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Abstract: The plant hormone ABA regulates various physiological processes, such as promoting
stomatal closure and inhibiting hypocotyl elongation by mediating de-phosphorylation of H+-ATPase.
However, the mechanism acting on ABA-induced de-phosphorylation of H+-ATPase remains largely
unknown. SMALL AUXIN UP RNAs (SAURs), the largest family of early auxin-response genes, were
well-reported to bind to and inhibit PP2C.D phosphatases to maintain plasma membrane H+-ATPase
activity. In this study, we aimed to investigate whether SAUR-PP2C.D functional modules were
involved in ABA-mediated inhibition of hypocotyl elongation. Here, we show that ABA suppresses
hypocotyl elongation in both light-grown and dark-grown tomato seedlings in a dose-dependent
manner. Hypocotyl elongation of dark-grown seedlings was more sensitive to ABA compared to that
of light-grown seedlings. ABA upregulates seven SlPP2C.D genes. SlPP2C.D1 was highly expressed
in hypocotyl and upregulated by light. Y2H data showed SlPP2C.D1 interacted with SlSAUR2, 35, 40,
55, 57, 59, 65, and 70. The other four SlPP2C.Ds were also associated with a subset of SAUR proteins.
Our findings have provided new insights for further examination on the SAUR-PP2C.D modules that
regulate outputs of ABA and other phytohormones controlling plant growth and development.

Keywords: Solanum lycopersicum; abscisic acid; hypocotyl elongation; SAUR-PP2C.D

1. Introduction

Hypocotyl is an important structure connecting the root system to the stem and leaf of
higher plants in the embryo and late embryo stages, acting as an important channel for the
transport of water, mineral elements, and signaling molecules [1]. Therefore, hypocotyl
elongation is an important process for higher plants to adapt to environmental changes,
driving seedlings to break through the soil layer for light morphogenesis and photosyn-
thesis. Thus, this process is very sensitive to a variety of signaling molecules (such as
hormones) and environmental stimuli (such as light, temperature, and gravity). Light is
one of the most important environmental factors affecting plant growth and development,
whereas phytohormones such as auxins, abscisic acid (ABA), cytokinins, gibberellins, ethy-
lene, brassinosteroids, salicylic acid, and jasmonic acid may act as second messengers in
the regulation of hypocotyl elongation by light [2]. Among them, auxin is essential for
hypocotyl elongation. Auxin-induced hypocotyl elongation can be explained by the acid
growth theory proposed in the 1970s [3,4]. According to the acid growth theory, auxin
activates plasma membrane H+-ATPases (PM H+-ATPases), which mediate hydrogen ion
excretion into the cell wall compartment (apoplast), resulting in apoplastic acidification.
The reduced pH in the wall activates cell-wall-loosening enzymes, including expansins [5],
xyloglucan endotransglycosylase/hydrolases [6], and pectin methylesterases [7], and initi-
ates the enlargement of the cell. These processes cooperatively facilitate K+ ions uptake,
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increase water uptake into cells, and trigger cell expansion [8,9]. The mechanism through
which auxin might activate PM H+-ATPases is reported: auxin promotes phosphorylation
of the penultimate threonine residue in the C-terminal auto-inhibitory domain of PM
H+-ATPases [10], for example, the phosphorylation of Thr-948 and Thr-947 in Arabidop-
sis thaliana plasma membrane proton ATPase1 (AHA1) and AHA2, respectively [11,12].
Phosphorylated Thr-947 allows 14-3-3 protein to bind the C-termini of the ATPases, thus re-
leasing the C-terminal auto-inhibitory structure so as to activate the ATPases [11,13]. Many
signals regulate phosphorylation levels of the penultimate threonine in the C-terminus of
H+-ATPase, including light [14,15], sucrose [16], mannitol [16], bacterial flagellin (flg22) [17],
the fungal toxin fusicoccin (FC) [15,18,19], and auxin [10,20], ABA [21], gibberellic acid [20],
and cytokinin [20].

