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An Arabidopsis mutant lacking both the cytosolic Disproportionating enzyme 2 (DPE2) and the plastidial glucan Phosphorylase 1 (PHS1) revealed a unique starch metabolism. Dpe2/phs1 has been reported to have only one starch granule number per chloroplast when grown under diurnal rhythm. For this study, we analyzed dpe2/phs1 in details following the mutant development, and found that it showed three distinct periods of granule numbers per chloroplast, while there was no obvious change observed in Col-0. In young plants, the starch granule number was similar to that in Col-0 at first, and then decreased significantly, down to one or no granule per chloroplast, followed by an increase in the granule number. Thus, in dpe2/phs1, control over the starch granule number is impaired, but it is not defective in starch granule initiation. The data also indicate that the granule number is not fixed, and is regulated throughout plant growth. Furthermore, the chloroplasts revealed alterations during these three periods, with a partially strong aberrant morphology in the middle phase. Interestingly, the unique metabolism was perpetuated when starch degradation was further impaired through an additional lack of Isoamylase 3 (ISA3) or Starch excess 4 (SEX4). Transcriptomic studies and metabolic profiling revealed the co-regulation of starch metabolism-related genes and a clear metabolic separation between the periods. Most senescence-induced genes were found to be up-regulated more than twice in the starch-less mature leaves. Thus, dpe2/phs1 is a unique plant material source, with which we may study starch granule number regulation to obtain a more detailed understanding.
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Introduction

In plant chloroplasts, transitory starch is the essential carbohydrate, which is assimilated via photosynthesis during the day. Each chloroplast in Arabidopsis thaliana (L.) Heynh. wild-type leaves contains three to seven discoid starch granules, and the starch stored during the day is nearly completely depleted by dawn (Streb and Zeeman, 2012; Sulpice et al., 2014). The precise degradation rate of starch seems to be critical for normal plant growth, ensuring that there is substantial energy to fuel fundamental metabolic processes and plant development during the night (MacNeill et al., 2017). Although the regulation mechanism underlying the degradation rate is unknown, evidence exists that both the starch granule number per chloroplast and granule morphology are important parameters. It has been shown that mutants with a decreased starch granule number per chloroplast (e.g., ss4, ptst2, and pii1) have a lower starch degradation rate (Crumpton-Taylor et al., 2013; Seung et al., 2017; Vandromme et al., 2019). Further, in Arabidopsis, the starch granule morphology and number are independently regulated (Crumpton-Taylor et al., 2012; Malinova et al., 2018); however, the molecular basis for the regulation of the normal starch granule number per chloroplast remains obscure. Research has largely focused on identifying the role of a single related protein or enzyme involved in starch initiation or degradation in the past. However, there are various open questions, thus e.g., how the plant maintains the normal starch granule numbers; is the number controlled throughout the plant growth, and to which extent starch degradation is also involved?

More than 40 proteins have been reported to be involved in starch metabolism (Streb and Zeeman, 2012; Stitt and Zeeman, 2012). Starch synthase 4 (SS4; [EC: 2.4.1.21]) is the widely-accepted initiation enzyme, which transfers the glucosyl residue from the donor ADP-glucose to a not yet defined short oligosaccharide primer (Roldan et al., 2007; Szydlowski et al., 2009; Crumpton-Taylor et al., 2013). Further potential proteins interacting with SS4 include Protein targeting to starch 2 (PTST2, At1g27070), which is thought to donate oligosaccharides for SS4; MAR-binding filament-like protein 1 (MFP1, At3g16000); Myosin-resembling chloroplast protein (PII1, At4g32190); and Starch synthase 5 (SS5, AT5G65685) (Seung et al., 2017; Seung et al., 2018; Vandromme et al., 2019; Abt et al., 2020). All respective single mutants had a reduced starch granule number per chloroplast. PHS1, the plastidial phosphorylase ([EC: 2.4.1.1]), adds or releases glucosyl residues from the non-reducing end of glucan chains, in principle suggesting it plays roles in both synthesis and degradation (Fettke et al., 2012; Hwang et al., 2020). Evidence that PHS1 is involved in the regulation/initiation of starch granules also exists (Satoh et al., 2008; Nakamura et al., 2012); for example, the plastidial phosphorylase is involved in starch initiation in the rice endosperm (Satoh et al., 2008; Hwang et al., 2010; Hwang et al., 2016). However, a single mutant phs1 in Arabidopsis has presented normal starch granule numbers (Malinova et al., 2014).

A very interesting mutant is dpe2/phs1 lacking both PHS1 and DPE2, the cytosolic disproportionating enzyme 2 (EC: 2.4.1.25), for which an uneven starch distribution has been revealed, with nearly starch-free mature leaves and young leaves having mostly one large and spherical starch granule per chloroplast when grown under circadian periodicity (Malinova et al., 2014; Malinova and Fettke, 2017). Under continuous light, dpe2/phs1 revealed a similar number of starch granules per chloroplast, compared to wild-type (Malinova et al., 2014). A triple mutant, dpe2/phs1/ss4, had only one starch granule per chloroplast, which was huge and almost perfectly spherical (Malinova et al., 2017), showing that the existing starch granules are formed independently of both PHS1 and the SS4 pathway. Furthermore, it has been shown that a total block in starch degradation (via an additional lack of α-Glucan, water dikinase; GWD [EC 2.7.9.4]) in dpe2/phs1/sex1-8 (Malinova and Fettke, 2017) restored the starch granule number to that in the wild-type; whereas, in case of reduced starch degradation, the starch granule number was still reduced (Muntaha et al., 2022).

Similar to the mature leaves of dpe2/phs1, several mutants impaired in starch metabolism have also revealed affected chloroplast stability. The single mutant mex1, lacking the maltose exporter (AT5G17520), accumulated a high amount of maltose inside the chloroplasts and showed severe chloroplast degradation in mature leaves (Stettler et al., 2009). It has also been reported that the starchless mutants pgm1 (Phosphoglucomutase 1 [EC 5.4.2.2]) and adg1 (ADP-glucose pyrophosphorylase 1 [EC 2.7.7.27]) revealed higher Rubisco-containing bodies, leading to higher percentages of aberrant chloroplasts (Izumi et al., 2010; Zhuang and Jiang, 2019). This points to a link between chloroplast performance and the central starch metabolism, although the nature of this link is unknown.

In this study, we found the double mutant dpe2/phs1, loses the control over the starch granule number per chloroplast during developing and the starch granule number alters in three distinct periods. Both RNA-seq analysis and GC-MS metabolic profiling of these periods of dpe2/phs1 provide insights to further our understanding of starch granule number regulation.



Materials and methods


Plant materials and growth conditions

Arabidopsis thaliana seeds were sterilized using 6% [v/v] hypochlorous acid containing 0.02% [v/v] Tween-20 and sown on Murashige and Skoog (MS) medium with 0.8% [w/v] agar and 1% [w/v] sucrose, pH 5.7. The plates were vernalized in darkness at 4°C for three days. Seedlings were transplanted to soil after 7–10 days and grown in a light/dark regime (12 h light, 20°C, 110 μmol m-2s-1; 12 h dark, 16°C; 60% relative humidity).

The crossing of mutant dpe2/phs1 was addressed previously (Malinova et al., 2014). To determine the fresh weight and leaf number, more than nine mutant plants were used per week till flowering.

Sex4-3 (SALK_102567) (Niittyla et al., 2006), and isa3 (GABI_280G10) (Delatte et al., 2006) in the Col-0 background have been described previously. The knockout lines dpe2/phs1/sex4 and dpe2/phs1/isa3 were generated by crossing the dpe2/phs1 mutant with the single mutants sex4 and isa3, respectively, and self-pollinating the F1 generation.

The activities of phosphorylases and DPE2 were detected by native gels and zymograms, as described previously (Fettke et al., 2005; Malinova et al., 2014). Analysis of the SEX4 protein was performed by Western blot, as previously described (Niittyla et al., 2006). T-DNA insertion of ISA3 was confirmed by PCR (Forward: 5’-ACATCAAATCTTTACGTACTCGGC-3’ and Reverse: 5’-ACCTTATTTTTCCTCTACCGTGCG-3’; T-DNA specific primer LB o8474: 5’-ATAATAACGCTGCGGACATCTACATTTT-3’).



Laser confocal scanning microscopy (LCSM)

LCSM imaging was performed as described by Liu et al. (2021). In brief, leaves from different ages of plant were harvested and immersed in safranin O solution (5g/L) for 20 min. The starch and chlorophyll signals were visualized with a Zeiss LSM 880 Airyscan confocal microscope.



