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Integrated transcriptomic and
proteomic analysis of exogenous
abscisic acid regulation on
tuberous root development in
Pseudostellaria heterophylla

Chongmin Wang, Jiaotong Yang, Qi Pan, Panpan Zhu* and
Jun Li*

Guizhou University of Traditional Chinese Medicine, Guiyang, China

Abscisic acid (ABA) significantly regulates plant growth and development,
promoting tuberous root formation in various plants. However, the molecular
mechanisms of ABA in the tuberous root development of Pseudostellaria
heterophylla are not yet fully understood. This study utilized Illumina sequencing
and de novo assembly strategies to obtain a reference transcriptome associated
with ABA treatment. Subsequently, integrated transcriptomic and proteomic
analyses were used to determine gene expression profiles in P. heterophylla
tuberous roots. ABA treatment significantly increases the diameter and shortens
the length of tuberous roots. Clustering analysis identified 2,256 differentially
expressed genes and 679 differentially abundant proteins regulated by ABA.
Gene co-expression and protein interaction networks revealed ABA positively
induced 30 vital regulators. Furthermore, we identified and assigned putative
functions to transcription factors (PhMYB10, PhbZIP2, PhbZIP, PhSBP) that
mediate ABA signaling involved in the regulation of tuberous root development,
including those related to cell wall metabolism, cell division, starch synthesis,
hormone metabolism. Our findings provide valuable insights into the complex
signaling networks of tuberous root development modulated by ABA. It provided
potential targets for genetic manipulation to improve the yield and quality of
P. heterophylla, which could significantly impact its cultivation and medicinal
value.

KEYWORDS

abscisic acid, multi-omics analysis, root morphogenesis, gene regulatory networks,
biochemical pathways

1 Introduction

Pseudostellaria heterophylla (Miq.) Pax ex Pax et Hoffm is a plant of the Caryophyllaceae
family, and its dried tuberous root is an important medicinal material in traditional Chinese
medicine, known as tai-zi-shen or hai-er-shen in Chinese. Studies have found that the tuberous
root of P. heterophylla contains rich medicinal active ingredients such as polysaccharides (1),
cyclic peptides (2), and saponins (3). In clinical practice, P. heterophylla is a commonly used
traditional Chinese medicinal herb known for its efficacy in invigorating the spleen,
replenishing qi, moistening the lung and benefiting blood (4). Research has shown that the
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contents of secondary metabolites in the roots are significantly
associated with the species (5). Different types of cortex and xylem
cells lead to variations in the distribution of secondary metabolites (6).
Therefore, enhancing its medicinal properties by investigating the
regulatory mechanisms of P. heterophylla tuberous root development
is crucial.

Abscisic acid (ABA) is a 15-carbon sesquiterpene molecule
identified in the 1960s and an essential regulatory factor in developing
tuberous roots (7). In the process of plant tuberous root development,
ABA is involved in regulating various physiological processes,
including cell division and elongation (8), cell proliferation (9), tissue
differentiation (10), root elongation (11), and nutrient accumulation
(12-14). The growth, development and accumulation of secondary
metabolites in numerous medicinal plants have now been linked to
the regulation of ABA, such as perilla (15), ginseng (16), and
rehmannia (17). The development of the tuberous root was affected
by cell proliferation in both horizontal and vertical directions, which
is directly related to the synthesis and transportation of hormones in
the tuberous root. Therefore, understanding the regulation of ABA is
critical to analyzing the formation of the tuberous root morphology
of P heterophylla. However, the role of ABA in P. heterophylla tuberous
root regulation is still unknown.

The root developmental processes and architecture are accurately
controlled by several genetic regulatory factors, including plant
hormones, transcription factors (TFs), and peptides (18-20). TFs, a
vital category of regulators for root characters, have gained prominent
attention and have been extensively identified in various plant species
(21, 22). In addition to participating in stress response, ABA is
intricately linked to numerous metabolic and cellular biological
processes (23). ABA mediates its signal pathway through a dual
negative regulatory system. PP2C inhibits the activity of the positive
ABA regulator SnRK2, and ABA recognizes PP2C through the
receptor, releasing SnRK2 from the inhibited state of PP2C (24). The
active SnRK2 kinase phosphorylates and regulates the TF targets
involved in the ABA response, thereby initiating the transcription of
ABA-responsive genes (25). ABI5 and ABFs are members of the basic
leucine zipper (bZIP) family of TFs and play significant roles in the
ABA signaling pathway (26-28). With the deepening of research,
more and more TFs are involved in response to ABA signals (29), such
as MYB (30, 31), bZIP (32, 33), and SBP (34). However, the research
on the transcriptional regulatory mechanisms involved in developing
P, heterophylla tuberous root is poorly understood. Investigating and
clarifying the ABA-mediated tuberous root development would
be highly beneficial for the future genetic improvement of
P, heterophylla.

Integrating multi-omics technologies has become a powerful tool
for revealing the regulatory network of plant development (35).
Previous studies have utilized multi-omics technologies, including
transcriptomics, proteomics, and metabolomics, to uncover the
dynamic changes and stage-specific variability in gene and protein
expression during the development of cassava tubers (36). An
integrative multi-omics analysis was used in sweet potatoes to screen
the related regulatory pathways of the genes/proteins essential in
developing the tuberous roots (37). High-throughput sequencing can
reveal dynamic gene expression changes, while proteomics explores
protein interaction networks in-depth. Our study integrates
transcriptome and proteome analysis to elucidate how ABA influences
P, heterophylla tuberous root development. By analyzing the critical
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TFs of differently expressed genes (DEGs), characterization of
downstream targets, and exploration of synergistic regulatory
mechanisms, aiming to improve agricultural productivity and
medicinal applications of P. heterophylla. This research deepens our
understanding of the molecular mechanisms involved and offers new
insights for enhancing the medicinal qualities of P. heterophylla,
cultivation and  medicinal

significantly ~ impacting its

value enhancement.

2 Materials and methods
2.1 Plant cultivation and treatment

P. heterophylla seeds were sown in soil under low temperatures
(10°C) for 45 days. Then, uniformly growing plants were transplanted
into artificially prepared nutrient soil (humus: vermiculite:
perlite=3:1:1) for pot cultivation. Then, the plants were treated with
water, no hormones added (CK, control group), 15mg/L ABA, and
2g/L sodium tungstate (NaW) (38). Each group was replicated thrice,
and weekly irrigation was done with 200 mL solutions with or without
reagent. Samples were collected 60days after treatment, and
physiological indicators such as the diameter and length of the
tuberous roots were measured and analyzed.

2.2 Sample preparation and microscopy

The tuberous roots of P. heterophylla were divided into head,
middle, and tail sections and fixed in FAA solution (70% ethanol,
formaldehyde, acetic acid=16,1,1) at 4°C for 24h. After fixation,
samples were dehydrated through an ethanol series, cleared with
xylene, and infiltrated with paraffin. Paraffin-embedded samples were
sectioned longitudinally at 5-10pm using a LEICA RM2016
microtome, fixed on slides, and dried overnight at 37°C. Sections were
deparaffinized, stained with safranin and fast green. Then, it is
dehydrated, cleared, and mounted with neutral gum. Microscopic
examination was performed using an optical microscope (Nikon
ECLIPSE), with lignified cell walls and nuclei appearing red and other
structures appearing green.

The morphological structure was observed using CaseViewer
software. Five regions, including periderm (P), secondary phloem
(SP), vascular cambium (VC), secondary xylem (SX), and primary
xylem (PX), were photographed. The width of each region was
recorded, and the number of cell layers, the longitudinal and
transverse width of the cells on the line, and the number and diameter
of starch granules within the cells on the line were counted.

2.3 RNA-seq analysis

Total RNA was extracted from tuberous root tissue using TRIzol®
Reagent (Plant RNA Purification Reagent for plant tissue) according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA,
United States), and genomic DNA was removed using DNase I (Takara
Bio, Shiga, Japan). Then, the integrity and purity of the total RNA were
assessed using a 2,100 Bioanalyser (Agilent Technologies, Inc.,
SantaClara, CA, United States) and quantified with the ND-2000
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(NanoDrop Thermo Scientific, Wilmington, DE, United States). Only
high-quality RNA samples (OD260/280=1.8-2.2, 0D260/230 > 2.0,
RIN >8.0, 28S:18S >1.0, >1 pg) were used for library construction.

The construction of the cDNA library and RNAseq was performed
by Shanghai Majorbio Bio-Isarm Technology Co., Ltd. (Shanghai,
China). First, mRNA was purified from 12 pg of total RNA from three
groups (CK, ABA, NaW) using Oligo(dT) magnetic beads, respectively.
The first-strand cDNA was formed via reverse transcription using
reverse transcriptase and random hexamer primer using mRNA as a
template. These cDNA fragments were ligated with the Illumina
paired-end sequencing adaptors. Finally, these libraries were sequenced
on a paired-end flow cell using the Illumina Novaseq 6,000 platform.