It should be noted that, in addition to the penultimate threonine (corresponding to Thr-
947 of AHA2), H+-ATPase is phosphorylated at multiple sites, including Thr-881, Ser-899,
Ser-904, Ser-931, Ser-944, Tyr-946, and Ser-904 [11,17,22–25]. Phosphorylation status exerts
a pronounced effect on the activity of the PM H+-ATPase. When AHA2 is phosphorylated
at Thr-947 or Thr-881, AHA2 is in the upregulated state. However, regardless of whether
Thr-947 is phosphorylated, phosphorylation of Ser-931 and Thr-924 inactivate the PM H+-
ATPase by preventing AHA2 from binding to 14-3-3 proteins. Phosphorylation at Ser-899
also downregulates PM H+-ATPase [26].

Protein phosphorylation is coordinated by the protein kinases and protein phos-
phatases. Previous studies have shown that Ser-931 site of the PM H+-ATPase AHA2
is phosphorylated by Ser/Thr protein kinase PKS5 [23]. In addition, the PM-localized
leucine-rich repeat receptor kinase (LRR-RLK) plant-peptide-containing sulfated tyrosine 1
receptor (PSY1R) can phosphorylate AHA2/AHA1 at Thr-881 and activate PM H+-ATPase
activity [27]. FERONIA receptor kinase mediates RALF’s inhibitory effect on root elonga-
tion by phosphorylating AHA2 at Ser-899 and thus inhibiting the activity of AHA2 [26].
Transmembrane kinase 1 (TMK1) is the protein kinase responsible for auxin-inducible
phosphorylation of H+-ATPases AHA1 at Thr-948. Auxin promotes the interaction between
TMK1 and H+-ATPases and thereby activates H+-ATPase and promotes cell-wall acidifica-
tion and hypocotyl cell elongation in Arabidopsis [28]. Recent evidence demonstrates that
Ser-944 residue of AHA2 could be phosphorylated by LRR-RLK BRI1-associated receptor
kinase 1 (BAK1), which is required for ABA-induced stomatal closure [29].

Phosphorylation and dephosphorylation of PM H+-ATPase were reversed by pro-
tein kinases and phosphatases. Plant protein phosphatases according to their substrate
specificity could be classified into tyrosine phosphatases (PTPs), serine/threonine phos-
phatases (PSPs), and dual-specificity phosphatases (DSPTPs) [30]. Based on their distinct
amino acid sequences and crystal structures, PSPs are further divided into phosphoprotein
phosphatases (PPP) and phosphoprotein metallophosphatase (PPM) [31]. The PPP family
includes PP1, PP2A, PP2B, PP4, PP5, PP6, and PP7, whereas the PPM family has PP2C and
pyruvate dehydrogenase phosphatase [32]. Recent studies indicated that auxin-mediated
PM H+-ATPase activation and apoplastic acidification not only through TMK1-based cell-
surface auxin signaling but also through TIR1/AFB-dependent nuclear auxin perception.
Auxin is recognized by TIR1/AFB-Aux/IAA nuclear co-receptor and activates downstream
SAUR proteins. Then, SAURs interact and antagonize D-clade PP2C phosphatases (PP2C-
Ds), which dephosphorylate Thr-947 phosphorylation of PM H+-ATPases [33]. SAURs are
the largest family of early auxin-response genes [34]. In addition to auxin, brassinosteroids,
gibberellins, jasmonates, and ABA have been reported to regulate the expression of some
SAUR genes, indicating that SAURs likely act downstream of various hormones to regulate
plant growth and development [34].

ABA has always been regarded as a “stress hormone” that helps plant to adapt
to abiotic and biotic stresses. Under control conditions, basal ABA is also essential for
growth and development, including seed development, seed dormancy, seed germination,
root and hypocotyl elongation, lateral root formation, and chloroplast biogenesis [35,36].
The inhibiting effect of ABA on elongation in etiolated squash hypocotyl segments was
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reported about 30 years ago [37]. In 2014, Hayashi et al. [21] found that ABA suppresses
hypocotyl elongation in etiolated seedlings through dephosphorylating Thr947 of AHA2
in an ABI1-dependent manner. Recently, ABI1 was demonstrated to directly interact with
the C terminus of AHA2 and dephosphorylate Thr947 [38]. ABI1 is one member of clade
A protein phosphatases type 2C (PP2Cs) and negatively regulates ABA signaling [39].
Together, PP2Cs were proposed to regulate the phosphorylation and activity of PM AHA
activity to mediate the outputs on hypocotyl elongation from auxin and ABA signaling.
However, whether ABA-mediated hypocotyl elongation is dependent on PP2Cs-H+-ATPase
remains unknown.

