidopsis KNATM

WUSCHEL-like homeobox (WOX)
transcriptional regulator

CUC/NAM transcription factor

A BTB/POZ-ankyrin domain protein
orthologous to Arabidopsis BOPs

A LOB DOMAIN-CONTAINING PROTEIN (LBD)
transcription factor homologous to Arabidopsis

LOB

An ortholog of Arabidopsis ARGONAUTE7?
(AGO7)

ARP MYB transcription factor

A TIFY transcription factor homologous to
Arabidopsis PEAPOD1 (PPD1) and PPD2

A leucine rich repeat receptor protein kinase
(LRR-RLK)
WUSCHEL homolog

A nucleus-localized protein containing a

putative Myb/SANT-like DNA-binding domain

and a PKc kinase domain

Class Il homeodomain-leucine zipper
(HD-Z1P1I) transcription factor

A flavin monooxygenase homologous to

Arabidopsis YUCCA1
A BEL1-like homeodomain protein homologous

to Arabidopsis BLH11

Arabidopsis GA3-oxidase 1 (GA3ox1) homolog

Copalyl diphosphate synthase

F-box protein

3-ketoacyl-CoA synthase

A cytochrome P450 protein orthologous to

Arabidopsis DWARF4

HD-Zip | transcription factors homologous to

Arabidopsis LMI1

GA 20-oxidase

Function in leaf development

Lateral leaflet initiation; petiole length
Leaflet number and arrangement

Terminal leaflet number; lateral leaflet
number; marginal serrations

Boundary formation between leaflets;
petiole and rachis length

Blade expansion in the mediolateral
axis; leaf vascular patterning

Boundary formation between leaflets
Stipule

Pulvinus

Marginal serrations

Leaf adaxial-abaxial polarity; blade
planar shape; lateral leaflet placement;
stipule; marginal serrations

Leaf organ size

Leaf polarity; blade planar shape; leaf
organ size

Proximal—distal growth; marginal
serrations

Proximal—distal growth; petiole and
rachis length

Leaflet number and arrangement;
adaxial-abaxial polarity of terminal
leaflet

Outgrowth of lateral leaflet; leaf venation

Leaflet number and arrangement

Leaf organ size; petiole and rachis
length; marginal serrations

Leaf organ size; petiole and rachis
length

Leaf organ size; proximal—distal growth;
pulvinus

Cuticular wax; leaflet separation; blade
planar shape

Length of petiole, rachis, and pulvinus;
blade planar shape

Marginal serrations

Leaf organ size

References

Wang et al., 2008

Chen et al., 2010; Peng
etal., 2017

Peng et al., 2011; Zhou
etal., 2011

Peng et al., 2011

Tadege et al., 2011; Zhang
etal, 2014

Cheng et al., 2012
Couzigou et al., 2012

Chen et al., 2012; Zhou
etal., 2012

Zhou et al., 2013; Peng
etal., 2017

Ge et al.,, 2014; Zhou et al.,
2014

Geetal., 2016

Cheng et al., 2017; Kong
et al., 2021

Meng et al., 2019; Wang
et al., 2019

Zhang et al., 2019; Zhao
et al., 2019; Zhu et al.,
2019

Zhou et al., 2019

Zhao et al., 2020

He et al., 2020

Zhang et al., 2020; Wen
et al., 2021

Guo et al., 2020

Yin et al., 2020; Zhou et al.,
2021

Yang et al., 2021

Kong et al., 2021; Zhao
etal., 2021

Kong et al., 2021
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Species Aux/IAA content (abbreviation) ARF content (abbreviation) Genome version References

Marchantia polymorpha 1 (MpolAA) 3 (MpoARF) v3.1 Flores-Sandoval et al., 2015
Physcomitrella patens 2 (PpalAA) 15 (PpaARF) v3.3 Rensing et al., 2008