In situ staining of starch

Shoots were stained as described by Malinova et al. (2014). The harvested shoots were decolored in 80% (v/v) ethanol at 80°C, afterwards the pale shoots were stained with iodine solution. The starches in the root tips were observed by staining in iodine solution for twenty seconds.



Starch quantification and morphology analysis by scanning electron microscopy (SEM)

Starch was enzymatically quantified according to Malinova et al. (2014). Fifty milligram of fresh leaf materials were used. The homogenized leave material was washed with 80% (v/v) ethanol and the pelleted starch was solubilized and hydrolyzed by amyloglucosidase. The resulting glucose was measured enzymatically. Native starch granules were isolated and SEM analysis was performed as described by Malinova et al. (2017).



Chain-length distribution analysis of starch and maltodextrin

Starch granules (10 mg) were used and digested as described by Mahlow et al. (2014). In brief, 10 mg of starch was solubilized by heating at 99°C for 10 min and 2 U isoamylase was used to hydrolyze the soluble starch at 40°C.

For quantitation of the maltodextrin, 100 mg of leaves were frozen in liquid nitrogen and homogenized with a mortar. Then, 500 µL cold 20% [v/v] ethanol was added to each sample and mixed by vigorously shaking. After centrifugation at 4°C, 14,000 rpm for 10 min, the supernatant was collected and heated to 99°C for 10 min. Followed by centrifugation, the supernatant containing the maltodextrin was recovered and concentrated by drying in a speed vacuum centrifuge (Thermo Savant SPD111V-115).

The starch chain length distribution and the maltodextrins were analyzed by capillary electrophoresis equipped with laser-induced fluorescence detection (CE-LIF), as described by Malinova et al. (2014). Following determination of the reducing ends, 100 nmol glucans were used for APTS (8-Aminopyrene-1,3,6-Trisulfonic Acid, Trisodium Salt) labeling. Note that the glucose and maltose content was excluded for the maltodextrin content determination by calculation according to capillary electrophoresis result.



RNA-seq analysis

The leaves of dpe2/phs1 and Col-0 were harvested after 9 h illumination for each period. Total RNAs were extracted using TRIzol reagent (Invitrogen, US), according to the manufacturer’s instructions. A NanoPhotometer® spectrophotometer was used to assess the purity of the RNA (IMPLEN, CA, USA). The Bioanalyzer 2100 system’s RNA Nano 6000 Assay Kit was used to examine RNA integrity and for quantification (Agilent Technologies, CA, USA). Library construction and sequencing with an Illumina novaseq 6000 sequencer were performed by Novogene Corporation (UK). Annotation files for the reference genome and gene models were downloaded directly from the genome website browser (NCBI/UCSC/Ensembl). The HISAT2 software was used to map paired-end clean reads to the reference genome. The collected RNA-seq data were deposited in the NCBI GEO repository, under the accession number GSE201804. The DESeq2 R software was used to perform differential expression analysis between two conditions/groups (three biological replicates per condition). The False Discovery Rate (FDR) was controlled by adjusting P-values using Benjamini and Hochberg’s method. Genes discovered by DESeq2 with an adjusted P-value < 0.05 were labeled as differentially expressed. The statistical enrichment of differentially expressed genes in KEGG pathways was tested using the clusterProfiler R program.



qRT-PCR analysis

The RNAs isolated with TRIzol reagent (Invitrogen, US) were reverse transcribed into cDNA using a first cDNA synthesis kit (ThermoFisher, US), following the manufacturer’s instructions. qRT-PCR was performed with SYBR Green PCR Master Mix (Applied Biosystems), following the manufacturer’s instructions. Reactions were carried out in triplicate. Relative expression levels were determined by the comparative threshold cycle (ΔΔCt) method, using ACTIN as a reference gene. The used primers are given in Table S4.



Metabolite profiling

The same leaf materials from the three periods (50 mg each) used for RNA-seq were used for metabolite profiling, using Gas Chromatography-Mass Spectrometry (GC-MS). The following data analysis was conducted according to Muntaha et al. (2022).




Results


Dpe2/phs1 lost the control over starch granule number during growth and the starch granule number per chloroplast fluctuates in three distinguishable periods

The double mutant dpe2/phs1 has been described as having a single starch granule per chloroplast in immature leaves, with virtually no starch in mature leaves when grown under a normal light/dark cycle (Malinova et al., 2014; Malinova and Fettke, 2017). We used a modified LCSM (laser confocal scanning microscopy) technique combined with safranin O staining (Liu et al., 2021), allowing for rapid analysis of many samples, in order to determine the starch granule number per chloroplast during plant development. We observed that the starch granule number in dpe2/phs1 changed during plant development, while no evident changes in Col-0, phs1 and dpe2 were detected (Figures 1A, S1A). Strikingly, dpe2/phs1 revealed three distinct periods: In the first period, designated as the Prior Period P, similar to Col-0, most chloroplasts had three to five granules, but chloroplasts containing one or two starch granules were more dominant than in Col-0 (Figure 1B). For the second period, designated as the Reduced Granule Number Period RGN, the analysis was further separated between mature M and young Y leaves, the latter were the youngest two or three leaves. Approximately 80% of the chloroplasts of immature leaves had only one starch granule (Figure 1B), and no chloroplast with more than four granules was detected out of 253. In mature leaves, starch granules were rare and most chloroplasts revealed a highly aberrant morphology, likely indicating degradation, as described previously (Malinova et al., 2014; Malinova and Fettke, 2017; Malinova et al., 2017). Less than 10% of all analyzed chloroplasts contained one large spherical granule. In the last period, the Recovery Period R, the granule number again increased, with most chloroplasts showed one to four starch granules, with 45% of chloroplasts having a single granule, suggesting a regulation of the granule number throughout the plant growth. Moreover, in R, the starch granule size was inhomogeneous, with one large spherical granule being frequently found in chloroplasts. Further, the chloroplast morphology was similar to that in the wild-type and no indication of degradation was observed. Interestingly, the occurrence of RGN varied, among five independent growth batches, this period appeared twice at the end of the third week and three times at the beginning of the fifth week, as confirmed via LCSM.




Figure 1 | LCSM analysis of starch granules in chloroplasts in three periods: (A) Leaves of Col-0 taken from the fifth week. Prior Period leaves were taken from three-week-old rosettes of dpe2/phs1. Young (Y) and mature (M) leaves in the Reduced Granule Number Period (RGN) were taken from five-week-old rosettes of the mutant. Recovery Period leaves were taken at the beginning of the sixth week from the mutant. All samples were taken in the middle of the day (6h of light). Scale bar is 5 µm; (B) Quantification of starch granules per chloroplast. Grey and green colors represent Col-0 and dpe2/phs1, respectively. N indicates the observed number of chloroplasts. Note: only the granule number distribution of (M) starts with zero.



In addition, we followed the starch granule decrease from P to the RGN in detail, and found an inconsistency in starch granule number per chloroplast within the same leaf: the chloroplasts of palisade mesophyll cells decreased to only one starch granule earlier than those in spongy mesophyll cells (Figure S1B).



In RGN, dp.e2/phs1 revealed heterogeneous starch distribution and impaired growth both in shoot and root

The observed alterations in the starch granule number per chloroplast were accompanied by changes in leaf starch distribution (Figure 2A). During growth, in P, dpe2/phs1 contained starch in the whole shoot. However, in RGN, the starch was distributed heterogeneously, as described previously (Malinova et al., 2014), and nearly no starch was detected in mature leaves in contrast to young leaves. In R, starch was detected again in the entire shoot. In addition, blight margins were found in mature leaves in RGN (Figure 2B). A similar, but less severe, phenotype has been characterized in the parent line phs1 (Zeeman et al., 2004). However, there was no starch distribution alteration observed in Col-0 during plant growth (Figure S1C).




Figure 2 | dpe2/phs1 showed three distinguishable periods when grown under light/dark regime: (A) Semi-quantitative starch determination. Shoots harvested at the EOD from two to seven weeks, decolorized shoots were stained with iodine solution; (B) Growth phenotype of dpe2/phs1 from the three periods. Shoots were harvested at three, five, and six weeks, respectively; (C) Starch in root caps. The starch in the root caps was stained with I2 solution. Bars = 50 μm; (D) Growth parameters of dpe2/phs1. Plants were analyzed from two weeks until flowering. Grey and green colors indicate Col-0 and dpe2/phs1, respectively. Letters indicate statistically significant differences (p ≤ 0.05) among the double mutant and Col-0, according to the one-way ANOVA with Duncan’s post-hoc test. More than nine plants were analyzed for determination of leaf number and fresh weight per week. Roots of plants at two, five, and six weeks were used, and six plants each were analyzed. P-Prior Period; RGN-Reduced Granule Number Period; R-Recovery Period.