In the present study, we examined the effect of ABA on the hypocotyl elongation
in light-grown and dark-grown seedlings of tomato. Additionally, we characterized the
SlPP2C.D genes in tomato, then investigated the effect of ABA on expression of these
SlPP2C.D genes and their tissue-specific expression patterns. Finally, the interactions
between SlPP2C-D phosphatases and SlSAUR proteins were demonstrated by the yeast
two-hybrid (Y2H) analysis. Overall, this study has shown several SAUR-PP2C.D regulatory
modules, which warrants further research on the mechanism of ABA-mediated hypocotyl
elongation.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Tomato (Solanum lycopersicum cv. “Ailsa Craig”) was used as the wild type (WT).
Tomato seeds were germinated at 25 ◦C in the dark on filter paper in Petri dishes after
sterilization with 15% (v/v) NaClO. Consistently germinating seeds were then transferred
onto the half-strength Murashige and Skoog medium with 0 (Control), 0.01, or 0.1 µM ABA.
Light-grown tomato seedlings were kept in a growth chamber at 25 ◦C with 16 h light
(200 µmol m−2 s−1) and at 16 ◦C with 8 h dark. The light source was provided by LED
lamps that are specific for plant growth. The lamps emit white light with a full spectrum,
including the red and blue spectrum that is necessary for plant growth as well as the
far-red spectrum that is supplementary for plant growth. Dark-grown tomato seedlings
were wrapped in aluminum foil and kept in the same growth chamber under the same
temperature regime.

2.2. Root Length and Shoot Length Measurement

Tomato seedlings were measured on the indicated days. Root lengths were measured
from the junction between root and hypocotyl to the root tip, and the hypocotyl length was
measured from the junction between root and hypocotyl to the junction between hypocotyl
and cotyledon.

2.3. Conserved Domain Analysis

Accession numbers of SlPP2C.D genes were derived from a previously published
study [40]. Protein sequence of each SlPP2C.D gene was downloaded from Sol Genomics
Network (https://solgenomics.net/ (accessed on 26 May 2022)), and conserved domains
were annotated via Conserved Domain Search Service (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi (accessed on 26 May 2022)).

2.4. RNA Extraction and Quantitative RT-PCR (qRT-PCR) Analysis

RNA was extracted using TRIzol™ reagent (Invitrogen, Waltham, MA, USA), then one
microgram of DNA-free RNA was transcribed into first-strand cDNA by Prime-ScriptTM

RT Master Mix (TaKaRa, Kusatsu, Japan). The qRT-PCR was carried out with the UVP
ChemStudio (analyticjena) using TB Green Premix Ex Taq (TaKaRa). The reaction conditions
were 95 ◦C for 30 s and 40 cycles at 95 ◦C for 5 s and 60 ◦C for 30 s. Expression levels of
target genes were normalized relative to the ACTIN2 gene by the ∆Ct method. Primers
used to quantify gene expression levels are listed in Table S1. Each reaction was performed
with three biological replicates.

https://solgenomics.net/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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2.5. Organ-Specific Expression Analysis

The organ-specific patterns of SlPP2C.D genes were analyzed by using RNA-seq data
from Tomato Functional Genomics Database (http://ted.bti.cornell.edu/cgi-bin/TFGD/
digital/home.cgi (accessed on 7 August 2022)). Transcriptome data of eleven tissues of
wild species S. pimpinellifolium (LA1589) were downloaded. Eleven different tissues include
newly developed leaves around 5 mm long, mature green leaflets, flower buds 10 days
before anthesis or younger, flowers at anthesis, fruit 10 days post anthesis (10 DPA), fruit
20 days post anthesis (20 DPA), and fruit 33 days post anthesis (33 DPA). RPKM (reads
per kilobase million) values are an average of 4 replicates. RPKM values of SlPP2C.D
genes were log2-transformed, and heat maps of SlPP2C.D genes in different tissues were
generated using TBtools v1.098745 software [41].