Selaginella moellendorffii 7 (SmolAA) 7 (SmoARF) v1.0 Banks et al., 2011

Amborella trichopoda 13 (AtrlAA) 15 (AtrARF) v1.0 This study

Oryza sativa 31 (OsalAA) 25 (OsaARF) v7.0 Sato et al., 2001; Jain et al., 2006
Vitis vinifera 23 (WilAA) 21 (WiARF) v2.1 Cakir et al., 2013; Wan et al., 2014
Populus trichocarpa 36 (PtrlAA) 37 (PtrARF) v3.1 Kalluri et al., 2007

Salix suchowensis 38 (SulAA) 34 (SuARF) v2.0 This study

Arabidopsis thaliana 29 (AthIAA) 23 (AthARF) vi1 Liscum and Reed, 2002
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Gene Set Name
(No. Genes)

KEGG No. Genes in Overlap

P-value

Status

Galactose
metabolism (63)
Ascorbate and
aldarate
metabolism (67)
Nicotinate and
nicotinamide
metabolism (30)
Oxidative
phosphorylation
(385)

Linoleic acid
metabolism (29)
Betalain
biosynthesis (5)
RNA polymerase
(111)
Phenylpropanoid
biosynthesis (288)
Plant hormone
signal transduction
(410)

Fructose and
mannose
metabolism (83)
Homologous
recombination (152)

KO00052
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KO00760

KO00190

KOO00591

KO00965

KO03020

KO00940

KO04075

KOO00051

KO03440
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11

30

19

10

0.004860268

0.007025761

0.017069701

0.030120483

0.03303685

0.005791506

0.006896552

0.008376963

0.01540154

0.024390243

0.044982698
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Hormones

WT

81.37 + 2.67
238.33 + 16.01
0.094 £ 0.008

0.738 £0.03

8.85 4 0.44

0.434 £0.08

3.49 +£ 0.37

3.79 4+ 0.21

TPL1RNAI

64.5 & 2.404
297+2.82
0.146 + 0.008
0.696 + 0.11
7.3 £0.53
0.449 + 0.04
3.83 £0.26
3.48 +£ 0.57

Type

down
up
up
insig
down
insig
insig
insig

n

The data represent mean + SE (n = 3). * indicate significant differences at P < 0.05.
**indlicate significant differences at P < 0.01.
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Gene Set Name KEGG No. Genes in Overlap  P-value Status
(No. Genes)

Cutin, suberine and ~ KO00073 5 0.014347  downs
wax biosynthesis

(40)

Arachidonic acid KO00590 2 0.018803
metabolism (20)

DNA replication KO03030 16 0.020833

(100)

Nitrogen KO00910 6 0.025
metabolism (36)

Fructose and KO00051 2 0.041667
mannose

metabolism (83)

Brassinosteroid KO00905 3 0.045524
biosynthesis (22)

Glutathione KO00480 6 0.046917
metabolism (127)

Butanoate KO00650 1 0.010571 ups
metabolism (28)

Phenylpropanoid KO00940 36 0.048504

biosynthesis (288)
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Function

Promotes cell elongation

Inhibits pavement cell size without affecting leaf size
Promotes auxin-dependent elongation of cotton fiber cells
Promote cell growth and suppress proliferation

Inhibits cell area and organ size by interacting with DELLA proteins

Promote endoreduplication-dependent cell expansion in leaf

Promotes cell elongation through SAURE3 subfamily genes

References

Koyama et al., 2010b
Danisman et al., 2012
Wang et al., 2013
Aguilar-Martinez and Sinha,

2013
Zhang et al., 2017
Zhang et al., 2019

Gastaldi et al., 2020

Suppresses cell differentiation through auxin and cytokinin signaling Shen et al., 2021

Controls cell differentiation and growth in leaf and petal
Promote cell growth and leaf maturation

Promote cell differentiation through auxin, miR164, SHY2 and
SAURs

Promotes onset of differentiation with larger cells when
hyperactivated

Accelerates cell maturity through HK4 and IAAS/SHY2-like genes
Suppresses conical cell growth by inhibiting ethylene signaling
Suppresses leaf cell growth by repressing ATHB12