In addition to the reduced starch granule number per chloroplast and the uneven starch distribution, dpe2/phs1 revealed an obvious decreased development in RGN. The young plants of dpe2/phs1 had the similar leaf numbers and fresh weights as Col-0, but a significant smaller leaf area, whereas from the fourth to fifth week, compared to Col-0, the mutant showed significant lower fresh weight and a fewer leaf number; moreover, a delayed flowering after eleven weeks of germination was detected (Figures 2B, D). Although the occurrence of RGN varies, it was always coupled with a reduction in growth and uneven starch distribution between young and mature leaves. Therefore, for all mutant materials used during this study the period was confirmed prior by LCSM and iodine staining, when more than 80% of tested mutants showed both uneven starch distribution and reduced starch granule numbers, the leaf materials were harvested.

In dpe2/phs1, the starch in the roots was also impaired both in RGN and R (Figure 2C). The root length of dpe2/phs1 was shorter than that of Col-0, independent of the period (Figure 2D, bottom). However, P showed a normal starch distribution in four layers of the columella cells, whereas deformed and starch-free root caps were detected both in RGN and R (Figure 2C).



Starch content and granule morphology differs in the three distinguishable periods

In Col-0, no significant difference in starch content per fresh weight during growth was observed; thus, Col-0 synthesized around 37 μmol of glucose equivalent starch per fresh weight (g) by the end of the day (EOD), and consumed almost all of it by the end of the night (EON) (Table 1). However, dpe2/phs1 had impaired starch remobilization in all three periods (Table 1). In particular, young leaves had twice as much starch as Col-0 at EOD in RGN, but only around 28% of the starch was utilized during the night. In mature leaves, there was still a certain amount of starch and a partial degradation during the night was detected. However, even before RGN—namely, in P—the starch degradation in the night was clearly affected, pointing to increasing effects on starch metabolism during the growth of the plant.


Table 1 | Starch content (μmol glc. equivalent/g FW) of Col-0 and dpe2/phs1 grown under a light-dark regime (12h/12h).



Scanning electron microscopy (SEM) revealed that the starch granule morphology was strongly altered in dpe2/phs1 in all three phases (Figures S2A, B). Col-0 leaves at the same age as the individual phases of mutant were harvested; however, since there was no evident difference detected among aging materials of Col-0, only one data is presented here. Dpe2/phs1 showed the largest long axis and thickness in young leaves in RGN (Figure S2B). Moreover, in consistent with the LCSM, R had the most inhomogeneous size distribution, with more tiny granules, which could be related to newly generated granules in the recovered chloroplasts. Regarding the inner starch structure, the mutant revealed increased amounts of glucan chains with DP 16-18, accompanied by decreased amounts of shorter chains (DP 5-10) in the amylopectin, compared to Col-0 in all three stages (Figure S2C). The changes in the inner starch structure intensified with the age of the mutants.



Gene expression differed most in young and mature leaves of RGN

One way to investigate the reasons underlying the variation in the starch granules through the three phases is to analyze the associated gene expression by RNA-seq. Therefore, leaves from P, where the chloroplasts contained the normal starch granule number; young Y and mature M leaves from RGN, where most of the chloroplasts had only a single, large, and round starch granule and most chloroplasts were aberrant, respectively; and leaves from R, where the chloroplasts and starches recovered, were analyzed. As a control, Col-0 samples of the same age were used.

Comparison of the differentially expressed genes using the R package DESeq2 (adjusted P-value < 0.05) revealed only a moderate number of genes specifically expressed in the various phases (Figure 3A). In Col-0, most genes uniquely altered in expression were found in R, which were likely linked to the initiation/generation of florescence. Dpe2/phs1 revealed genes expressed differently compared with Col-0. The highest number of genes was found, as expected, in young and mature leaves of RGN (379 and 380, respectively; Figure 3A). Principal component analysis revealed that, besides R of Col-0, both Y and M of dpe2/phs1 were clustered away from the other groups (Figure 3B). The separation of R from Col-0 is probably related, as mentioned above, to flowering. Interestingly, the R of dpe2/phs1 did not separate, likely due to the associated delay in development (Figure 2).




Figure 3 | Differential gene expression in dpe2/phs1 and Col-0. w, wild-type; d, double mutant dpe2/phs1: (A) Venn diagrams showing the number of significantly differentially expressed genes among the three periods, based on the cut-off of adjusted P value < 0.05. Young (Y) and mature leaves (M) in the Reduced Granule Number Period were analyzed separately; (B) PCA plot in different periods for dpe2/phs1 and Col-0. (C) Differential expression of 720 genes from nine pathways were assigned to six clusters. Each gene was normalized according to log2(FPKM+1). Each green line represents the expression level of a particular gene relative to the median expression level of all genes in that expression category. Orange lines represent the median expression; (D) Differential expression level of genes in clusters 3 and 6 were visualized with MAPMAN (Thimm et al., 2004). The differences between dY relative to the wY and dP relative to wP are shown in colors (blue, low expression; red, high expression); (E) Clustered starch synthesis, degradation, and sugar transport genes (log2(FPKM+1)). The grey lines at the top represent the gene expression pattern, which is only based on the trend in dpe2/phs1. The synthesis and degradation enzymes in the same column shared the same pattern. The abbreviations for the starch metabolism-related genes are given in Table S1.





Transcript level alterations of most starch metabolism related genes are clustered in the three phases of dpe2/phs1

Furthermore, an H-cluster analysis of the dpe2/phs1 groups was performed, including the genes annotated to nine metabolic pathways: metabolism of starch and sucrose (pathway ID: ath00500), galactose (ath00052), fructose and mannose (ath00051), pentose phosphate (ath00030), pentose and glucuronate interconversions (ath00040), inositol phosphate (ath00562), citrate cycle (ath00020), glycolysis (ath00010), and oxidative phosphorylation (ath00190). Overall, 720 genes were assigned to six clusters (Figure 3C). The results revealed that, following RGN, the gene expression also recovered; thus the expression of genes in P and R was highly similar. This was also supported by Heatmap analysis (Figure S3). Clusters 1, 2, and 6 had the relative highest expression levels in M, whereas cluster 4 had the lowest. Cluster 3 had the fewest enriched genes (96), and it was the only cluster that expressed relatively high in Y. Regarding the correlation with the starch granule number per chloroplast, clusters 3 and 6 were most interesting, as they showed the strongest alteration in Y; that is, when the starch granule number was reduced (Figure 1). MAPMAN was used to investigate 210 genes from those clusters (Figure 3D) (Thimm et al., 2004). The change in expression between Y and P was analyzed. TCA and mitochondrial electron transport genes were dramatically reduced. The genes related to signaling also uniformly increased in expression. However, genes related to major carbohydrate metabolism were differentially affected.



High expression of genes involved in starch degradation was observed in young leaves of RGN that showed a decreased starch granule number

In young leaves of RGN, the starch granule number per chloroplast decreased to one, thus an uneven degradation rate occurred on the original three to seven granules, and the disappeared granules were totally degraded. Therefore, it is rational to suppose higher expression levels of starch degradation-related genes. The differential expression of genes involved in starch metabolism in both Col-0 and dpe2/phs1 were analyzed (Figure 3E). Obviously, genes were co-regulated in different clusters, similar to that shown in Figure 3C. Most starch degradation genes (20 in total), revealed an increase in Y and nearly similar values between P and R. However, 10 genes including BAM3, AMY3, ISA1, and GWD1 showed a decrease in Y comparing to P and R.

Interestingly, most genes involved in starch initiation, including SS4, SS3, PTST, PTST2, PTST3, MFP1, and MRC, also revealed a higher expression in Y (Merida and Fettke, 2021). Considering the higher amount of starch content in young leaves and only one existing starch granule, it is possible that the sugars released from the other granules were recycled to synthesize the existing single starch granule in Y. This is also supported by the lower sucrose content of dpe2/phs1 (Malinova et al., 2014). The higher expression level of genes involved in synthesis may reflect an attempt to overcome the limitation in starch granule number observed in young leaves in RGN.

Moreover, the homologous genes did not follow the same clustering; for instance, starch synthases SS2–5 and GBSS1 increased from P to young leaves in RGN, but not SS1. However, the observed alteration was in agreement with the chain length distribution profile of the starch granules, as fewer short chains (related to SS1) and more medium–long chains (related to SS2) were observed (Figure S2C). Among the transporters, GPT2 showed the most significant alteration through the four stages. The RNA-seq results were validated through the qRT-PCR of eight example genes (Figure S4).