2.6. Polygenetic Tree by Maximum-Likelihood Method

The polygenetic tree was inferred by using the maximum-likelihood method and JTT
matrix-based model. The tree with the highest log likelihood (−13,078.68) is shown. The
percentage of trees in which the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained automatically by applying
neighbor-joining and BioNJ algorithms to a matrix of pairwise distances estimated using
the JTT model and then selecting the topology with superior log likelihood value. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site.
This analysis involved 23 amino acid sequences. There were a total of 1353 positions in the
final dataset. Evolutionary analyses were conducted in MEGA X [42]. Accession numbers
of AtPP2C.D genes were derived from a previously published study [43]. Protein sequence
of each AtPP2C.D gene was downloaded from The Arabidopsis Information Resource
(https://www.arabidopsis.org/ (accessed on 26 May 2022)).

2.7. Y2H Assays

The Y2H assays were performed using the Matchmaker GAL4 Two-Hybrid System
(Clontech). Full-length CDSs of SlSAUR genes were cloned into the pGADT7 vector, and
full-length CDSs of SlPP2C.D genes were cloned into the pGBKT7 vector. Primers used
for plasmid construction are listed in Table S1. Constructs used to test protein–protein
interactions were co-transformed into yeast (Saccharomyces cerevisiae) strain AH109. Co-
transformation of empty pGADT7 vectors served as a negative control. The transformed
yeast cells were selected on synthetically defined (SD), solid medium lacking Leu and Trp
(SD/−2). To assess protein–protein interactions, the transformed yeast cells were plated on
SD medium lacking Leu, Trp, His, and Ade (SD/−4). Plates were incubated at 30 ◦C, and
the growth of yeast cells was examined after 3 d.

3. Results
3.1. ABA Suppresses Hypocotyl Elongation in Both Light-Grown and Dark-Grown Seedlings in a
Dose-Dependent Manner

ABA regulates many aspects of plant growth and development, including inhibition
of hypocotyl elongation and root elongation [21,44–47]. Here, we examined the effect
of ABA on hypocotyl elongation as well as root elongation in tomato seedlings by time-
course analysis. Tomato seedlings were grown in normal light conditions (25 ◦C light for
16 h and 18 ◦C dark for 8 h) for seven days (Figure 1a). We found that ABA inhibited
hypocotyl elongation at both 0.01 µM and 0.1 µM. 0.1 µM ABA treatment had a stronger
inhibitory effect compared to 0.01 µM (Figure 1c). It exhibited a similar effect of ABA-
induced suppression on the root elongation (Figure 1d). Next, we checked the effect of
ABA on hypocotyl elongation as well as root elongation in dark-grown tomato seedlings
(Figure 1b). The results showed that ABA inhibited hypocotyl and root elongation of dark-
grown seedlings at both 0.01 µM and 0.1 µM. Compared with that of light-grown seedlings,
the differences of inhibition between 0.01 µM and 0.1 µM ABA treatment in the dark-
grown seedlings were smaller (Figure 1e), indicating 0.01 µM ABA is sufficient to inhibit

http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi
http://ted.bti.cornell.edu/cgi-bin/TFGD/digital/home.cgi
https://www.arabidopsis.org/
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hypocotyl elongation of dark-grown seedlings. Compared with light-grown seedlings,
the dark-grown seedlings were more sensitive to ABA (Figure 1c,e). By comparing the
hypocotyl length of ABA-treated tomato seedlings grown in light with those grown in dark,
we found that light signal was an important factor affecting hypocotyl elongation. Under
dark conditions, the hypocotyls of tomato seedlings with or without ABA treatment were
significantly longer than that under light conditions (Figure 1c,e). This demonstrates that
dark-induced growth of hypocotyls exceeded the inhibition of hypocotyls by ABA.
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Figure 1. ABA inhibits hypocotyl and root elongation in both light-grown and dark-grown tomato
seedlings. (a) Time course of photos of light-grown tomato seedlings on medium containing 0 µM
(Control), 0.01 µM, or 0.1 µM ABA. (b) Time course of photos of dark-grown tomato seedlings on
medium containing 0 µM (Control), 0.01 µM, or 0.1 µM ABA. (c) Time course of hypocotyl elongation
of light-grown tomato seedlings on medium containing 0 µM (Control), 0.01 µM, or 0.1 µM ABA.
(d) Time course of root elongation of light-grown tomato seedlings on medium containing 0 µM
(Control), 0.01 µM, or 0.1 µM ABA. (e) Time course of hypocotyl elongation of dark-grown tomato
seedlings on medium containing 0 µM (Control), 0.01 µM, or 0.1 µM ABA. (f) Time course of root
elongation of dark-grown tomato seedlings on medium containing 0 µM (Control), 0.01 µM, or
0.1 µM ABA. For (c–f), each value represents the mean of 15 seedlings with the SE. The experiments
were repeated on three occasions with similar results. Different letters indicate significant differences
between treatments according to the Fisher’s least significant difference (LSD) test (p < 0.05).