For de novo assembly and annotation, raw paired-end reads were
trimmed and quality controlled using SeqPrep' and Sickle.> Clean data
were assembled with Trinity, and the assembled transcripts were
searched against the National Center for Biotechnology Information
(NCBI) protein nonredundant (NR), COG, and KEGG databases
using BLASTX to retrieve functional annotations, with a cut-off
E-value of less than le-5. GO annotations were obtained using
BLAST2GO, and metabolic pathway analysis was performed with
KEGG. Differential expression analysis was done using DESeq2, with
a Q value <0.01. Genes with |log,FC|>2 and a Q value <0.01
(DESeq2) were considered significantly (DEGs). Functional
enrichment analysis for GO and KEGG pathways was performed
using Goatools and KOBAS, with a Bonferroni-corrected p-value
<0.05, to identify significantly enriched DEGs compared to the whole
transcriptome background.

2.4 Proteome analysis

Total proteins were extracted from the tuberous roots of
P, heterophylla using urea lysis buffer and protease inhibitors. Then,
the samples were oscillated three times in a high-throughput tissue
grinder for 40, lysed on ice for 30 min, and vortexed for 5-10s every
5min. The supernatant was collected after centrifugation at 12000g
for 30min at 4°C. Protein concentration was determined using a
bicinchoninic acid (BCA) protein assay kit (Thermo, United States).
The absorbance was read at 562 nm.

The samples were fractionated using high pH reverse phase
separation to increase protein depth. The peptide samples were
re-dissolved with UPLC loading buffer [2% acetonitrile (ammonia to
pH 10)] and high pH liquid phase separation was performed using a
reverse phase C18 column ACQUITY UPLC BEH C18 Column 1.7 pm,
2.1mmx 150 mm (Waters, United States). The peptides were separated
by an elution gradient (phase A: 2% acetonitrile, pH 10; phase B: 80%
acetonitrile, pH 10) at a 200 uL/min flow rate over 48 min. Then,
two-dimensional analysis was performed by liquid chromatography-
tandem mass spectrometry (Evosep One with Orbitrap Exploris 480
mass spectrometer) according to the standard protocol of Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). Finally, the RAW
data files were analyzed using Proteome Discoverer (Thermo Scientific,
version 2.4) and compared with the NCBI and UniProt databases. The

1 https://github.com/jstjohn/SeqPrep

2 https://github.com/najoshi/sickle
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precursor mass tolerance was set to 20 ppm, and the fragment mass
tolerance was set to 0.02 Da. The false discovery rate (FDR) for peptide
identification was <0.01. Protein identification was supported by at least
one unique peptide identification.

The data were analyzed through the free online majorbio cloud
platform (cloud.majorbio.com). The thresholds of fold change
(up-regulation >1.2 and down-regulation <0.83) and p-value <0.05
were used to identify differentially abundant proteins (DAPs).
Annotation of all identified proteins was performed using GO* and
KEGG pathway.! DAPs were further used for GO and KEGG
enrichment analysis.

2.5 Clustering analysis of the DEGs and
DAPs

The Mfuzz method was applied for clustering analysis on the
expression of DEGs, DAPs, and all TFs across various continuous
samples. To delve deeper into the biological processes associated with
the proteins in each cluster, KEGG function and GO pathway
enrichment analyses are conducted for the DEGs and DAPs within
each cluster, respectively.

2.6 Gene co-expression and protein
interaction network analysis

The Pearson Correlation Coefficient (PCC) was used to assess
DEGS linear correlation. A threshold of 0.95 is selected to identify
gene pairs with statistically significant co-expression relationships to
construct the gene co-expression network. The STRING database
(version 10.5) is employed to construct protein—protein interaction
(PPI) networks for various DAPs. The networks are visualized with
Cytoscape (v 3.8.2).

2.7 Statistical analysis

Statistical analysis and graphing were performed using SPSS v.26.0
and GraphPad Prism v.9.0. A significant difference was declared at the
p <0.05 probability level. Three biological replications were
maintained throughout the experiment.

3 Results
3.1 Changes in tuberous root structure

To investigate the effects of exogenous ABA and its biosynthesis
inhibitor NaW on tuberous root development in P. heterophylia,
we characterized the morphology and longitudinal section
microstructure of tuberous roots (Figure 1 A). The results showed that
ABA treatment significantly increases the diameter and shortens the

3 http://geneontology.org

4 http://www.genome.jp/kegg/
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length of tuberous roots (Figure 1B). Subsequently, we examined the
changes in the microstructure of P. heterophylla tuberous roots in the
expansion zone. After the exogenous application of ABA and NaW,
the number and size of starch granules, the transverse width of cells,
and the longitudinal width of cells changed significantly (Figure 1C;
Supplementary Table S1). Particularly, the number of starch granules
in the PX and SX regions significantly increased under ABA treatment
but significantly decreased under NaW treatment, consistent with
changes in longitudinal cell expansion in the same areas, suggesting
that starch accumulation may be associated with longitudinal cell
expansion and is significantly regulated by ABA. Additionally,
exogenous ABA increased the width and cell layer number in the PX
region while considerably reducing the transverse width of cells,
implying that ABA may regulate the radial development of
P. heterophylla tuberous roots by enhancing the transverse division
ability of cells, thereby promoting tuber swelling.

10.3389/fnut.2024.1417526

3.2 Transcriptomic analysis overview

Nine cDNA libraries were constructed, and 55.16, 52.73, and 50.59
million raw sequence reads were generated from the CK, ABA, and
NaW libraries. After removing low-quality reads and adaptor sequences,
54.51, 52.14, and 50.08 million clean reads with 91.23-91.66% Q30
bases and 44.10-43.60% GC content were obtained, and the clean data
of each sample is above 7.31 G (Supplementary Table S2). The resulting
P, heterophylla transcriptome contained 159,771 transcripts (ranging
from 500 to 4,500bp) and 78,142 unigenes (Supplementary Table S3;
Supplementary Figure S1). All unigenes were annotated using Basic
Local Alignment Search Tool (BLAST) searches against the following
five databases: NCBI NR database (33,904; 43.39% of all identified
unigenes), SwissProt (26,120; 33.43%), Protein Families database (Pfam;
24,314; 31.12%), Gene Ontology database (GO; 19,182; 24.55%), and
Kyoto Encyclopedia of Genes and Genomes pathway database (KEGG;
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FIGURE 1
Changes in appearance and morphology of Pseudostellaria heterophylla tuberous roots after exogenous ABA treatment. (A) Morphology and
longitudinal section microstructure of P. heterophylla tuberous roots. (B) Statistical analysis of P. heterophylla tuberous root length and diameter [in
comparison to the CK group, *indicates significant differences (p <0.05), **indicates significant differences (p <0.01)]. (C) Changes in the
microstructure of expansion zone in P. heterophylla tuberous roots.
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15,2425 19.51%), and COG (7,125; 9.12%; Supplementary Figure S2).
The NR database provided the most significant number of annotations,
and 100,329 unigenes corresponded with sequences from at least one of
the public databases, and 3,147 unigenes were annotated to all databases.
Among these unigenes, 7,711 were identified as DEGs, including 3,440
(2,274 up- and 1,166 downregulated), 5,729 (3,822 up- and 1907
downregulated), 3,400 (1,237 up- and 2,163 downregulated) and 641
co-expressed in CK_ABA, CK_ NaW and NaW_ABA groups,
respectively (Table 1; Supplementary Table 54), which are presented in
a volcano plot (Supplementary Figure S3A). These results indicate that
a high-quality P. heterophylla transcriptome dataset has been obtained
through de novo assembly.

3.3 Quantitative proteome analysis

In total, 1,075,816 spectra, 249,880 identified spectra, 54,101
peptides, and 8,523 proteins were determined via proteomic analysis
(Supplementary Table S3). Regarding protein mass distribution,
proteins with molecular weights greater than 1kDa had a wide range
and good coverage, with a maximum distribution area of 1-61kDa.
Peptide quantitative analysis of the proteins showed that protein
quantity  decreased with increased matching peptides
(Supplementary Figure S4). Among these 8,523 proteins, 1,384 were
identified as DAPs, including 486 (240 up- and 246 downregulated),
801 (429 up- and 372 down-regulated), 917 (455 up- and 462 down-
regulated), and 84 co-expressed proteins in the CK_ABA, CK_NaW,
NaW_ABA (Table 1;
Supplementary Table S5), which are presented in a volcano plot

and groups, respectively
(Supplementary Figure S3B). This comprehensive proteomic data
enhances our understanding of gene expression outcomes and
biological  function  execution,

indicating  high-quality

data acquisition.