The observed phenotypical periods of dpe2/phs1 are perpetuated when starch degradation is partially impaired

To verify whether starch degradation-related genes which had higher expression level in Y were involved in granule number reduction, the additional knockout of these genes in dpe2/phs1 background was necessary. New triple mutants were generated by crossing dpe2/phs1 with single mutants lacking Starch excess 4 (SEX4; EC: 3.1.3), an important phosphatase in the phosphorylation/dephosphorylation cycle at the starch granule surface, and Isoamylase 3 (ISA3; EC:3.2.1.68), a hydrolase involved in starch degradation, both genes revealed an increase in Y. Both triple mutants revealed reduced shoot growth and uneven starch distribution, in addition, a decreased starch granule number, similar to that of dpe2/phs1 rather than Col-0 (Figure 4). Further, the newly generated triple mutants revealed similar phenotypical alterations during growth, while they overcame the dysfunctional RGN stage quickly, as the triple mutants recovered in the fifth week while dpe2/phs1 reached its RGN. Similarly, it has been found after knock-out of Phosphoglucan, water dikinase (PWD) and Disproportionating enzyme 1 (DPE1; [EC: 2.4.1.25]) it was not possible to fully recover the wild-type starch phenotype in the background of the dpe2/phs1 mutant (Muntaha et al., 2022). In contrast, the additional lack of α-Glucan, water dikinase (GWD), a key enzyme in the starch phosphorylation/dephosphorylation cycle prior to starch degradation (Ritte et al., 2006; Edner et al., 2007; Hejazi et al., 2012), resulted in normal starch granule numbers in young and mature leaves (Malinova and Fettke, 2017), and dpe2/phs1/sex1-8 did not present three distinguishable periods (Figure 4). Thus, different influences of the varying extent of ongoing starch degradation on the developmental phenotype of dpe2/phs1 were observed. An additional lack of SEX4, PWD, ISA3, and DPE1, all these enzymes act downstream of GWD, result still in an altered starch granule number in Y, therefore an even partially ongoing starch degradation seems essential for the development of the observed phenotypic features.




Figure 4 | The three distinguishable periods observed in dpe2/phs1/sex4 and dpe2/phs1/isa3 grown under light/dark regime: (A) Confirmation of the lack of activity of PHS1 and DPE2 by native PAGE. The arrow indicates the position of PHS1; (B) Detection of SEX4 by Western blot and immunodetection. A total of 10 μg protein was loaded per lane for analysis in A and B; (C) T-DNA insertion of ISA3. Forward (F) and Reverse (R) primers were used to check homozygosity. R and LB o8474 (LB) were used to check T-DNA insertion; (D) Semi-quantitative starch determination from the three periods. Shoots were harvested at the end of the light phase at three, four, and five weeks, respectively. (E) LCSM observation of starch granule number per chloroplast in Y of the triple mutants, leaves were taken from 3-week plant as shown in (D) Bar = 10 µm.





Basal transcription factors, MAPK signaling, and galactose metabolism were significantly enriched in young leaves in RGN, when the starch granule number is massively reduced

To further investigate the differentially regulated pathways involved in the reduced starch granule number, we performed gene enrichment analysis by comparing P with Y, and Y with R, respectively. According to the cut-off of FC > 2 and adjusted P-value < 0.01, 5517 genes were filtered. Hierarchical clustering showed at least six distinct clusters of co-regulated genes (Figure 5A). Genes enriched in clusters 1 and 2 were expressed relatively lower in Y, while an opposite expression trend was observed in P and R. Gene Ontology enrichment analysis revealed that cluster 1 included genes involved in translation and ribosome biogenesis, while cluster 2 included genes relevant to oxidation–reduction processes and responses to light stimulus, which may be linked to the observed recovery of chloroplasts (and, consequently, photosynthesis) (Figure 5B). The genes in cluster 3 showed a moderate expression level in Y, which were related to protein phosphorylation and defense response (Figure 5B). In contrast, clusters 4, 5, and 6 included genes that were strongly increased in Y but expressed differentially in P and R. Cluster 5 contained the most genes. Most of the enriched genes in this cluster were involved in stress responses, which was also expected from the observed phenotype.




Figure 5 | Enrichment analysis of differentially expressed genes in P, Y, and R: (A) Heatmap representation of 5517 genes differentially regulated in P, Y, and R (FC > 2, adjusted P value < 0.01). Six clusters of co-regulated genes are indicated. Color pattern represents row Z-score; (B) Bubble chart showing results of Gene Ontology (GO) enrichment analysis. Bubble size indicates number of genes associated with each term. Bubble color indicates −log10(P value); (C, D, F) GSEA plots for pathways enriched in dY compared to dP (FDR < 25%). Selected gene expressions are presented in heatmaps, the gene expressions in R are also shown in (C, D); (E) GSEA plot for pathways enriched in dP compared to dY (FDR < 25%), selected gene expressions are presented in heatmaps, the gene expressions in R are also shown.



To identify pathways enriched in Y in RGN, we performed gene set enrichment analysis (GSEA) by comparing P with Y, and Y with R, respectively. GSEA between P and Y showed that 111 gene sets were enriched, with 62 sets up-regulated and 49 sets down-regulated in P. Nine gene sets were significant at FDR < 25% (Table S2). Only sulfur metabolism was significantly enriched in P, while basal transcription factors, MAPK signaling, and galactose were significantly enriched in Y. No significantly affected pathway was found between Y and R at FDR < 25% (Table S3). Basal transcription factors, MAPK signaling enriched in Y, and sulfur metabolism enriched in P were significant, with nominal P-value < 0.01. For selected genes, the expression levels are shown (using heatmaps) in Figures 5C–F.



Disintegrated chloroplasts in mature leaves in RGN

Most chloroplasts in mature leaves in RGN were aberrant and starch-free (Figure 1), which was related to the obvious chloroplast degradation. Thus, the up- and down-regulated genes in Clusters 2 and 4 (Figure 3C) were most interesting, with regard to the observed chloroplast intactness. A similar phenotype with chlorotic leaves has been reported for mex1 mature leaves (Stettler et al., 2009), although the yellowing was moderate, compared to that of dpe2/phs1 (Figure 2). In addition, mex1 was not completely devoid of starch. Chloroplast autophagy has been reported to be linked to the leaf senescence. In comparison to Col-0 leaves of the same age, the autophagy and protease pathway were significantly up-regulated in the mature leaves of dpe2/phs1 (Figure 6A). Meanwhile, fundamental activities, such as DNA replication, mismatch repair, and photosynthesis, were dramatically down-regulated (Figure 6A). It has also been reported that most senescence-induced genes changed less than 2-fold in mex1, in comparison to Col-0 (Stettler et al., 2009). To investigate the difference between Y and M, we compared the expression of 105 genes between Y and the Col-0 control (dY/wY), and M and the respective Col-0 values (dM/wM), respectively (Figure 6B). In mature leaves in RGN, more up-regulated genes relative to the situation in young leaves were detected, as expected from the phenotypical characterization. A total of 98 genes were up-regulated in mature leaves and 53 genes changed more than twice, including the genes: autophagy 8C (ATG8C, AT1G62040), ATG8D (AT2G05630), autophagy 8E (AT2G45170). In young leaves, 80 genes were up-regulated and only 39 of them changed more than twice. However, the senescence-associated gene 21 (SAG21, AT4G02380) up-regulated more than twice both in Y and M, which were 6 and 12 times up-regulated, respectively.




Figure 6 | Significantly differentially regulated pathways in dpe2/phs1 mature leaves and metabolic profiling: (A) KEGG bar charts indicating the pathways differentially regulated between dpe2/phs1 and Col-0 mature leaves; (B) Changes in expression of 105 senescence-related genes. The difference between the young leaves of dpe2/phs1 compared to age-matched leaves of Col-0 (dY/wY), and the mature leaves of dpe2/phs1 compared to age-matched leaves of Col-0 (dM/wM) are shown. (C) Heatmap analysis showing selected metabolites; (D) Partial least squares discriminant analysis (PLS-DA) results showing the sample clusters. A minimum of four biological replicates is presented for each. Values are expressed as concentrations normalized to median values; (E) Maltodextrin content. All values are mean ± SD (n = 3 replicates from a mixture of 8–10 plants each harvested after 9 hours of illumination). Letters indicate statistically significant differences (p ≤ 0.05) according to one-way ANOVA with Duncan’s post-hoc test.





Metabolic analysis revealed alterations in general metabolism in the three phases of dpe2/phs1

A total of 92 metabolites were determined, which are presented in a heatmap in Figure 6C. Partial least squares (PLS) analysis revealed that the various observed periods were metabolically different, but no outstanding alteration in RGN is given (Figure 6D). This obviously differed from the described phenotypic and transcriptomic alterations. However, no clear separation was detected for M and R in the wild-type samples, which was not unexpected as no altered periods were observed in the wild-type, and the leaf material was only separated according to dpe2/phs1.