3.2. Characterization of D-Clade PP2C (SlPP2C.D) Proteins in Tomato

A previous study reported that ABA inhibits hypocotyl elongation through dephos-
phorylating H+-ATPase [21]. Biochemical analysis revealed that H+-ATPases activity is
negatively regulated by type 2C protein phosphatase (PP2C) [48]. Further analysis demon-
strated that Arabidopsis AtPP2C-D1 of D-Clade PP2Cs inhibited PM H+-ATPase activ-
ity [33]. AtPP2C-D1 overexpression diminished hypocotyl length, while pp2c-d1pp2c-d2
double mutants displayed increased hypocotyl [33]. It is interesting to know whether D-
Clade PP2C proteins could participate in ABA-mediated inhibition of hypocotyl elongation
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in tomato. Firstly, we characterized tomato SlPP2C.D proteins. There are 14 SlPP2C.Ds in
tomato [40]. One conserved PP2C domain existed in 13 out of these 14 SlPP2C.Ds, while
three PP2C domains existed in Solyc10g078800 (Table 1).

Table 1. Protein length and PP2C domain of SlPP2C.D proteins.

Query PL 1 (aa 2) From To E-Value Accession Short Name

Solyc01g107300 376 42 337 4.67 × 10−62 cd00143 PP2Cc 3

Solyc01g111730 388 49 356 2.06 × 10−64 cd00143 PP2Cc
Solyc02g083420 390 48 355 3.33 × 10−64 cd00143 PP2Cc
Solyc02g092750 366 32 336 4.59 × 10−58 cd00143 PP2Cc
Solyc03g033340 397 48 355 9.29 × 10−64 cd00143 PP2Cc
Solyc05g055980 384 53 360 2.43 × 10−68 cd00143 PP2Cc
Solyc06g065920 374 51 351 2.28 × 10−55 cd00143 PP2Cc
Solyc09g007080 378 43 350 1.25 × 10−72 cd00143 PP2Cc
Solyc10g049630 380 34 335 1.20 × 10−59 cd00143 PP2Cc
Solyc10g055650 339 1 306 1.44 × 10−64 cd00143 PP2Cc
Solyc10g078800 1312 51 342 3.46 × 10−55 cd00143 PP2Cc
Solyc10g078800 551 844 1.28 × 10−45 cd00143 PP2Cc
Solyc10g078800 974 1266 1.36 × 10−54 cd00143 PP2Cc
Solyc10g078810 438 63 339 2.40 × 10−53 cd00143 PP2Cc
Solyc10g078820 460 63 341 1.23 × 10−57 cd00143 PP2Cc
Solyc10g084410 376 42 349 1.38 × 10−72 cd00143 PP2Cc

1 PL, protein length. 2 aa, amino acid. 3 PP2Cc, serine/threonine phosphatases, family 2C, catalytic domain.

3.3. Expression of SlPP2C.D Genes in Response to ABA

To understand the function and transcriptional regulation of SlPP2C.D genes on ABA,
and to find out whether SlPP2C.D genes could potentially participate in ABA signaling
pathways and ABA-mediated inhibition of hypocotyl elongation, we first checked the
expression patterns of SlPP2C.Ds in response to ABA treatment. The results showed that
the expression of seven SlPP2C.D members were significantly induced by ABA, includ-
ing Solyc01g111730, Solyc02g083420, Solyc02g083420, Solyc06g065920, Solyc09g007080,
Solyc10g049630, and Solyc10g055650. In contrast, Solyc10g084410 was expressed at low lev-
els and downregulated by ABA. No significant difference was observed for Solyc01g107300
and Solyc02g092750. Solyc05g055980 was undetectable both in mock-treated and ABA-
treated seedlings (Figure 2). These results indicated that about half of SlPP2C.Ds could be
responsive to and induced by ABA and might play a role in ABA signaling.