3.4 Association analysis of DEGs and DAPs

The proteome and transcriptome data integration showed that
74, 115 and 126 DAPs were matched with their DEGs. Among

10.3389/fnut.2024.1417526

these, 32 (16 up- and 16 downregulated), 82 (51 up- and 31
downregulated) and 78 DAPs (29 up- and 49 downregulated)
showed the same tendency as DEGs in the CK_ABA, CK_NaW and
NaW_ABA groups, respectively, with 42, 33, and 48 showing the
opposite tendency as DEGs (Table 1; Supplementary Tables S6, 57).
Pearson’s correlation tests revealed positive and negative
correlations between fold changes in DAPs and DEGs, most
prominently in the CK_ABA comparison (Rho=-0.1335,
p<0.0001). Correlations were weaker in CK_NaW and NaW_ABA
(Figure 2A). They suggested that under certain conditions, changes
in protein levels may not be entirely determined by changes in
mRNA levels.

Furthermore, the functional annotation for both up-and down-
regulated DEGs/DAPs in the CK_ABA, CK_NaW, and NaW_ABA
groups are set to investigate using KEGG enrichment analysis
(Supplementary Tables S8, S9) and GO enrichment analysis
(Supplementary Tables S10, S11). The results indicated that many
cell wall-, starch-, and plant hormone-related KEGG pathways that
were significantly enriched in DEGs and DAPs, including

» .

“Phenylpropanoid biosynthesis,” “Starch and sucrose metabolism,”

“Glycolysis/Gluconeogenesis,” “alpha-Linolenic acid metabolism,”

» <«

“Linoleic acid metabolism,” “Carotenoid biosynthesis,” and “Plant
hormone signal transduction” Specifically, the enrichment of
“Phenylpropanoid biosynthesis” in DEGs was primarily influenced
by down-regulated DEGs in the CK_NaW group, along with some
up-regulated DEGs in the CK_NaW and NaW_ABA groups. In
contrast, for DAPs, the enrichment was mainly driven by the
downregulated DAPs in the CK_ABA group, followed by the
downregulated DAPs in the CK_NaW and NaW_ABA groups. This
differential enrichment highlights the distinct regulatory
mechanisms affecting gene expression and protein abundance in
response to different treatments (Figure 2B). Interestingly, in the
results of the enrichment analysis of GO terms, a large number of
downregulated DAPs in the CK_ABA group were enriched in
“stress response” and “response to stimulus”
(Supplementary Figure S5). In summary, the analysis suggests a
complex relationship between DEGs and DAPs, which may
be influenced by potentially involving additional regulatory

mechanisms beyond transcriptional control.

TABLE 1 Summary of transcripts and proteins detected from RNA and TMT sequence data.

Transcriptome Proteome
CK_ABA CK_NaW  NaW_ABA CK_ABA CK_NaW = NaW_ABA
Unique proteins/genes detected 78,142 78,142 78,142 8,523 8,523 8,523
Significantly DEGs/DAPs 3,440 5,729 3,400 486 801 917
Up-regulated 2,274 3,822 1,237 240 429 455
Down-regulated 1,166 1907 2,163 246 372 462
Shared DEGs/DAPs 641 641 641 84 84 84
Shared DEGs/DAPs (up-regulated) 309 424 232 38 29 50
Shared DEGs/DAPs (downregulated) 332 217 409 46 55 34
Co-regulated DEGs-DAPs 74 115 126 74 115 126
Co-regulated DEGs-DAPs with the same trends 32 82 78 32 82 78
Co-regulated DEGs-DAPs with the opposite trends 42 33 48 42 33 48
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3.5 Mining of target functional clusters of
ABA-specific regulation

To further explore the regulatory mechanisms by ABA, we utilized
Fuzzy C-Means clustering to elucidate the underlying patterns within
our identified DEGs and DAPs. Eight distinct clusters for DEGs
GI1-G8) and DAPs P1-PS§;
Supplementary Tables S12, S13). Cluster analysis revealed two major
DEG and DAP groups: G5 (730), G7 (935), P4 (209), and P5 (207)
were up-regulated, and G1 (591), P1 (153), and P8 (110) were down-
regulated in response to ABA (Figure 3). The DEG clusters were

(designated (designated

analyzed using KEGG enrichment, and GO enrichment analysis was
performed for DAP clusters. The results demonstrated that G1 was
enriched in glycolysis gluconeogenesis, galactose metabolism, starch
and sucrose metabolism. In contrast, G5 was enriched in alpha-
linolenic acid metabolism, linoleic acid metabolism, ABC transporters,
and selenocompound metabolism (Figure 3A;
Supplementary Table S14). P1 was enriched in extracellular region,
apoplast, alpha-galactosidase activity, and raffinose alpha-
galactosidase activity, whereas P5 was enriched in sucrose synthase
activity, S-adenosylmethionine biosynthetic process, MCM complex,
methionine adenosyltransferase activity, lipid biosynthetic process,
alcohol biosynthetic process, sucrose metabolic process, and DNA
replication initiation; P4 was enriched in phenylalanine, tyrosine and
tryptophan biosynthesis, whereas P8 was enriched in phenylpropanoid
biosynthesis, taurine and hypotaurine metabolism, and arachidonic
acid metabolism (Figure 3B; Supplementary Table S15). These findings
suggest ABA exerts coordinated regulation of gene expression and
protein abundance, specifically influencing pathways related to the cell
(map00940/map00941/map02010), (map00500/

map00010), and plant hormone (map00592/map00591) processes.

wall starch
Elucidating the precise mechanisms by which these clusters contribute
to ABA-regulated processes will provide valuable insights into the
molecular underpinnings of P. heterophylla tuberous root development.

3.6 Expressional regulation of DEGs and
DAPs involved in tuberous root
development

A total of 242 DEGs were identified across three critical pathways:
cell wall formation, starch metabolism, and plant hormone signaling/
516). ABA
significantly up-regulates the expression of several genes, including
PhAAO3, involved in ABA biosynthesis; PAGA20X1/3 involved in
gibberellin biosynthesis, PALOX1/2/3/5/7 involved in jasmonic acid
biosynthesis, PhIAAI involved in auxin signal transduction, and
PhCCoAOMT, PhPRX17, PhABC-transporter4/6/11/15, PhHCT4,
PhCCR involved in secondary cell wall formation. Conversely, ABA

biosynthesis (Supplementary Table

Specifically,

significantly down-regulates the expression of some genes, including
PhPEI involved in primary cell wall formation, PhSusyl/3/4,
PhHK1/2/5/6, PhADPGase involved in starch synthesis, PhXTH1/7
involved in cell wall expansion, PhPYL4, PhABF3 involved in ABA
signal transduction, PhFLS1, PhABC-transporter3, PhHCT6 involved
in secondary cell wall biosynthesis, PhiTGA1 involved in salicylic acid
signal transduction, and PhBRII-2 involved in brassinosteroid signal
transduction, PhACO3 involved in ethylene biosynthesis (Figure 4A).
The ABA-specific up-regulation or down-regulation genes possibly act
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as a regulatory mechanism for balancing growth and tuberous root
development in P. heterophylla.

There were 39 DEG-DAPs related to cell wall formation, starch
metabolism, and plant hormone signaling/biosynthesis was
identified (Figure 4B; Supplementary Figures S6-58). Lignin
synthesis involves a series of enzymes, among which peroxidases
(PRX) play a catalytic role in the polymerization of lignin monomers
(39). In this study, PhPRX5 showed down-regulated expression at
the transcriptional and protein levels in the CK_vs_NaW group.
Pectinase (PE), catalyzing the hydrolysis of pectin, contributes to the
remodeling of the cell wall, enabling plants to undergo new growth
and transformations (40). PhPE showed up-regulated expression at
both the transcriptional and protein levels in the ABA_vs_NaW
group. The xyloglucan endotransglucosylase/hydrolase (XET/XEH,
also named XTH) family is a multigene family, the function of which
plays a significant role in cell-wall rebuilding and stress tolerance in
plants (41). PhXTH1 showed down-regulated expression at both the
transcriptional and protein levels in the ABA_vs_NaW group.
Sucrose synthase (Susy) can catalyze the reversible cleavage of
sucrose into fructose and uridine diphosphate glucose (UDP-G),
thereby providing precursor molecules for starch synthesis (42).
PhSusy3
transcriptional and protein levels in the CK_vs_ABA group. In our

showed down-regulated expression at both the

research, jasmonic acid may be one of the essential hormones
involved in regulating P. heterophylla tuberous root development by
ABA. PhAOCI showed down-regulated expression at the
transcriptional and protein levels in the CK_vs_NaW group.
PhLOX3 showed up-regulated expression in the transcriptional and
protein levels in the ABA_vs_NaW group (Table 2). These DEG or
DAPs may play a crucial role in ABA’s regulation of P. heterophylla
tuberous root development.