A detailed look at the carbohydrate-related metabolites revealed that sugars related to starch degradation, such as maltose, maltotriose, isomaltose, and trehalose, showed significantly higher levels in dpe2/phs1, compared to the wild-type, in all periods (Figure 6C). To investigate the effect on maltodextrins, we also analyzed the maltodextrin content in the three periods (Figure 6E). In all periods, except in R, dpe2/phs1 accumulated more maltodextrins compared to both the wild-type and the dpe2 parental line. The highest accumulation was, indeed, observed in the mature leaves of RGN. However, no distinct DP of the maltodextrins was affected in RGN; instead, an accumulation of maltodextrins and longer chains (DP 10, 11 and 12) were observed in all periods in dpe2/phs1, except a lower DP 11 in R (Figure S5). Thus, PHS1 seems to be involved in the depolymerization of longer maltodextrins (DP longer 9), which is impossible in dpe2/phs1. Also, even less likely, the accumulation of maltodextrins could be a result of missing further extension of the glucans by the lack of the enzyme.




Discussion

This study was inspired by a detailed investigation of dpe2/phs1 using a rapid method (LCSM combined with Safranin O; Liu et al., 2021), allowing for determination of the starch granules in leaves in different periods. Previously, dpe2/phs1 has been reported as having a severely impaired growth rate and heterogeneous starch distribution, with a single starch granule per chloroplast in young leaves and almost starch-less mature leaves when grown under diurnal rhythm. Our investigation revealed that starch metabolism in dpe2/phs1 is inhomogeneous not only among leaves, but also during development. Thus, three clearly distinguishable periods were described. By analyzing relevant leaf material from these three stages through RNA-seq and metabolic assays, we determined the co-regulated genes involved in starch metabolism, showing a clearly separated metabolism, suggesting a regulation of the starch granule number throughout the plant growth. This unique plant material, thus genetically identical—as is not the case when working with mutants—allowed us to understand the important step within the starch metabolism, regulation, and initiation of starch granules in Arabidopsis leaves.

When grown under continuous light, dpe2/phs1 was homogeneous in both starch distribution and starch granule number over the entire growth period (Figure S6; Malinova et al., 2014).


Starch granule number varied in three periods of dpe2/phs1

Chloroplasts in P revealed the typical starch granule number observed in the wild-type, with 1–7 granules per chloroplast (Smith et al., 2005; Stitt and Zeeman, 2012); Figure 1). However, a slight shift to RGN per chloroplast was already observed in dpe2/phs1 in this early state, pointing to a progressive alteration. The shoot iodine staining results revealed the homogeneous starch distribution (Figure 2A) and also that the starch in root caps was normal (Figure 2C), indicating that the starch metabolism was less affected and similar to the situation in the wild-type.

Different from P, RGN revealed the most reduced growth rate both in shoots and roots, with nearly no new formed leaves and deformed root caps. Consistent with previous reports (Malinova et al., 2014), this period mostly revealed only a single starch granule per chloroplast in young leaves, while starch-less and aberrant chloroplasts were observed in mature leaves (Figure 1). Given the strongly reduced growth rate and the absence of newly formed leaves during this period, the existence of a single granule is more likely the product of granule reduction in the chloroplasts, rather than an initiation failure. Thus, dpe2/phs1 lost its ability to maintain a normal starch granule number. Thus, the former interpretation that dpe2/phs1 affects the initiation of starch granules in leaves is not correct (Malinova et al., 2014), as dpe2/phs1 can generate the normal starch granule number per chloroplast, but lost control over that number during development. Considering the reduced starch granule number, the increased expression of genes involved in starch degradation in Y was expected. Thus, RNA-seq results indicated that 20 of the degradation related genes increased meanwhile 10 decreased. However, the knockout validation of SEX4 and ISA3 in dpe2/phs1 background still showed the reduced granule number and growth periods. Moreover, the observed single starch granule per chloroplast indicated an uneven starch metabolism inside the chloroplasts. The starch content in Y was higher than that in Col-0 (Table 1), which points to the fact that the single granule was further used for synthesis, while the rest of the granules were totally degraded. Thus, the action of enzymes involved in starch metabolism have to differ on the surfaces of the various starch granules inside of a chloroplast. However, how this granule is defined and whether it reveals specific characteristics remain obscure. Interestingly, in the last period, it recovered control and, thus, the granule number increased, although the number was still decreased compared to that in the wild-type. This also indicates that the granule number is controlled throughout the growth of the plant, not only once initiated and then kept constant. It could be that the starch granules were not totally depleted at dawn and, so, the remaining granules were reused for synthesis in wild type (Burgy et al., 2021). This is unlikely the possibility here, as we observed not a more intense but, instead, an impaired starch degradation, allowing the removal of the initiated starch granules prior to starch synthesis. In contrast, dpe2/phs1 revealed a reduced starch degradation (Table 1). Thus, an independent control mechanism exists, which is affected in dpe2/phs1, allowing for control over the starch granule number per chloroplast. Interestingly, when the starch degradation was severely impaired, in the dpe2/phs1/sex1-8 triple mutant a similar starch granule number per chloroplast compared to wild-type was observed (Malinova and Fettke, 2017); pointing to the effect of starch degradation on starch granule number regulation. Further, GWD may be involved in regulation of the starch granule number. This would also explain why, in sex1-8, not only starch synthesis, degradation, and morphology, but also the granule number per chloroplast is affected (Mahlow et al., 2016). That not the starch degradation per se is important for granule number regulation is obvious when comparing the granule number per chloroplast in dpe2/phs1/pwd and dpe2/phs/dpe1. In these mutants the granule number was reduced, compared to the wild-type, even when starch degradation was strongly impaired (Muntaha et al., 2022). Thus, either the total blocking of starch degradation, mediated by a lack of GWD, or the lack of GWD per se may be responsible for the observed starch granule number regulation. Interestingly, the transcript data revealed that GWD transcript level decreased during RGN from young to mature leaves but increased massively in R (Figure 3E), similarly to the starch granule number. However, this evidence is weak, as other proteins involved in starch degradation, such as BAM2, BAM3, and AMY3, also revealed the same trend (Figure 3E). However, these degrading enzymes may be involved in consuming the rest of the starch granules totally. In contrast, PWD and others did not show such clustering (Figure 3E).

So far unknown, but also interesting, is whether other mutants with affected starch granule number also display different periods regarding the starch granule number per chloroplast and, if so, are they comparable or not? Answering these questions may allow us to obtain even more insights into the regulation of starch granule number per chloroplast.

The SEM results for isolated native starch granules were consistent with the LCSM observations (Figures 1 and S2). The young leaves in RGN contained the largest and roundest starch granules. A single large spherical granule was frequently found in R, most likely inherited from RGN (Figure S2), which points to additional starch granule initiation in R and unequal starch granule growth. Thus, the normal control mechanisms for the more-or-less uniform starch granules were affected.

Similar to the phenotypic differences, the RNA-seq results clearly revealed that the young and mature leaves in RGN of dpe2/phs1 were separated from the rest. Comparing the gene expressions in three periods, we clearly showed the co-regulation of genes involved in starch metabolism, which clustered differently in the three stages (Figures 3C, E).



Chloroplast stability in dpe2/phs1

In R, both the starch granule number and the starch distribution were recovered, indicating an obvious re-genesis or repair of chloroplasts; however, it remains obscure how this recovery is regulated. The chloroplasts, as the energy supply center where photosynthesis takes place and starch is stored, are vital for fundamental plant activities, and it is highly likely that, when most chloroplasts are corrupted, a signal is transduced that induces the re-construction/re-genesis of chloroplasts to overcome energy shortages. However, a DNA mutation in nucleus can be excluded, as the next generations of dpe2/phs1 also presented the same three periods.

It has been postulated that there exists a connection between chloroplast degradation and accumulated maltodextrins (Stettler et al., 2009). Here, the very high maltodextrin content observed in the mature leaves of the mutant support this idea (Figure 6E); however, the monosaccharide content in mature leaves in RGN of dpe2/phs1 was moderate, indicating that the longer maltodextrins, rather than the monosaccharides, were the key factor affecting chloroplast stability. Similarly, a relatively high maltodextrin level was detected in young leaves in RGN which contained a single granule per chloroplast. In comparison to the young leaves, the mature leaves accumulated much more maltodextrins (Figure 6E), thus following the idea that a higher expression level of senescence- or autophagy-related genes was expected. This was confirmed by RNA-seq (Figures 6A, B). Also here, most senescence-induced genes were highly expressed in mature leaves, with many of them being increased more than twice. Thus, our results differed from those described for the mex1 mutant, in which most relevant genes changed less than twice (Stettler et al., 2009). Therefore, a less severe degradation of chloroplasts occurs in mex1.