3.4. Organ-Specific Expression of SlPP2C.D Genes

To investigate the roles of the SlPP2C.D genes in tomato growth and development,
the expression patterns of SlPP2C.Ds were examined in 11 tomato organs (Figure 3). Four
SlPP2C.Ds, namely Solyc10g084410, Solyc10g078820, Solyc10g078800, and Solyc10g078810,
were absent in all examined organs. Five SlPP2C.Ds, namely Solyc05g055980, Solyc06g065920,
Solyc10g049630, Solyc01g107300, and Solyc02g092750, were expressed only in certain tissues,
while another five SlPP2C.Ds, namely Solyc01g111730, Solyc09g007080, Solyc03g033340,
Solyc02g083420, and Solyc10g055650, were ubiquitously expressed. Except in young and
mature leaves, Solyc09g007080 was expressed highly in the other nine tomato organs.
Interestingly, Solyc09g007080 showed relatively higher expression in hypocotyl than in
other tested organs. Meanwhile, among the 14 SlPP2C.D genes, Solyc09g007080 was the
most highly expressed one in hypocotyl. Therefore, Solyc09g007080 was presumably the
candidate gene for regulating hypocotyl elongation. The polygenetic tree showed that
fourteen tomato SlPP2C.D proteins and nine Arabidopsis AtPP2C.D proteins are classified
into six groups (Figure 4). Among the 14 tomato SlPP2C.D proteins, Solyc09g007080 and
Solyc10g084410 were most closely clustered together with AtPP2C.D1 (Figure 4). Although
Solyc10g084410 was also classified as a Clade with AtPP2C.D1, it was not expressed in any
tissues (Figure 3). Therefore, Solyc09g007080 was named as SlPP2C.D1 in this study.
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* p < 0.05, ** p < 0.01.
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Figure 3. Expression profiles of tomato SlPP2C.D genes in various organs. Organ-specific expression
of SlPP2C.D genes in tomato by using public RNA-sequencing data (The Tomato Genome Consortium,
2012). The values were log2 transformed with TBtools, and the cluster dendrogram conducted by
rows is shown on the left of the heat map. Blocks with grey colors indicate decreased and red
ones indicate increased transcription levels. Root, whole root; Hypo, hypocotyl; Cotyl, cotyledon;
YL, young leaf; ML, mature leaf; MER, vegetative meristem; YFB, young flower bud; 0 DPA, flower at
anthesis; 10 DPA, fruit at 10 DPA; 20 DPA, fruit at 20 DPA; 33 DPA, fruit at 33 DPA.
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acid sequences of tomato and Arabidopsis PP2C.D proteins were aligned, and a phylogenetic tree
was drawn using the maximum-likelihood method with 1000 bootstrap repeats, and the phylogenetic
tree was constructed using MEGA X program.

3.5. Expression of SlPP2C.D1 Gene in Light-Grown and Dark-Grown Seedlings

Hypocotyl elongation is coordinated by light and phytohormones, and SlPP2C.D1
was found to be strongly expressed in hypocotyl (Figure 3). It is reasonable to speculate
that SlPP2C.D1 might be responsive to the light signal. To figure out the expression pattern
of SlPP2C.D1 gene in response to light, we first tested its expression levels in hypocotyls
of dark-grown seedlings when exposed to light. As shown in Figure 5a, SlPP2C.D1 was
increased significantly at 1 h and 6 h of light exposure. In addition, when light-grown
tomato seedlings were moved to the dark for 1 h and 6 h, the expression of SlPP2C.D1 in
dissected hypocotyls was significantly downregulated (Figure 5b). The results indicated
that expression of SlPP2C.D1 was strongly upregulated by light.
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Figure 5. Light-responsive expression patterns of SlPP2C.D1 in hypocotyls of tomato seedlings.
(a) Seven-day-old, dark-grown seedlings were exposed to white light for 0 h (DL0), 1 h (DL1), or
6 h (DL6). (b) Seven-day-old, light-grown seedlings were exposed to darkness for 0 h (LD0), 1 h
(LD1), or 6 h (LD6). For (a,b), hypocotyls were dissected for RNA analysis by RT-qPCR. The tomato
ACTIN2 gene was used as an internal standard. Values are means ± SD of three biological replicates.
Asterisks refer to data significantly different from DL0 or LD0; Student’s t-test: ** p < 0.01.
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3.6. Characterization of the Interaction between SlPP2C.Ds and SlSAUR Proteins