3.7 Analysis of ABA-regulated potential TFs
affecting tuberous root development

Transcriptomic analysis of ABA-treated P. heterophylla tuberous
roots identified 1,087 TFs spanning 38 families. Utilizing the fuzzy
c-means clustering algorithm of Mfuzz, these TFs were categorized
into 8 clusters (Figure 5A; Supplementary Table S17). The expression
patterns of TFs within Cluster 2 and Cluster 4 align with those of the
structural genes in DEG clusters G5 and G7, exhibiting a contrasting
trend to the expression pattern observed in G1. Within these two
clusters, we identified 55 significantly differentially expressed TFs,
which we designated core TFs (Supplementary Table S18).
Additionally, we predicted 27 TF proteins in the proteomic data, 7 of
which showed differential expression (Supplementary Table S19).
Using a heatmap, we further visualized the expression patterns of
these 55 differentially expressed TF genes and 7 differentially
expressed TF proteins under ABA treatment (Figure 5B).
Co-expressed genes may have similar functions in biological processes
or participate in the same biological pathways. Notably, in our results,
PhMYB4, PhMYB5, PhMYB6, PhMYBY, PhMYBIO, PhbHLH3,
PhbHLH4, PhTCP1, PhTCP2, PhWRKY1, PhWRKY2, PhGRF,
PhbZIP2, PhCAMTA, and PhAP2/ERF5 show extremely similar
expression patterns to pathway structure DEGs. Furthermore,
we found that ABA up-regulated two TF DAPs (PhbZIP, PhSBP) at
the protein level.
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FIGURE 3
Cluster analysis of DEGs/DAPs and its functional enrichment. (A) Cluster analysis of DEG expression trend and its KEGG enrichment. (B) Cluster analysis
of DAP expression trend and its GO enrichment.

We calculated the co-expression relationships of all screened
pathway structure genes and TFs at the mRNA level. To determine
the significance of these relationships, we set a threshold (abs corr
>0.95 and p-value <0.05). We presented the results of these
significant correlations as a network diagram (Figure 6;
Supplementary Table 520). In this network diagram, the nodes
represent genes or TFs, and the edges represent their correlations.
Co-expression network analysis has revealed an important
transcriptional regulatory network. In this network, PAMYBI10 and
PhbZIP2 interact to positively regulate PhABC-transporter7,
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PhIAAI, PhAAO3, PhB-ARRI, and PhAOS1, and negatively regulate
PhSusy3 and PhXTHI.

3.8 ldentification of regulatory network
mediating ABA regulation of tuberous root
development

At the protein level, we conducted protein interaction prediction
studies on the DAPs in clusters P4/P8 (Supplementary Table 521) and
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clusters P1/P5 (Supplementary Table S22). We have constructed a
network diagram for the proteins with the highest interaction
rankings (Figure 7; Supplementary Table 523). The results show that
the ABA-specifically up-regulated TF PhbZIP interacts with
ABA-specifically downregulated pathway structural proteins
(PhAAO3, PhCHS, PhCCoAOMT, PhCAD?2, PhSusy3, PhXTHI,
PhPRX2, PhPRX14), as well as with ABA-specifically up-regulated
proteins (PhLOX3, PhLOX4, PhSAM1, PhSAM2, PhSAM3, PhPAL,
PhSusyl, PhSusy2, PhSusy5, PhSusy6, PhPE, PhXTH3). Additionally,
the ABA-upregulated TF PhSBP interacts with ABA-upregulated
pathway structural proteins (PhCDCI1, PhCDC2, PhSusy7, PhSSI1,
PhSSI2, PhADPGasel, PhADPGase2) and with ABA-downregulated
pathway structural proteins (PhLOX5, PhSusy4, PhFK, PhPRX3,
PhPRX4, PhPRX6, PhPRX10, PhPRX12, PhPRX13, PhCADI,
PhCS). In particular, proteins positively regulated by PhbZIP and
PhSBP are crucial in developing tuberous roots in P. heterophylla.
These proteins are vital to an ABA-regulated network, influencing cell
wall composition, starch synthesis, hormone signaling, and cell
division processes.

4 Discussion

The phytohormone ABA is a critical factor that can balance
endogenous plant hormones and regulate plant growth and
metabolism (7). Previous studies have shown that ABA can promote
primary root growth by accelerating root cell division, increasing the
size and number of meristem cells, and promoting cell wall
alkalinization and elongation (8). Similar results were found in this
study, which reduced cell division and promoted expansion, as well
as starch granule accumulation, leading to an increase in the diameter
and a decrease in the length of P. heterophylla tuberous roots.
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The tuberous root development is a complex and delicate process
involving the expression and regulation of various enzymes and
genes. ABA and GA, as antagonistic hormones, play an essential role
in regulating the root development (43). Increasing accumulation of
TAA and ABA and reduction in GA promote Chinese cabbage
swollen root formation (43). Overexpression of the gibberellin
degradation gene StGA20xI in potatoes promotes tuberization, and
silencing StGA2o0x1 delayed tuberization (44). These results indicated
that gibberellin played a negative regulatory role in tuberization. In
this study, ABA treatment up-regulated the ABA biosynthesis gene
PhAAO3 and gibberellin degradation gene PhGA20X1/3, promoting
tuberous roots’ development. This finding is consistent with previous
study results, emphasizing the importance of maintaining a balance
between ABA and GA during the development of plant tuberous
roots (43, 45, 46).

Additionally, ABA may play a role in regulating the response of
P, heterophylla to stress and defense mechanisms by up-regulating the
biosynthesis genes of jasmonic acid (PhLOX1/2/3/5/7), thereby
affecting the growth of tuberous roots and the accumulation of
secondary metabolites in P. heterophylla (47, 48). ABA often promotes
root growth by increasing the action of auxin. By up-regulating
PhIAA]I involved in auxin signaling, ABA may enhance the role of this
auxin in developing the tuberous roots of P. heterophylla (49). The
regulation of ABA on the formation of secondary cell walls
(PhCCoAOMT, PhPRX17, PhABC-transporter3/4/6/11/15, PhnHCT4/6,
PhCCR, PhFLSI), the relaxation/expansion of primary cell walls
(PhPEI, PhXTHI1/7), and starch metabolism (PhSusyl/3/4,
PhHK1/2/5/6, PhADPGase) reveal the critical role of ABA in
regulating cell expansion and starch accumulation of tuberous root.
Further research found that ABA explicitly regulated four candidate
proteins (PhPE, PhXTH1, PhSusy3, and PhLOX3) at transcription and
protein levels. The current study suggests that these 4 candidate
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TABLE 2 DEG-DAPs expression correlation information of pathway structure genes.

Gene_id(name) Protein_id(name) pathway  DEG_cluster DAP_cluster Expression correlation
TRINITY_DN18158_ TRINITY_DN18158_c2_g2_ cell wall G6 P8 -

c2_g2(PhCAD3) i7_m.423581(PhCAD1)

TRINITY_DN16285_ TRINITY_DN16285_cl_gl_ cell wall G8 P5 —

cl_gl(PhPAL2) i2_m.19561(PhPAL)

TRINITY_DN10247_ TRINITY_DN10247_c2_g2_ cell wall G7 P3 CK_vs_ABA_DEG up DAP down
c2_g2(PhPRX1) i1_m.94858(PhPRX1)

TRINITY_DN10247_ TRINITY_DN10247_c2_g6_ cell wall G7 P1 _

c2_g6(PhPRX2) i2_m.94881(PhPRX2)

TRINITY_DN10367_ TRINITY_DN10367_c6_g2_ cell wall G7 P8 CK_vs_ABA_DEG up DAP down
c6_g2(PhPRX3) i2_m.429931(PhPRX3)

TRINITY_DN10367_ TRINITY_DN10367_c7_g6_ cell wall G5 P8 ABA_vs_NaW_DEG up DAP down
c7_g6(PhPRX4) il_m.429944(PhPRX4)

TRINITY_DN10453_ TRINITY_DN10453_cl1_gl_ cell wall G5 P3 CK_vs_NaW_DEG down DAP down
cl_gl(PhPRX5) il_m.1623(PhPRX5)

TRINITY_DN10551_ TRINITY_DN10551_c3_g2_ cell wall G6 P8 —_

c3_g2(PhPRX7) i3_m.176623(PhPRX6)

TRINITY_DN10572_ TRINITY_DN10572_c0_gl_ cell wall G4 P2 CK_vs_NaW_DEG up DAP up
c0_g1(PhPRX8) il_m.175326(PhPRX7)

TRINITY_DN10572_ TRINITY_DN10572_c2_gl_ cell wall G4 P6 CK_vs_NaW_DEG up DAP down
c2_gl(PhPRX10) i2_m.175334(PhPRXS)

TRINITY_DN11441_ TRINITY_DN11441_c0_g4_ cell wall G4 P6 CK_vs_NaW_DEG up DAP down
c0_g4(PhPRX13) i1_m.207802(PhPRX9)

TRINITY_DN11537_ TRINITY_DN11537_c0_g5_ cell wall G2 P8 ABA_vs_NaW_DEG down DAP down,
c0_g5(PhPRX14) i1_m.136318(PhPRX10) CK_vs_ABA_DEG up DAP down
TRINITY_DN11754_ TRINITY_DN11754_cl_gl_ cell wall G6 P3 CK_vs_NaW_DEG down DAP down
cl_gl(PhPRX15) i2_m.287462(PhPRX11)

TRINITY_DN17798_ TRINITY_DN17798_c0_gl_ cell wall G3 P8 CK_vs_ABA__DEG down DAP down
c0_g1(PhPRX23) i3_m.459779(PhPRX12)