Further, decreased maltodextrin accumulation (via e.g., blocking of starch degradation) may reduce chloroplast degradation. Thus, it has been reported that the total blocking of starch degradation due to a lack of GWD resulted in the complete restoration of chloroplasts (Malinova and Fettke, 2017). In contrast, under the partial blocking of degradation due to a lack of PWD and DPE1, chloroplast disintegration still occurred (Muntaha et al., 2022). Partial blocking of starch degradation via a loss of SEX4 and ISA3 in this study also resulted in starch-less mature leaves (Figure 3).

On the other hand, it may also be that the longer DPs observed in dpe2/phs1 (Figure S5) are normally used during starch initiation, which does not happen here, thus the maltodextrins were not used for starch initiation, resulting in a reduced starch granule number per chloroplast in dpe2/phs1 independently of the period (Figure 1).

In this paper, we presented the unique phenotype of dpe2/phs1, which lose the control over starch granule number regulation during growth. RNA-seq results revealed that most of the degradation involved genes increased when starch granule number decreased to one in Y. However, triple mutants lacking SEX4 or ISA3 in the background of dpe2/phs1 were unable to recover the reduction in starch granule number. In contrast, the additional lack of GWD results in a recovered starch granule number. The different ability to recover the starch granule numbers in these triple mutants indicate the different influences of the varying extent of ongoing starch degradation on the starch granule number. Further, the different starch granule numbers during the development reveal a metabolic control of the granule number and not a simple genetic regulation. Overall, dpe2/phs1 is a promising plant source for understanding control of the starch granule number per chloroplast throughout the plant development, which can shed light on the regulation of chloroplast stability; at least, in mutants with affected starch metabolism.




Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author contributions

XL and JF conceived and designed the experiments; XL, AA, JFC, JC, and SM conducted the experiments; XL and JF wrote the manuscript; JF revised the manuscript. All authors read and approved the final manuscript.



Funding

This work was supported by the Deutsche Forschungsgemeinschaft DFG-FE 1030/5-1, and 6-1.



Acknowledgments

This research was further supported by INST 336/114-1 FUGG for large equipment, granted to Prof. Markus Grebe and co-applicants.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1039534/full#supplementary-material



References

 Abt, M. R., Pfister, B., Sharma, M., Eicke, S., Burgy, L., Neale, I., et al. (2020). STARCH SYNTHASE5, a noncanonical starch synthase-like protein, promotes starch granule initiation in arabidopsis. Plant Cell. 32 (8), 2543–2565. doi: 10.1105/tpc.19.00946

 Burgy, L., Eicke, S., Kopp, C., Jenny, C., Lu, K. J., Escrig, S., et al. (2021). Coalescence and directed anisotropic growth of starch granule initials in subdomains of arabidopsis thaliana chloroplasts. Nat. Commun. 12 (1), 6944. doi: 10.1038/s41467-021-27151-5

 Crumpton-Taylor, M., Grandison, S., Png, K. M. Y., Bushby, A. J., and Smith, A. M. (2012). Control of starch granule numbers in arabidopsis chloroplasts. Plant Physiol. 158 (2), 905–916. doi: 10.1104/pp.111.186957

 Crumpton-Taylor, M., Pike, M., Lu, K. J., Hylton, C. M., Feil, R., Eicke, S., et al. (2013). Starch synthase 4 is essential for coordination of starch granule formation with chloroplast division during arabidopsis leaf expansion. New Phytol. 200 (4), 1064–1075. doi: 10.1111/nph.12455

 Delatte, T., Umhang, M., Trevisan, M., Eicke, S., Thorneycroft, D., Smith, S. M., et al. (2006). Evidence for distinct mechanisms of starch granule breakdown in plants. J. Biol. Chem. 281 (17), 12050–12059. doi: 10.1074/jbc.M513661200

 Edner, C., Li, J., Albrecht, T., Mahlow, S., Hejazi, M., Hussain, H., et al. (2007). Glucan, water dikinase activity stimulates breakdown of starch granules by plastidial beta-amylases. Plant Physiol. 145 (1), 17–28. doi: 10.1104/pp.107.104224

 Fettke, J., Eckermann, N., Tiessen, A., Geigenberger, P., and Steup, M. (2005). Identification, subcellular localization and biochemical characterization of water-soluble heteroglycans (SHG) in leaves of arabidopsis thaliana l.: distinct SHG reside in the cytosol and in the apoplast. Plant J. 43 (4), 568–585. doi: 10.1111/j.1365-313X.2005.02475.x

 Fettke, J., Leifels, L., Brust, H., Herbst, K., and Steup, M. (2012). Two carbon fluxes to reserve starch in potato (Solanum tuberosum l.) tuber cells are closely interconnected but differently modulated by temperature. J. Exp. Bot. 63 (8), 3011–3029. doi: 10.1093/jxb/ers014

 Hejazi, M., Steup, M., and Fettke, J. (2012). The plastidial glucan, water dikinase (GWD) catalyses multiple phosphotransfer reactions. FEBS J. 279 (11), 1953–1966. doi: 10.1111/j.1742-4658.2012.08576.x

 Hwang, S. K., Koper, K., and Okita, T. W. (2020). The plastid phosphorylase as a multiple-role player in plant metabolism. Plant Sci. 290, 110303. doi: 10.1016/j.plantsci.2019.110303

 Hwang, S. K., Koper, K., Satoh, H., and Okita, T. W. (2016). Rice endosperm starch phosphorylase (Pho1) assembles with disproportionating enzyme (Dpe1) to form a protein complex that enhances synthesis of malto-oligosaccharides. J. Biol. Chem. 291 (38), 19994–20007. doi: 10.1074/jbc.M116.735449

 Hwang, S. K., Nishi, A., Satoh, H., and Okita, T. W. (2010). Rice endosperm-specific plastidial alpha-glucan phosphorylase is important for synthesis of short-chain malto-oligosaccharides. Arch. Biochem. Biophys. 495 (1), 82–92. doi: 10.1016/j.abb.2009.12.023

 Izumi, M., Wada, S., Makino, A., and Ishida, H. (2010). The autophagic degradation of chloroplasts via rubisco-containing bodies is specifically linked to leaf carbon status but not nitrogen status in arabidopsis. Plant Physiol. 154 (3), 1196–1209. doi: 10.1104/pp.110.158519

 Liu, Q., Li, X., and Fettke, J. (2021). Starch granules in arabidopsis thaliana mesophyll and guard cells show similar morphology but differences in size and number. Int. J. Mol. Sci. 22 (11), 5666–5677. doi: 10.3390/ijms22115666

 MacNeill, G. J., Mehrpouyan, S., Minow, M. A. A., Patterson, J. A., Tetlow, I. J., and Emes, M. J. (2017). Starch as a source, starch as a sink: the bifunctional role of starch in carbon allocation. J. Exp. Bot. 68 (16), 4433–4453. doi: 10.1093/jxb/erx291

 Mahlow, S., Hejazi, M., Kuhnert, F., Garz, A., Brust, H., Baumann, O., et al. (2014). Phosphorylation of transitory starch by alpha-glucan, water dikinase during starch turnover affects the surface properties and morphology of starch granules. New Phytol. 203 (2), 495–507. doi: 10.1111/nph.12801

 Mahlow, S., Orzechowski, S., and Fettke, J. (2016). Starch phosphorylation: insights and perspectives. Cell Mol. Life Sci. 73 (14), 2753–2764. doi: 10.1007/s00018-016-2248-4

 Malinova, I., Alseekh, S., Feil, R., Fernie, A. R., Baumann, O., Schottler, M. A., et al. (2017). Starch synthase 4 and plastidal phosphorylase differentially affect starch granule number and morphology. Plant Physiol. 174 (1), 73–85. doi: 10.1104/pp.16.01859

 Malinova, I., and Fettke, J. (2017). Reduced starch granule number per chloroplast in the dpe2/phs1 mutant is dependent on initiation of starch degradation. PloS One 12 (11), e0187985. doi: 10.1371/journal.pone.0187985

 Malinova, I., Mahlow, S., Alseekh, S., Orawetz, T., Fernie, A. R., Baumann, O., et al. (2014). Double knockout mutants of arabidopsis grown under normal conditions reveal that the plastidial phosphorylase isozyme participates in transitory starch metabolism. Plant Physiol. 164 (2), 907–921. doi: 10.1104/pp.113.227843

 Malinova, I., Qasim, H. M., Brust, H., and Fettke, J. (2018). Parameters of starch granule genesis in chloroplasts of arabidopsis thaliana. Front. Plant Sci. 9, 761. doi: 10.3389/fpls.2018.00761

 Merida, A., and Fettke, J. (2021). Starch granule initiation in arabidopsis thaliana chloroplasts. Plant J. 107 (3), 688–697. doi: 10.1111/tpj.15359