Acid-growth theory mechanism proposed that SAURs inhibit PP2C.D phosphatases
to activate PM H+-ATPases and promote cell expansion [33]. However, the relationship
between tomato SlPP2C.D1 and SlSAUR proteins remains unclear. This prompted us to
detect the interaction between SlPP2C.D1 and SlSAURs. The full-length SlPP2C.D1 protein
was fused with the GAL4 DNA binding domain (BD) as “bait”. Full-length SlSAUR proteins
(Table S2) were expressed as “prey” fusions with the GAL4 activation domain (AD). AD
was included as control. The Y2H data showed that, except for three SlSAUR proteins
(SlSAUR3, SlSAUR39, and SlSAUR90), SlPP2C.D1s were found to interact with all the
remaining SlSAUR proteins (i.e., SlSAUR2, SlSAUR35, SlSAUR40, SlSAUR55, SlSAUR57,
SlSAUR59, SlSAUR65, and SlSAUR70) (Figure 6).
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Figure 6. Interaction between SlPP2C.D with SlSAUR proteins in the Y2H assay. Tomato SlPP2C.D
proteins were fused with the DNA-binding domain (BD) in pGBKT7, and full-length SlSAUR proteins
were fused with the activation domain (AD) in pGADT7, respectively. Transformed yeast was grown
on synthetic dropout lacking Leu and Trp (SD/−2) as transformation control or selective medium
lacking Ade, His, Leu, and Trp (SD/−4) to test protein interactions. The empty pGADT7 vector was
co-transformed with SlPP2C.D proteins in parallel as negative controls.

Additionally, the interaction between other SlPP2C.Ds and SlSAURs were also investi-
gated. The results showed that SlSAUR2, SlSAUR35, SlSAUR59, SlSAUR65, and SlSAUR70
interacted with Solyc02g083420 and Solyc03g033340. In addition, Solyc02g083420 also
interacted with SlSAUR57, while Solyc03g033340 was also associated with SlSAUR55.
However, SlSAUR3, SlSAUR39, and SlSAUR90 did not interact with any SlPP2C.D proteins.
Solyc10g049630 only interacted with three SlSAUR members: SlSAUR57, SlSAUR59, and
SlSAUR65. For Solyc10g055650, no interaction was detected with any SlSAUR members
(Figure 6).
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4. Discussion

Although some studies proposed the plant hormone ABA as a plant growth and
development stimulator, ABA is generally and substantially considered as a plant growth
inhibitor. However, effects of outputs of plant hormones such as ABA on plant growth
and development are closely related to the concentration [49]. Basal and low ABA was
thought to be required to promote plant growth and development because ABA-deficient
mutants exhibited retarded growth and dwarfism, which could be reversed by exogenous
ABA treatment [49]. However, ABA was regarded as a general growth inhibitor due to
a tight link between stress-inducible growth dwarfism and ABA accumulation. In fact,
exogenously applied ABA at high concentrations can mimic stressed conditions, which
lead to growth inhibition [49–51]. In consistent with the above notion, our results in this
study showed that exogenous ABA both at 0.01 µM and 0.1 µM concentrations significantly
inhibited the root and hypocotyl elongation of WT (cv. Ailsa Craig) tomato seedlings
(Figure 1). Except for the hormone concentrations, the degree of sensitivity to hormones
also depends on the plant varieties. For instance, in tomato seedlings of WT (cv. Rheinlands
Ruhm), both 0.1 µM and 1 µM ABA did not have any inhibitory effect on the hypocotyl
elongation; the inhibition was only observed until the concentration of ABA reaching
5 µM [45].