TRINITY_DN18092_ TRINITY_DN18092_c1_gl_ cell wall G3 P8 CK_vs_NaW_DEG down DAP down
c1_gl1(PhPRX24) i3_m.24007(PhPRX13)

TRINITY_DN15089_ TRINITY_DN15089_c2_g4_ cell wall G7 P1 ABA_vs_NaW_DEG up DAP down
2_g4(PhCHS4) il_m.108148(PhCHS)

TRINITY_DN16221_ TRINITY_DN16221_c0_gl_ cell wall Gl P7 ABA_vs_NaW_DEG down DAP down,
c0_g1(PhFLSI) i1_m.19878(PhFLS) CK_vs_ABA_DEG down DAP up
TRINITY_DN15182_ TRINITY_DN15182_c3_g2_ cell wall G5 P5 ABA_vs_NaW_DEG up DAP up
3_g2(PhPE2) il_m.276189(PhPE)

TRINITY_DN15700_ TRINITY_DN15700_c4_gl_ cell wall Gl P1 ABA_vs_NaW_DEG down DAP down
c4_gl(PhXTH?7) il_m.69573(PhXTH1)

TRINITY_DN18842_ TRINITY_DN18842_c4_gl_ cell wall G4 P7 CK_vs_NaW_DEG up DAP up, ABA_vs_
c4_g1(PhXTHI10) i2_m.311198(PhXTH?2) NaW_DEG down DAP down
TRINITY_DN13969_ TRINITY_DN13969_c2_g2_ cell wall G5 P8 ABA_vs_NaW_DEG up DAP down
2_g2(PhCS4) il_m.386260(PhCS)

TRINITY_DN11518_ TRINITY_DN11518_c0_g3_ starch Gl P4 -

c0_g3(PhADPGase) i1_m.137000(PhADPGasel)

TRINITY_DN18110_ TRINITY_DN18110_c2_gl_ starch G4 P8 ABA_vs_NaW_DEG down DAP down
c2_g1(PhFK3) il_m.426134(PhFK)

TRINITY_DN17637_ TRINITY_DN17637_c0_gl_ starch G2 P4 —

0_gl(PhSSI2) il_m.117613(PhSSI1)

TRINITY_DN11765_ TRINITY_DN11765_c2_gl_ starch Gl P5 ABA_vs_NaW_DEG down DAP up
c2_g1(PhSusyl) i1_m.290159(PhSusyl)

(Continued)
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Gene_id(name)  Protein_id(name) pathway DEG_cluster DAP_cluster Expression correlation
TRINITY_DN12800_ TRINITY_DN12800_c0_gl_ starch G7 P5 CK_vs_NaW_DEG up DAP down
c0_g1(PhSusy2) i3_m.437823(PhSusy2)
TRINITY_DN13032_ TRINITY_DN13032_cl1_gl_ starch Gl P8 CK_vs_ABA__DEG down DAP down
c1_g1(PhSusy3) i4_m.294032(PhSusy3)

TRINITY_DN13032_c1_gl_ P1 —

i5_m.294045(PhSusy4)
TRINITY_DN9947_c1_ | TRINITY_DN9947_cl_g2_ starch Gl P5 ABA_vs_NaW_DEG down DAP up
g2(PhSusy4) i2_m.121314(PhSusy5)
TRINITY_DN16489_ TRINITY_DN16489_c0_g5_ plant G5 P1 ABA_vs_NaW_DEG up DAP down
c0_g5(PhAAO3) il_m.115819(PhAAO3) hormone
TRINITY_DN17406_ TRINITY_DN17406_c2_gl_ plant G6 P5 CK_vs_NaW_DEG down DAP down
c2_g1(PhSnRK2) i1_m.379082(PhSnRK2) hormone
TRINITY_DN12672_ TRINITY_DN12672_c2_g2_ plant G4 P7 CK_vs_NaW_DEG up DAP up, ABA_vs_
c2_g2(PhACOI) i2_m.75444(PhACO) hormone NaW_DEG down DAP down
TRINITY_DN15210_ TRINITY_DN15210_c3_gl_ plant G5 P6 CK_vs_NaW_DEG down DAP down,
c3_gl(PhAOCI) i5_m.300424(PhAOC1) hormone ABA_vs_NaW_DEG up DAP up
TRINITY_DN13828_ TRINITY_DN13828_c1_gl_ plant G6 P3 CK_vs_NaW_DEG down DAP down
c1_gl1(PhAOC2) i13_m.150776(PhAOC2) hormone
TRINITY_DN13310_ TRINITY_DN13310_c0_g2_ plant G5 P8 _
c0_g2(PhAOSI) i1_m.392513(PhAOS) hormone
TRINITY_DN10349_ TRINITY_DN10349_c2_gl_ plant G5 P6 CK_vs_NaW_DEG down DAP down
c2_g1(PhLOX3) i8_m.433148(PhLOX1) hormone
TRINITY_DN14950_ TRINITY_DN14950_c1_gl_ plant G5 P6 CK_vs_NaW_DEG down DAP down,
c1_gl1(PhLOX5) i4_m.157306(PhLOX2) hormone ABA_vs_NaW_DEG up DAP up
TRINITY_DN12956_ TRINITY_DN12956_cl_gl_ plant G5 P5 ABA_vs_NaW_DEG up DAP up
c1_gl(PhLOX7) il_m.79217(PhLOX3) hormone
TRINITY_DN12956_ TRINITY_DN12956_c1_g3_ plant G6 P5 CK_vs_NaW_DEG down DAP down
c1_g3(PhLOX8) i1_m.79225(PhLOX4) hormone
TRINITY_DN17848_ TRINITY_DN17848_c3_gl_ plant G7 P8 _
c3_gl1(PhLOX12) i3_m.449700(PhLOX5) hormone

proteins may play a significant role in ABA regulation in developing
P, heterophylla tuberous root.

TFs are regulatory proteins that activate or inhibit gene transcription
by binding to specific promoter sequences in most instances (50). MYB
is one of the families of transcriptional regulators with a large number of
members in plants. Previous studies have shown that MYB proteins are
involved in the regulation of multiple processes, such as root development
(51), cell division (52), secondary cell wall development (53), and
secondary metabolite synthesis (54). In addition, the MYB also has been
validated to be involved in the metabolic pathways of GA (55), ABA (56),
auxin (51), cytokinin (57), and jasmonic acid (58). It will be seen from this
that a complex network of synergistic or antagonistic interactions among
various hormones regulates vital processes in P. heterophylla tuberous
root, and 5 PhMYBs appear to mediate this crucial process. Our
transcriptional regulatory correlation network analysis of TFs and
structural genes suggests that under exogenous ABA treatment,
PhMYBIO may interact with PhbZIP2 to mediate auxin signaling
(PhIAAI), ABA biosynthesis (PhAAO3), cytokinin signaling (PhB-
ARRI), and jasmonic acid biosynthesis (PhAOSI), significantly promoting
the expression of PhABC-transporter7, may enhance the transmembrane
transport of lignin monomers, which is essential for the formation of
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lignin in the secondary cell wall (59); and significantly inhibiting the
expression of PhSusy3, may reduce the synthesis of starch granule; and
significantly inhibiting the expression of PhXTHI, may reduce the
relaxation of the cell wall (60). Under stress conditions, bZIP proteins
participate in the ABA response, interacting with corresponding ABRE-
binding factors (ABFs) or ABRE-binding proteins (AREBs) to regulate
the transcription of downstream target genes (13, 61, 62). Thus, the
transcriptional regulatory mechanisms mediated by PhMYBI0 and
PhbZIP2, may play a crucial role in the ABA-regulated network of
tuberous root development in P, heterophylla.

The ABA signaling is precisely regulated by numerous post-
translational factors in fluctuating environments (7). In this study,
we found that two important TF proteins (PhbZIP and PhSBP) were
strongly induced by ABA treatment. However, the expression of their
corresponding transcripts did not show significant changes under ABA
treatment, perhaps due to differences in the stability of protein/mRNA or
the effect of miRNAs in post-transcriptional regulation (63). Protein
interactions are crucial for understanding cellular functions and biological
mechanisms (64). Through protein interaction network analysis, 19
candidate interacting proteins were identified, including three PASAMs
(PhSAM1, PhSAM2, PhSAM3), which are key enzymes in the
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important role in tuberous root development (65, 66). Similarly, based on
previous research, we have predicted more regulatory mechanisms that
affect the development of tuberous roots in P. heterophylla: ABA may
mediate the regulation of PhAPAL by PhbZIP, where PhPAL is encoded by
phenylalanine ammonia-lyase (PAL) and catalyzes the conversion of
phenylalanine to cinnamic acid, the first step in lignin biosynthesis,
thereby promoting the formation of secondary cell walls (67); ABA may
also mediate the regulation of two PhCDCs (PhCDC1, PhCDC2) by
PhSBP, which are encoded by cell division control proteins (CDC), thus
promoting different stages of the cell cycle (34, 68); ABA could further
mediate the regulation of two PhSSIs (PhSSI1, PhSSI2) by PhSBP, which
are encoded by starch synthase I (SSI) and are involved in and promote
starch synthesis (69); finally, ABA can regulate two PhADPGases
(PhADPGasel, PhADPGase2) through PhSBP, which are encoded by
glucose-1-phosphate adenylyltransferase (ADPGase), providing the
substrate ADP-glucose for starch synthesis and directly promoting the

Frontiers in Nutrition

rate of starch synthesis (70). In addition, five PhSusys (PhSusy1, PhSusy2,
PhSusy5, PhSusy6), PhPE, PhXTH3, and two PhLOXs (PhLOX3,
PhLOX4) could be mediated by PhbZIP, while PhSusy7 could be mediated
by PhSBP. It follows that the network of regulatory mechanisms mediated
by PhbZIP and PhSBP may be very important for the role of ABA in
promoting the development of tuberous roots in P. heterophylla.