 Muntaha, S. N., Li, X., Compart, J., Apriyanto, A., and Fettke, J. (2022). Carbon pathways during transitory starch degradation in arabidopsis differentially affect the starch granule number and morphology in the dpe2/phs1 mutant background. Plant Physiol. Biochem. 180, 35–41. doi: 10.1016/j.plaphy.2022.03.033

 Nakamura, Y., Ono, M., Utsumi, C., and Steup, M. (2012). Functional interaction between plastidial starch phosphorylase and starch branching enzymes from rice during the synthesis of branched maltodextrins. Plant Cell Physiol. 53 (5), 869–878. doi: 10.1093/pcp/pcs030

 Niittyla, T., Comparot-Moss, S., Lue, W.-L., Messerli, G., Trevisan, M., Seymour, M. D. J., et al. (2006). Similar protein phosphatases control starch metabolism in plants and glycogen metabolism in mammals. J. Biol. Chem. 281 (17), 11815–11818. doi: 10.1074/jbc.M600519200

 Ritte, G., Heydenreich, M., Mahlow, S., Haebel, S., Kotting, O., and Steup, M. (2006). Phosphorylation of C6- and C3-positions of glucosyl residues in starch is catalysed by distinct dikinases. FEBS Lett. 580 (20), 4872–4876. doi: 10.1016/j.febslet.2006.07.085

 Roldan, I., Wattebled, F., Mercedes Lucas, M., Delvalle, D., Planchot, V., Jimenez, S., et al. (2007). The phenotype of soluble starch synthase IV defective mutants of arabidopsis thaliana suggests a novel function of elongation enzymes in the control of starch granule formation. Plant J. 49 (3), 492–504. doi: 10.1111/j.1365-313X.2006.02968.x

 Satoh, H., Shibahara, K., Tokunaga, T., Nishi, A., Tasaki, M., Hwang, S. K., et al. (2008). Mutation of the plastidial alpha-glucan phosphorylase gene in rice affects the synthesis and structure of starch in the endosperm. Plant Cell. 20 (7), 1833–1849. doi: 10.1105/tpc.107.054007

 Seung, D., Boudet, J., Monroe, J., Schreier, T. B., David, L. C., Abt, M., et al. (2017). Homologs of PROTEIN TARGETING TO STARCH control starch granule initiation in arabidopsis leaves. Plant Cell. 29 (7), 1657–1677. doi: 10.1105/tpc.17.00222

 Seung, D., Schreier, T. B., Burgy, L., Eicke, S., and Zeeman, S. C. (2018). Two plastidial coiled-coil proteins are essential for normal starch granule initiation in arabidopsis. Plant Cell. 30 (7), 1523–1542. doi: 10.1105/tpc.18.00219

 Smith, A. M., Zeeman, S. C., and Smith, S. M. (2005). Starch degradation. Annu. Rev. Plant Biol. 56, 73–98. doi: 10.1146/annurev.arplant.56.032604.144257

 Stettler, M., Eicke, S., Mettler, T., Messerli, G., Hortensteiner, S., and Zeeman, S. C. (2009). Blocking the metabolism of starch breakdown products in arabidopsis leaves triggers chloroplast degradation. Mol. Plant 2 (6), 1233–1246. doi: 10.1093/mp/ssp093

 Stitt, M., and Zeeman, S. C. (2012). Starch turnover: pathways, regulation and role in growth. Curr. Opin. Plant Biol. 15 (3), 282–292. doi: 10.1016/j.pbi.2012.03.016

 Streb, S., and Zeeman, S. C. (2012). Starch metabolism in arabidopsis. Arabidopsis Book 10, e0160. doi: 10.1199/tab.0160

 Sulpice, R., Flis, A., Ivakov, A. A., Apelt, F., Krohn, N., Encke, B., et al. (2014). Arabidopsis coordinates the diurnal regulation of carbon allocation and growth across a wide range of photoperiods. Mol. Plant 7 (1), 137–155. doi: 10.1093/mp/sst127

 Szydlowski, N., Ragel, P., Raynaud, S., Lucas, M. M., Roldan, I., Montero, M., et al. (2009). Starch granule initiation in arabidopsis requires the presence of either class IV or class III starch synthases. Plant Cell. 21 (8), 2443–2457. doi: 10.1105/tpc.109.066522

 Thimm, O., Blasing, O., Gibon, Y., Nagel, A., Meyer, S., Kruger, P., et al. (2004). MAPMAN: a user-driven tool to display genomics data sets onto diagrams of metabolic pathways and other biological processes. Plant J. 37 (6), 914–939. doi: 10.1111/j.1365-313X.2004.02016.x

 Vandromme, C., Spriet, C., Dauvillee, D., Courseaux, A., Putaux, J. L., Wychowski, A., et al. (2019). PII1: a protein involved in starch initiation that determines granule number and size in arabidopsis chloroplast. New Phytol. 221 (1), 356–370. doi: 10.1111/nph.15356

 Zeeman, S. C., Thorneycroft, D., Schupp, N., Chapple, A., Weck, M., Dunstan, H., et al. (2004). Plastidial alpha-glucan phosphorylase is not required for starch degradation in arabidopsis leaves but has a role in the tolerance of abiotic stress. Plant Physiol. 135 (2), 849–858. doi: 10.1104/pp.103.032631

 Zhuang, X., and Jiang, L. (2019). Chloroplast degradation: Multiple routes into the vacuole. Front. Plant Sci. 10, 359. doi: 10.3389/fpls.2019.00359



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 Li, Apriyanto, Castellanos, Compart, Muntaha and Fettke. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dpe2/phs1 revealed unique starch metabolism with three distinct phases characterized by different starch granule numbers per chloroplast, allowing insights into the control mechanism of granule number regulation by gene co-regulation and metabolic profiling

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials and growth conditions

          



          		

            Laser confocal scanning microscopy (LCSM)

          



          		

            In situ staining of starch

          



          		

            Starch quantification and morphology analysis by scanning electron microscopy (SEM)

          



          		

            Chain-length distribution analysis of starch and maltodextrin

          



          		

            RNA-seq analysis

          



          		

            qRT-PCR analysis

          



          		

            Metabolite profiling

          



        



        



        		

          Results

        

          		

            Dpe2/phs1 lost the control over starch granule number during growth and the starch granule number per chloroplast fluctuates in three distinguishable periods

          



          		

            In RGN, dp.e2/phs1 revealed heterogeneous starch distribution and impaired growth both in shoot and root

          



          		

            Starch content and granule morphology differs in the three distinguishable periods

          



          		

            Gene expression differed most in young and mature leaves of RGN

          



          		

            Transcript level alterations of most starch metabolism related genes are clustered in the three phases of dpe2/phs1

          



          		

            High expression of genes involved in starch degradation was observed in young leaves of RGN that showed a decreased starch granule number

          



          		

            The observed phenotypical periods of dpe2/phs1 are perpetuated when starch degradation is partially impaired

          



          		

            Basal transcription factors, MAPK signaling, and galactose metabolism were significantly enriched in young leaves in RGN, when the starch granule number is massively reduced

          



          		

            Disintegrated chloroplasts in mature leaves in RGN

          



          		

            Metabolic analysis revealed alterations in general metabolism in the three phases of dpe2/phs1

          



        



        



        		

          Discussion

        

          		

            Starch granule number varied in three periods of dpe2/phs1

          



          		

            Chloroplast stability in dpe2/phs1

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1039534-g004.jpg
PHS1

m

dpe2/phs1/sex4 dpe2/phsi/isa3 dpe2/phs1/sex1-8

Safranin O

3 weeks

4 weeks






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1039534_cover.jpg
& frontiers | Frontiers in Plant Science

Dpe2/phs1 revealed unique
starch metabolism with three
distinct phases characterized
by different starch granule
numbers per chloroplast,
allowing insights into the
control mechanism of
granule number regulation
by gene co-regulation and
metabolic profiling





OEBPS/Images/fpls-13-1039534-g002.jpg
RGN

9 10 11

8

RGN

10 11

9

RGN

5
Growth weeks

Lsyd/zadp

0.2

15

10,

(wo) ybusy J00y

Lsyd/zedp





OEBPS/Images/fpls-13-1039534-g001.jpg
| ~ _H|7 _HI7 ~
N ©
< © © ©
N Lo
< o " ° 1,
<
| < % . .
Lo " | I ®
[ ~ ~ ~
-
- T ° _H1
, , , S —— — — ——TT
$ & & = g &8 8 g ° g 8 8% 8 ° % 8 $ 8 © 838 8§ ¢°
0 (%)sisejdolojyo jo abejuaalad