Promote commitment to differentiation in mitotic cells

Crawford et al., 2004
Efroni et al., 2008
Koyama et al., 2010a

Sarvepalli and Nath, 2011a

Das Gupta et al., 2014
Van Es et al.,, 2018
Hur et al., 2019
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Function

Reduces cell elongation by targeting cellulose synthase genes

Promotes hypocotyl elongation by activating BR-biosynthetic gene DWARF4
Induce GA-biosynthetic gene GA20ox1 and cell expansion regulators PRET, HBI1
Promote endoreplication-mediated cell expansion by directly activating CYCD1,1

Enhance cell elongation by direct activation of several auxin-response genes
Elongates hypocotyl when miR319-resistant version is overexpressed
Suppresses auxin response by activating IAA3/SHY2 and SAUR genes
Promotes hypocotyl elongation when hyperactivated

Represses photomorphogenic growth in miR319-dependent manner
Promotes photomorphogenic growth by activating HY5 and HYH
Enhance hypocotyl cell elongation by directly activating YUC5

Promotes shade-induced hypocotyl growth by activating PIFs and YUCs

Promote thermoresponsive hypocotyl growth by physical interaction with PIF4 and CRY1

Promote thermomorphogenic hypocotyl elongation along with PIF4
Promotes cotyledon opening through SAUR genes during seedling de-etiolation
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DESIGN

Growth of the Arabi-
dopsis sepal can be
summarized as strain
(&) resulting from the
force of turgor pres-
sure (), modulated
by tissue stiffness (E)

BUILD

A finite element mesh is
used to simulate distri-
butions of stiffness —
measured with atomic
force microscopy
(AFM) — and resultant
deformative growth —
estimated by live imag-
ing sepals

TEST

Contours of WT and
mutant sepals are com-
pared to contours from
simulations with differ-
ent distributions of stiff-
ness. Simulations with
bigger mesh size are
more variable in contour,
like the mutant
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DESIGN

Evolution between fruit
types can be solved as a
Markov process with a
Q matrix summarizing
the probabilites of tran-
sitioning between any
wo fruit-type states.
Here we show a simpli-
fied example with four
out of six fruit-types

BUILD

Traits of extant species
were gathered from the
field or herbarium spec-
imens. Existing packag-
esin R were used to
solve the Markov chain
at each position in a
previously inferred
phylogeny

TEST

Akaike's information criterion
was used to select which
model best accounted for the
extant frut types. AIC is
calculated by comparing the
log likelihood of each model
Here we schematize compar-
ing the al rates different and
equal rates models
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Mathematical approach

Data collection

Regulatory networks,
population dynarmics

Morphogenesis

Phylogenetic
reconstruction,
network inference,
Motifidentification

Pattern formation

Kinetics, logic circuits, and
differential equations (Alon,
2007; Eliner and
Guckenheimer, 2011)

Mechanics, physics, and
differential equations (Nikias,
1992; Boudaoud, 2010;

Howard et al., 201
Shapiro et al., 2012)

Markov chains, statistical
hypothesis testing, tree
manipulations, and graph
theory (Jukes and Cantor,
1969; Felsenstein, 1985;
Friedman, 2004; O'Meara,
2012)

Reaction diffusion
equations, feedbacks, and
bistabilty (Vurray, 1982;
Howard et al., 2011)

Field measurements,
photobleaching and
recovery, pulse-chase
experiments, and FRET
(Meyvis et al., 1999; Bunt
and Wouters, 2004; Eliner
and Guckenheimer, 2011;
Simon and Kornitzer,
2014)

Atomic force microscopy,
live imaging, osmotic
treatments, and other
turgor measurements
(Milani et al., 2013;
Beauzamy et al., 2014;
Weber et al., 2015;
Kierzkowski et al., 2019)
Character matrix scoring,
fossil raits and
associated dates, and
DNA alignments
(Loytynoja and Goldman,
2005 lles et al., 2015)

Photobleaching and
recovery, pulse-chase
experiments, and imaging
(Meyvis et al., 1999; Bunt
and Wouters, 2004;
Simon and Kornitzer,
2014; Sapala et al., 2018;
Ding et al., 2020)
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