In summary, this study elucidates that ABA can promote the
development of P. heterophylla tuberous roots by regulating cell
division and expansion and accumulating starch granules.
Transcriptome and proteome analyses reveal a complex molecular
network of ABA regulation in developing P. heterophylla tuberous
roots, including critical pathways related to cell walls, starch
metabolism, and plant hormone signal transduction/biosynthesis. In
particular, we identified a series of TFs (such as PnMYB10, PhbZIP2,
and PhSBP) closely related to ABA signal transduction and
constructed their co-expression network with pathway structural
genes. Moreover, our research shows that ABA treatment can precisely
regulate the expression of these TFs (Figure 8). These findings provide
an important molecular basis for further research on the role of ABA
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in developing P. heterophylla tuberous roots and offer new strategies
for enhancing its medicinal value.

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

CW: Data curation, Formal analysis, Investigation, Methodology,
Writing - original draft. JY: Formal analysis, Investigation, Methodology,
Writing - review & editing. QP: Data curation, Formal analysis,
Investigation, Writing — review & editing. PZ: Conceptualization, Formal
analysis, Investigation, Methodology, Writing — review & editing. JL:
Conceptualization, Data curation, Funding acquisition, Investigation,
Methodology, Project administration, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the National Natural Science

Frontiers in Nutrition

15

Foundation of China (NO.81860667), the Science and Technology
Department of Guizhou Province (QKHJC[2018]1010), and the
Guizhou University of Traditional Chinese Medicine Doctoral
Startup Fund [2020] No. 41.

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.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1417526/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnut.2024.1417526
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2024.1417526/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1417526/full#supplementary-material

Wang et al.

References

1. HuJ, Pang W, Chen ], Bai S, Zheng Z, Wu X. Hypoglycemic effect of polysaccharides
with different molecular weight of Pseudostellaria heterophylla. BMC Complement Altern
Med. (2013) 13:267. doi: 10.1186/1472-6882-13-267

2. Deng J, Feng X, Zhou L, He C, Li H, Xia ], et al. Heterophyllin B, a cyclopeptide
from Pseudostellaria heterophylla, improves memory via immunomodulation and
neurite regeneration in i.c.v.Ap-induced mice. Food Res Int. (2022) 158:111576. doi:
10.1016/j.foodres.2022.111576

3. Wang Z, Liao SG, He Y, Li ], Zhong RE, He X, et al. Protective effects of fractions
from Pseudostellaria heterophylla against cobalt chloride-induced hypoxic injury in
H9¢2 cell. ] Ethnopharmacol. (2013) 147:540-5. doi: 10.1016/j.jep.2013.03.053

4. Hu DJ, Shakerian F, Zhao J, Li SP. Chemistry, pharmacology and analysis of
Pseudostellaria heterophylla: a mini-review. Chin Med. (2019) 14:21. doi: 10.1186/
513020-019-0243-z

5. Fu M, Jahan MS, Tang K, Jiang S, Guo J, Luo S, et al. Comparative analysis of
the medicinal and nutritional components of different varieties of Pueraria
thomsonii and Pueraria lobata. Front Plant Sci. (2023) 14:1115782. doi: 10.3389/
fpls.2023.1115782

6. Peng HS, Liu WZ, Hu ZH, Zhang L. Localization and dynamic change of saponin
in root tuber of cultivated Pseudostellaria heterophylla. Fen Zi Xi Bao Sheng Wu Xue
Bao. (2009) 42:1-10.

7. Chen K, Li GJ, Bressan RA, Song CP, Zhu JK, Zhao Y. Abscisic acid dynamics,
signaling, and functions in plants. J Integr Plant Biol. (2020) 62:25-54. doi: 10.1111/
jipb.12899

8. Xie Q Essemine J, Pang X, Chen H, Cai W. Exogenous application of abscisic acid
to shoots promotes primary root cell division and elongation. Plant Sci. (2020)
292:110385. doi: 10.1016/j.plantsci.2019.110385

9. Huang Y, Zhou J, Li Y, Quan R, Wang J, Huang R, et al. Salt stress promotes abscisic
acid accumulation to affect cell proliferation and expansion of primary roots in rice. Int
J Mol Sci. (2021) 22:10892. doi: 10.3390/ijms221910892

10. Ramachandran P, Augstein F, Mazumdar S, Nguyen TV, Minina EA, Melnyk CW,
et al. Abscisic acid signaling activates distinct VND transcription factors to promote
xylem differentiation in Arabidopsis. Curr Biol. (2021) 31:3153-3161.e5. doi: 10.1016/j.
cub.2021.04.057

11. Yuan W, Zhang Q, Li Y, Wang Q, Xu E, Dang X, et al. Abscisic acid is required for
root elongation associated with Ca2+ influx in response to water stress. Plant Physiol
Biochem. (2021) 169:127-37. doi: 10.1016/j.plaphy.2021.11.002

12. Oh HD, Yu DJ, Chung SW, Chea S, Lee HJ. Abscisic acid stimulates anthocyanin
accumulation in Jersey' highbush blueberry fruits during ripening. Food Chem. (2018)
244:403-7. doi: 10.1016/j.foodchem.2017.10.051

13. Wang W, Qiu X, Yang Y, Kim HS, Jia X, Yu H, et al. Sweet potato bZIP transcription
factor IbABF4 confers tolerance to multiple abiotic stresses. Front Plant Sci. (2019)
10:630. doi: 10.3389/fpls.2019.00630

14. Li SW. Molecular bases for the regulation of adventitious root generation in plants.
Front Plant Sci. (2021) 12:614072. doi: 10.3389/fpls.2021.614072

15. Liao R. Effects of abscisic acid on growth and selenium uptake in medicinal plant
Perilla frutescens. PLoS One. (2022) 17:€0275813. doi: 10.1371/journal.pone.0275813

16. Kong L, Chen P, Chang C. Drought resistance and ginsenosides biosynthesis in
response to abscisic acid in Panax ginseng C. A Meyer Int ] Mol Sci. (2023) 24:9194. doi:
10.3390/ijms24119194

17. Wang PF, Li XY, Li MJ, Liu L, Wang XR, Wang FQ, et al. Observation of prime
position and driving zones in process of tuberous root expanding and expression
analysis of phytohormone relative genes in Rehmannia glutinosa. Zhongguo Zhong Yao
Za Zhi. (2014) 39:3245-53.

18. Jung JK, McCouch S. Getting to the roots of it: genetic and hormonal control of
root architecture. Front Plant Sci. (2013) 4:186. doi: 10.3389/fpls.2013.00186

19.Zhu P, Li R, Fan W, Xia Z, Li ], Wang C, et al. A mulberry 9-cis-epoxycarotenoid
dioxygenase gene MaNCED] is involved in plant growth regulation and confers salt and
drought tolerance in transgenic tobacco. Front Plant Sci. (2023) 14:1228902. doi:
10.3389/fpls.2023.1228902

20.Roy S, Torres-Jerez I, Zhang S, Liu W, Schiessl K, Jain D, et al. The peptide
GOLVENT1O0 alters root development and noduletaxis in Medicago truncatula. Plant J.
(2024) 118:607-25. doi: 10.1111/tpj.16626

21. Meng F, Xiang D, Zhu J, Li Y, Mao C. Molecular mechanisms of root development
in rice. Rice (N'Y). (2019) 12:1. doi: 10.1186/s12284-018-0262-x

22.LiJ, Seng S, Li D, Zhang F, Liu Y, Yao T, et al. Antagonism between abscisic acid
and gibberellin regulates starch synthesis and corm development in Gladiolus hybridus.
Hortic Res. (2021) 8:155. doi: 10.1038/s41438-021-00589-w

23. Yoshida T, Christmann A, Yamaguchi-Shinozaki K, Grill E, Fernie AR. Revisiting
the basal role of aba - roles outside of stress. Trends Plant Sci. (2019) 24:625-35. doi:
10.1016/j.tplants.2019.04.008

24. Jung C, Nguyen NH, Cheong JJ. Transcriptional regulation of protein phosphatase
2C genes to modulate abscisic acid signaling. Int ] Mol Sci. (2020) 21:9517. doi: 10.3390/
ijms21249517