Chlorophyll

Safranin O

0-10D vo:mm Jold A N poliad Alanoosy
polad JaquinpN a|nueis) paonpay

A

Starch granule number per chloroplast





OEBPS/Images/fpls-13-1039534-g006.jpg
DNA repiication (n=34)
Photosynthesis (n-46)

Mismatch repair (n-24)

'Homologous recombination (n-=34)
AminoacylRNA biosynthesis (n=31)

Lysine biosynthesis (n=11)

Base excision repair (n-23)

Nudleotide excision repair (n-32)

Porphyrin and chlorophyll metabolism (n-27)
Other glycan degradation (n=12)

Plant-pathogen interaction (n-69)

Fally acid biosynthesis (n-22)

Phosphatidylinositol signaling system (n=30)
Inositol phosphate metabolism (n=31)

Endocytosis (n-56)

ABC transporters (n=13)

Carbon fixation in photosynthetic organisms (n-29)
Monobactam biosynthesis (n-8)

Ascorbate and aldarate metabolism (n-20)

Starch and sucrose metabolism (n-53)

Proteasome (n=40)
alpha-Linolenic acid metabolism (n=29)
beta-Alanine metabolism (n=29)
Spliceosome (n=90)

Autophagy - other (n=26)

Phenylpropanoid biosynthesis (
Glutathione metabolism

Fatty acid degradation (

Valine, leucine and isoleucine degradation
Flavonoid biosynthesis (n=13)

Biosynthesis of unsalurated fatty acids (n=15)
Circadian thythm - plant (n=20)

Carbon metabolism (n=110)

Arginine and proline metabolism (n=26)
Ubiquitin medfated proteolysis (n=56)
Peroxisome

Butanoate metabolism (i

Galactose metabolism (i

ANA transport (i

Glucosinolate biosynthesis (i

dM/wM_DOWN

=
=
T 1T 1T 1 711
01 2 3 4 5 6 7
-log10(padj)
dM/wM_UP

g
13

§§§§§§‘§§ .

g

Component 2 (14.7%)

u dYmwy
= dvwM

-4

1wp
2.wy
3.wM
4.wR
5.dP
6.dY
7.dM
8.dR

e

8o
o
o " 0@ W
W wwn
o
7 @
€]
©
T T T T
-10 5 0 5
Component 1(52.2%)
H Col-0
= dpe2
E 150 B dpe2/phst
o
2 100
E
°
€
®
2 50
S
3
3
o






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1039534-g005.jpg
Bubble Plot

Translation
Ribosome biogenesis
Response to salt stress

Response to cadmium ion

Response to cold
Oxidation-reduction process
Photosynthesis

Response to oxidative stress

Response to light stimulus
Protein phosphorylation °
Defense response .

Transcription, DNA-templated )

Regulation of transcription, DNA-templated

Signal transduction

Response to abscisic acid

Response to water deprivation

Response to wounding

Response to jasmonic acid

Embryo development ending in seed dormancy
Microtubule-based movement

DNA repair

6 Double-strand break repair via homologous recombination

Regulation of transcription from RNA polymerase Il promoter

0 2 4

dP dY dR Cluster
— ] sog10 e vaue) NN cor @ @ @ o

10 20 30 40 200 150 100 50

E W @ ® @ Sl ID NAME
Sulfur metabolism il
[o——
scran wss [ 08
JU—

TG0 SATS

TSGR0 SALY

sczren
s o
s o
Es——
dy

aTiGon2) cast

enrichment

c @RS ID NAME

ATIGSS300 TAFT
ATSG25995 -
ATSGa3130 TAFB || 4
ATIGSSTS0 TFB1.1
AT4G30820 - o
AT4GHT20 TAF10
ATSG25150 TAFS .
ATIG03280 -
ATAG20280 TAFN
ATIG02680 TAF13
AT4G20340 -
ATIG54360 TAF6B
ATIGTI00 TAF2
AT4G17020 -
ATAG36650 PBRPT
ATIGI27S0 TAF1
ATIGS140 TAFS
ATIG12400 -
ATIGIT40 TAF1ZB
ATIGO470 -
ATIG04S50 TAFS
ATSG41370 XPB1
ATIGO480 -
ATIGE1420 TFB1-3

_Basal transcription factors |

enrichment

_MM\ I

dy (|

W @R SR ID NAME
AT1G54490 XRN4 2
RS0 s

D ATIGS1040 RTH

Ascoeseo Smza 1
L ATIGI0R40. ASK1
202500 EaF1
ATIGE3T00 YO 4
W AT1G01360  PYLO
2028070 RIET
WeGxB50 SRIGE
T4G0a480 MEKKE
AiGeEM0 ETRY
sozmes0 CYeTIBts
2630250 WKz
BN ATiGee REOMF
W3G1IA10 PPaCA

AT5G56220 SAGHS
) ATiGO1250 WRKYZ2
ATSGA0M0  MKK3
ATAG26060  ABIT
AT2G18170 WPKT
AT2G27050 EILY
ATIGTE260 SRKZC
AT2G40840 ERST
AT5G47910 REOHD
ATSGA4790 RAN1
ATIGI0210 MPK1
ATSGS7050 ABE2
T rovel 202 -
ATIG59560 MPK2
ATSGo6880 SRKZI
AT4GO1026 PYLT
AT1G12280 SUMM2
AT4G11280 ACSS
ATIGT2770. HABT
ATIGT3800 MKK9
AT2G26330 ERECTA
ATAG40010 SRK2F
ATIG45840 MPK3
ATSGO7180 ERL2
ATSG46330 FLS2
AT5G44420 PDF12A
ATAG26070 NKK1
ATIG12500 CHIB

ATIGO7430 AIPY
AT2G38470 WRKY33
1 AT5G44430 PDF12C

. ATSG24770. VSP2

Galactose metabolism

MAPK signaling

enyichment

L0

dP dy

WL st D NAME
AT2G47180 GOLS1 150
aTioT29%0 BOALYT JH1oo
KTsgsaan -
ATIG2270. PEKS

- ATIG0470 GOLS4  f-050

aT36T800 -
aTiGssT40 RFSt
ATsot8200 -

ATaGraTes Gwinvs
TscaTsio pRG
ATiGss600 Golsz
ATic127e0 ot

ATAGI090 UGES
ATIGI2240 BFRUCT4
AT4GI2BA0 PFKG
ATSGI7310 UGP1
ATIGBA440 UGES
B B B ATAG29220 PFKI
L dy ATIGEE310 AGALS

ATEG11720 AGLUT

150

dP





OEBPS/Images/table1.jpg
Genotype Period End of the Day

Col-0 R 36.7 + 4.3

dpe2/phs1 P 47.4+9.0*
Y 77.3 £25°
M 19.9 + 4.8
R 23.4 £ 64°°

End of the Night

23+05°
19.8 £ 4.0°
56.0 + 5.5°
143 £ 36"
18.1 £ 3.0°

Degradation Rate

93.7%
58.2%
27.6%
28.1%
22.6%

Leaves were harvested at the end of the light and dark phase. Mean values + SD are given, letters indicate the statistically significant differences (p < 0.05) according to the one-way ANOVA

with Duncan’s post-hoc test.

P, Prior Period; Y, young leaves of Reduced Granule Number Period; M, mature leaves of Reduced Granule Number Period; R, Recovery Period.





OEBPS/Images/fpls-13-1039534-g003.jpg
nmm
.
o3
%

<,

T ED B 3 @
Po1 U282%)
c D
Cluster 1n=136 Cluster 2 n=135 i =
N i 1 ’E e No. Description
3 . . -o0s 1 Photosythesis
s N 21t B " 5, 2 major CHO metabolism
3 - - N G 3 minor CHO metabolism
3 58w 10
3 ; 3 ! |»-1 5 4 glycolysis
v il ] 5 fermentation
é . Cluster 4 n=133 @ E 7 OPP
s:] . =N @ 0 8 TCA/ org. transformation
I B 2 - — 9 mitochondrial electron transport
S : 7 - 10 cell wall
§ 24 3 L 11 lipid metabolism
ER 8 B4 15 metal handling
X o . "
w - 23 nucleotide metabolism
. Cluster5n=106 9 - 26 misc
- N 29 protein
o . E 30 signalling
- 2 11 33 development
s H C 34 transport
2 2 35 not assigned

)
P YMRUPYMR P Y MRPY MR P YMURPTYM®R P Y MPRTPYMR P Y MURTPJY MR

LDA(PUT)  —— BAMG —— WD GVD3] BT e AWV e POWG
1882 —— BaMg-=- LSF2 / = BAWA - AMY2 - PGM2
PoMLT —— oFEl

— ATiGGTI00 = WEXT
= Atgosoz ~+ POeT
—— soB1