Frontiers in Nutrition

10.3389/fnut.2024.1417526

25. Hasan MM, Liu XD, Waseem M, Guang-Qian Y, Alabdallah NM, Jahan MS, et al.
ABA activated SnRK2 kinases: an emerging role in plant growth and physiology. Plant
Signal Behav. (2022) 17:2071024. doi: 10.1080/15592324.2022.2071024

26. An JP, Yao JE, Xu RR, You CX, Wang XF, Hao YJ. Apple bZIP transcription factor
MdbZIP44 regulates abscisic acid-promoted anthocyanin accumulation. Plant Cell
Environ. (2018) 41:2678-92. doi: 10.1111/pce.13393

27. Wu ZG, Jiang W, Tao ZM, Pan XJ, Yu WH, Huang HL. Morphological and stage-
specific transcriptome analyses reveal distinct regulatory programs underlying yam
(Dioscorea alata L.) bulbil growth. J Exp Bot. (2020) 71:1899-914. doi: 10.1093/jxb/
erz552

28.Zhao H, Zhang Y, Zheng Y. Integration of ABA, GA, and light signaling in seed
germination through the regulation of ABI5. Front Plant Sci. (2022) 13:1000803. doi:
10.3389/fpls.2022.1000803

29. Hussain Q, Asim M, Zhang R, Khan R, Farooq S, Wu J. Transcription factors
interact with ABA through gene expression and signaling pathways to mitigate drought
and salinity stress. Biomol Ther. (2021) 11:1159. doi: 10.3390/biom11081159

30.Xie Y, Bao C, Chen P, Cao F, Liu X, Geng D, et al. Abscisic acid homeostasis is
mediated by feedback regulation of MAMYB88 and MdMYB124. ] Exp Bot. (2021)
72:592-607. doi: 10.1093/jxb/eraa449

31. Cheng Y, Ma Y, Zhang N, Lin R, Yuan Y, Tian H, et al. The R,R; MYB transcription
factor MYB71 regulates abscisic acid response in arabidopsis. Plants (Basel). (2022)
11:1369. doi: 10.3390/plants11101369

32.Ma H, Liu G, Li Z, Ran Q, Xie G, Wang B, et al. ZmbZIP4 contributes to stress
resistance in maize by regulating aba synthesis and root development. Plant Physiol.
(2018) 178:753-70. doi: 10.1104/pp.18.00436

33.Yao L, Hao X, Cao H, Ding C, Yang Y, Wang L, et al. ABA-dependent bZIP
transcription factor, CsbZIP18, from Camellia sinensis negatively regulates freezing
tolerance in Arabidopsis. Plant Cell Rep. (2020) 39:553-65. doi: 10.1007/
500299-020-02512-4

34. Wang P, Chen D, Zheng Y, Jin S, Yang J, Ye N. Identification and expression
analyses of SBP-box genes reveal their involvement in abiotic stress and hormone
response in tea plant (Camellia sinensis). Int ] Mol Sci. (2018) 19:3404. doi: 10.3390/
ijms19113404

35.Jiang S, Guo J, Khan I, Jahan MS, Tang K, Li G, et al. Comparative metabolome
and transcriptome analyses reveal the regulatory mechanism of purple leafstalk
production in Taro (Colocasia esculenta L. Schott). Gen Dent. (2024) 15:138. doi:
10.3390/genes15010138

36.Ding Z, Fu L, Tie W, Yan Y, Wu C, Dai J, et al. Highly dynamic, coordinated,
and stage-specific profiles are revealed by a multi-omics integrative analysis during
tuberous root development in cassava. ] Exp Bot. (2020) 71:7003-17. doi: 10.1093/
jxb/eraa369

37.He S, Wang H, Hao X, Wu Y, Bian X, Yin M, et al. Dynamic network biomarker
analysis discovers IDNACO083 in the initiation and regulation of sweet potato root
tuberization. Plant J. (2021) 108:793-813. doi: 10.1111/tpj.15478

38. Zhang Q, Zhang L, Geng B, Feng ], Zhu S. Interactive effects of abscisic acid and
nitric oxide on chilling resistance and active oxygen metabolism in peach fruit during
cold storage. J Sci Food Agric. (2019) 99:3367-80. doi: 10.1002/jsfa.9554

39.Xiao X, Hu Y, Zhang M, Si S, Zhou H, Zhu W, et al. Transcriptome profiling reveals
the genes involved in tuberous root expansion in Pueraria (Pueraria montana var.
thomsonii). BMC Plant Biol. (2023) 23:338. doi: 10.1186/512870-023-04303-x

40. Hoffmann N, Benske A, Betz H, Schuetz M, Samuels AL. Laccases and peroxidases
co-localize in lignified secondary cell walls throughout stem development. Plant Physiol.
(2020) 184:806-22. doi: 10.1104/pp.20.00473

41. Park YB, Cosgrove DJ. Xyloglucan and its interactions with other components of
the growing cell wall. Plant Cell Physiol. (2015) 56:180-94. doi: 10.1093/pcp/pcu204

42. Stein O, Granot D. An overview of sucrose synthases in plants. Front Plant Sci.
(2019) 10:95. doi: 10.3389/fpls.2019.00095

43.Ren X, Ma W, Xuan S, Li D, Wang Y, Xu Y, et al. Hormones and carbohydrates
synergistically regulate the formation of swollen roots in a Chinese cabbage translocation
line. Hortic Res. (2023) 10:uhad121. doi: 10.1093/hr/uhad121

44. Kloosterman B, Navarro C, Bijsterbosch G, Lange T, Prat S, Visser RG, et al.
StGA2ox1 is induced prior to stolon swelling and controls GA levels during potato tuber
development. Plant J. (2007) 52:362-73. doi: 10.1111/j.1365-313X.2007.03245.x

45. Chen P, Yang R, Bartels D, Dong T, Duan H. Roles of abscisic acid and gibberellins
in stem/root tuber development. Int ] Mol Sci. (2022) 23:4955. doi: 10.3390/ijms23094955

46. Liu X, Hou X. Antagonistic regulation of aba and ga in metabolism and signaling
pathways. Front Plant Sci. (2018) 9:251. doi: 10.3389/fpls.2018.00251

47.Long Q, Xie Y, He Y, Li Q, Zou X, Chen S. Abscisic acid promotes jasmonic acid
accumulation and plays a key role in citrus canker development. Front Plant Sci. (2019)
10:1634. doi: 10.3389/fpls.2019.01634

48. Labidi O, Kouki R, Pérez-Clemente RM, Gémez-Cadenas A, Sleimi N, Vives-Peris
V. Involvement of abscisic acid and jasmonic acid biosynthesis-related genes in
Cucurbita pepo L. Water Air Soil Pollut. (2023) 234:745. doi: 10.1007/s11270-023-06763-1

frontiersin.org


https://doi.org/10.3389/fnut.2024.1417526
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1186/1472-6882-13-267
https://doi.org/10.1016/j.foodres.2022.111576
https://doi.org/10.1016/j.jep.2013.03.053
https://doi.org/10.1186/s13020-019-0243-z
https://doi.org/10.1186/s13020-019-0243-z
https://doi.org/10.3389/fpls.2023.1115782
https://doi.org/10.3389/fpls.2023.1115782
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1016/j.plantsci.2019.110385
https://doi.org/10.3390/ijms221910892
https://doi.org/10.1016/j.cub.2021.04.057
https://doi.org/10.1016/j.cub.2021.04.057
https://doi.org/10.1016/j.plaphy.2021.11.002
https://doi.org/10.1016/j.foodchem.2017.10.051
https://doi.org/10.3389/fpls.2019.00630
https://doi.org/10.3389/fpls.2021.614072
https://doi.org/10.1371/journal.pone.0275813
https://doi.org/10.3390/ijms24119194
https://doi.org/10.3389/fpls.2013.00186
https://doi.org/10.3389/fpls.2023.1228902
https://doi.org/10.1111/tpj.16626
https://doi.org/10.1186/s12284-018-0262-x
https://doi.org/10.1038/s41438-021-00589-w
https://doi.org/10.1016/j.tplants.2019.04.008
https://doi.org/10.3390/ijms21249517
https://doi.org/10.3390/ijms21249517
https://doi.org/10.1080/15592324.2022.2071024
https://doi.org/10.1111/pce.13393
https://doi.org/10.1093/jxb/erz552
https://doi.org/10.1093/jxb/erz552
https://doi.org/10.3389/fpls.2022.1000803
https://doi.org/10.3390/biom11081159
https://doi.org/10.1093/jxb/eraa449
https://doi.org/10.3390/plants11101369
https://doi.org/10.1104/pp.18.00436
https://doi.org/10.1007/s00299-020-02512-4
https://doi.org/10.1007/s00299-020-02512-4
https://doi.org/10.3390/ijms19113404
https://doi.org/10.3390/ijms19113404
https://doi.org/10.3390/genes15010138
https://doi.org/10.1093/jxb/eraa369
https://doi.org/10.1093/jxb/eraa369
https://doi.org/10.1111/tpj.15478
https://doi.org/10.1002/jsfa.9554
https://doi.org/10.1186/s12870-023-04303-x
https://doi.org/10.1104/pp.20.00473
https://doi.org/10.1093/pcp/pcu204
https://doi.org/10.3389/fpls.2019.00095
https://doi.org/10.1093/hr/uhad121
https://doi.org/10.1111/j.1365-313X.2007.03245.x
https://doi.org/10.3390/ijms23094955
https://doi.org/10.3389/fpls.2018.00251
https://doi.org/10.3389/fpls.2019.01634
https://doi.org/10.1007/s11270-023-06763-1

Wang et al.

49. Luo J, Zhou J], Zhang JZ. Aux/IAA gene family in plants: molecular structure,
regulation, and function. Int J Mol Sci. (2018) 19:259. doi: 10.3390/ijms19010259

50. Schwechheimer C, Zourelidou M, Bevan MW. Plant transcription factor studies. Annu
Rev Plant Physiol Plant Mol Biol. (1998) 49:127-50. doi: 10.1146/annurev.arplant.49.1.127

51. Zhao Y, Xing L, Wang X, Hou YJ, Gao J, Wang P, et al. The ABA receptor PYL8
promotes lateral root growth by enhancing MYB77-dependent transcription of auxin-
responsive genes. Sci Signal. (2014) 7:ra53. doi: 10.1126/scisignal. 2005051

52.Haga N, Kato K, Murase M, Araki S, Kubo M, Demura T, et al. R,R,R;-Myb
proteins positively regulate cytokinesis through activation of KNOLLE transcription in
Arabidopsis thaliana. Development. (2007) 134:1101-10. doi: 10.1242/dev.02801

53. Chen Z, Teng S, Liu D, Chang Y, Zhang L, Cui X, et al. RLM1, encoding an R,R,
MYB transcription factor, regulates the development of secondary cell wall in rice. Front
Plant Sci. (2022) 13:905111. doi: 10.3389/fpls.2022.905111

54.Wang C, Li J, Zhou T, Zhang Y, Jin H, Liu X. Transcriptional regulation of
proanthocyanidin biosynthesis pathway genes and transcription factors in Indigofera
stachyodes Lindl. Roots. BMC Plant Biol. (2022) 22:438. doi: 10.1186/s12870-022-03794-4

55. Lu CA, Ho TH, Ho SL, Yu SM. Three novel MYB proteins with one DNA binding
repeat mediate sugar and hormone regulation of alpha-amylase gene expression. Plant
Cell. (2002) 14:1963-80. doi: 10.1105/tpc.001735

56. Xiong H, LiJ, Liu P, Duan J, Zhao Y, Guo X, et al. Overexpression of OsMYB48-1,
a novel MYB-related transcription factor, enhances drought and salinity tolerance in
rice. PLoS One. (2014) 9:¢92913. doi: 10.1371/journal.pone.0092913

57.Jing W, Gong F, Liu G, Deng Y, Liu ], Yang W, et al. Petal size is controlled by the
MYB73/TPL/HDA19-miR159-CKX6 module regulating cytokinin catabolism in Rosa
hybrida. Nat Commun. (2023) 14:7106. doi: 10.1038/s41467-023-42914-y

58.He S, Zhi F, Min Y, Ma R, Ge A, Wang S, et al. The MYB59 transcription factor
negatively regulates salicylic acid- and jasmonic acid-mediated leaf senescence. Plant
Physiol. (2023) 192:488-503. doi: 10.1093/plphys/kiac589

59.Miao YC, Liu CJ. ATP-binding cassette-like transporters are involved in the
transport of lignin precursors across plasma and vacuolar membranes. Proc Natl Acad
Sci USA. (2010) 107:22728-33. doi: 10.1073/pnas.1007747108

Frontiers in Nutrition

17

10.3389/fnut.2024.1417526

60. De Caroli M, Manno E, Piro G, Lenucci MS. Ride to cell wall: Arabidopsis XTH11,
XTH29 and XTH33 exhibit different secretion pathways and responses to heat and
drought stress. Plant J. (2021) 107:448-66. doi: 10.1111/tpj.15301

61. Guiltinan MJ, Marcotte WR Jr, Quatrano RS. A plant leucine zipper protein that
recognizes an abscisic acid response element. Science. (1990) 250:267-71. doi: 10.1126/
science.2145628

62.Yang S, Xu K, Chen S, Li T, Xia H, Chen L, et al. A stress-responsive bZIP
transcription factor OsbZIP62 improves drought and oxidative tolerance in rice. BMC
Plant Biol. (2019) 19:260. doi: 10.1186/s12870-019-1872-1

63.Li J, Wang C, Zhou T, Jin H, Liu X. Identification and characterization of
miRNAome and target genes in Pseudostellaria heterophylla. PLoS One. (2022)
17:¢0275566. doi: 10.1371/journal.pone.0275566

64. Westermarck J, Ivaska ], Corthals GL. Identification of protein interactions
involved in cellular signaling. Mol Cell Proteomics. (2013) 12:1752-63. doi: 10.1074/mcp.
R113.027771

65. Wang KL, Li H, Ecker JR. Ethylene biosynthesis and signaling networks. Plant Cell.
(2002) 14:S131-51. doi: 10.1105/tpc.001768

66. Arc E, Sechet J, Corbineau F, Rajjou L, Marion-Poll A. ABA crosstalk with ethylene
and nitric oxide in seed dormancy and germination. Front Plant Sci. (2013) 4:63. doi:
10.3389/fpls.2013.00063

67. Muro-Villanueva F, Mao X, Chapple C. Linking phenylpropanoid metabolism,
lignin deposition, and plant growth inhibition. Curr Opin Biotechnol. (2019) 56:202-8.
doi: 10.1016/j.copbio.2018.12.008

68. Arata Y, Takagi H. Quantitative studies for cell-division cycle control. Front
Physiol. (2019) 10:1022. doi: 10.3389/fphys.2019.01022

69.Hu YE Li YP, Zhang J, Liu H, Tian M, Huang Y. Binding of ABI4 to a CACCG
motif mediates the ABA-induced expression of the ZmSSI gene in maize (Zea mays L.)
endosperm. ] Exp Bot. (2012) 63:5979-89. doi: 10.1093/jxb/ers246

70. Zhao L, Shao Y, Zhang Y, AoLan ], Ji X, Su C. Analysis of key enzyme activity and
gene expression in starch synthesis during tuber expansion of yam. ] Henan Agricultural
University. (2019) 53:847-54. doi: 10.16445/j.cnki.1000-2340.20191121.005

frontiersin.org


https://doi.org/10.3389/fnut.2024.1417526
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/ijms19010259
https://doi.org/10.1146/annurev.arplant.49.1.127
https://doi.org/10.1126/scisignal.2005051
https://doi.org/10.1242/dev.02801
https://doi.org/10.3389/fpls.2022.905111
https://doi.org/10.1186/s12870-022-03794-4
https://doi.org/10.1105/tpc.001735
https://doi.org/10.1371/journal.pone.0092913
https://doi.org/10.1038/s41467-023-42914-y
https://doi.org/10.1093/plphys/kiac589
https://doi.org/10.1073/pnas.1007747108
https://doi.org/10.1111/tpj.15301
https://doi.org/10.1126/science.2145628
https://doi.org/10.1126/science.2145628
https://doi.org/10.1186/s12870-019-1872-1
https://doi.org/10.1371/journal.pone.0275566
https://doi.org/10.1074/mcp.R113.027771
https://doi.org/10.1074/mcp.R113.027771
https://doi.org/10.1105/tpc.001768
https://doi.org/10.3389/fpls.2013.00063
https://doi.org/10.1016/j.copbio.2018.12.008
https://doi.org/10.3389/fphys.2019.01022
https://doi.org/10.1093/jxb/ers246
https://doi.org/10.16445/j.cnki.1000-2340.20191121.005

	Integrated transcriptomic and proteomic analysis of exogenous abscisic acid regulation on tuberous root development in Pseudostellaria heterophylla 
	1 Introduction
	2 Materials and methods
	2.1 Plant cultivation and treatment
	2.2 Sample preparation and microscopy
	2.3 RNA-seq analysis
	2.4 Proteome analysis
	2.5 Clustering analysis of the DEGs and DAPs
	2.6 Gene co-expression and protein interaction network analysis
	2.7 Statistical analysis

	3 Results
	3.1 Changes in tuberous root structure
	3.2 Transcriptomic analysis overview
	3.3 Quantitative proteome analysis
	3.4 Association analysis of DEGs and DAPs
	3.5 Mining of target functional clusters of ABA-specific regulation
	3.6 Expressional regulation of DEGs and DAPs involved in tuberous root development
	3.7 Analysis of ABA-regulated potential TFs affecting tuberous root development
	3.8 Identification of regulatory network mediating ABA regulation of tuberous root development

	4 Discussion
	Data availability statement
	Author contributions

	 References