Cellular basis of hypocotyl growth is mainly dependent on cell expansion and cell
elongation in Arabidopsis thaliana [1]. PM H+-ATPase has long been considered as a
driver of cell growth. PM H+-ATPase is an ion pump that exports cellular protons out-
side the cell. On the one hand, extracellular H+ activates wall-modification-elated pro-
teins, including expansins [5], xyloglucan endotransglycosylase/hydrolases [6], and pectin
methylesterases [7], to loosen the cell wall and facilitate cell expansion. On the other hand,
electrochemical gradient of protons in turn energizes channel proteins and carriers for
nutrient and solute uptake, thereby maintaining the turgor pressure for cell expansion [52].
Upon hypocotyl elongation, PM H+-ATPase sits at the nexus of multiple signals, such as
auxin [3], ABA [21,53], brassinosteroids [54], peptide [17,26,27], blue light [14], and fusicoc-
cin [19]. Notably, the activity of PM H+-ATPase is regulated at posttranslational level by
phosphorylation and de-phosphorylation. To maintain the phosphorylation status and ac-
tivity of PM H+-ATPase, auxin induced SAUR proteins to interact with and inhibit PP2C.D1,
which de-phosphorylates the penultimate threonine residue of PM H+-ATPase [33]. There
are 14 PP2C.D proteins in tomato (Table 1). Combined with tissue-specific expression
pattern (Figure 3) and polygenetic tree (Figure 4), our data suggested that SlPP2C.D1
(Solyc09g007080) might be involved in hypocotyl growth. Its homologue AtPP2C.D1 was
found to be specifically expressed in the inner part of the apical hook and inhibited PM
H+-ATPase activity, facilitating apical hook formation [43,55]. Overexpressing AtPP2C.D1
also led to the reduction in hypocotyl length [33]. Furthermore, the expression of SlPP2C.D1
was upregulated upon ABA treatment (Figure 2), indicating SlPP2C.D1 might participate
in ABA signaling. However, whether ABA controls PM H+-ATPase activity via SlPP2C.D1
is unknown. In addition, the specific expression region of SlPP2C.D1 in hypocotyls and its
biological function need to be further verified.

In Arabidopsis, the main interactants of AtPP2C.D1 have been demonstrated to be
SAUR proteins, including SAUR9, SAUR14, SAUR17, SAUR19, SAUR32, SAUR40, SAUR50,
SAUR65, and SAUR72 [33,56,57]. Wang et al. (2020) found PP2C.Ds and SAUR proteins
were mutually dominant partners for binding each other [57]. This led us to explore which
SAUR proteins interact with SlPP2C.D1 in tomato. Y2H data showed that SlPP2C.D1
interacted with all examined SAUR proteins except for SAUR3, SAUR39, and SAUR90
(Figure 6), indicating SlPP2C.D1 activity may be regulated by these SAUR members and
may also act downstream of some signals to modulate the phosphorylation status and
activities of specific substrates to regulate plant cell growth. Furthermore, combinations
of other four SlPP2C.D members and SAUR proteins were characterized at the same time
(Figure 6), indicating SAUR-PP2C.D modules ubiquitously exist among different species.
Previous findings reminded us that different SAUR proteins have different regulatory
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effects on the same PP2C.D, and the same SAUR protein has different ways of acting on
different PP2C.D proteins. For example, both AtSAUR17 and AtSAUR50 interacted with
AtPP2C.D1; AtSAUR50 inhibited AtPP2C-D1 activity, but AtSAUR17 did not [57]. Addi-
tionally, AtSAUR19 could inhibit AtPP2C-D1 activity but not AtPP2C.D2 or AtPP2C.D4
activity [33]. In our study, we found that SlPP2C.D1 interacted with a subset of SlSAUR
proteins (Figure 6), and some of these SlSAUR proteins can also interact with another four
SlPP2C.Ds (Figure 6). However, the different SlPP2C.D1/SlSAUR interaction modules may
contribute to regulating SlPP2C-D1 activity to a different extent, and further studies to
clarify their synergistic or inhibitory effects are obviously required.

Lastly, ABA-mediated growth repression may be achieved through an SAUR-PP2C.D
functional module. Firstly, SAUR-PP2C.D interaction modules were well-demonstrated
to regulate H+-ATPases activity, and ABA decreased the phosphorylation level of the
penultimate threonine of H+-ATPase. Secondly, some SlPP2C.D genes were upregu-
lated by ABA treatment, revealing that these SlPP2C.Ds may be ABA-inducible genes.
Thirdly, ABA-regulated SAUR expressions were closely associated with ABA-mediated
growth repression. ABA could downregulate some growth-promoting SAUR genes such as
AtSAUR19 and AtSAUR63 [33,58,59]. It is well-known that AtSAUR19 positively regulates
cell expansion by inhibiting PP2C.D phosphatases and then activating PM H+-ATPases [33].
Furthermore, previous studies reported that AtSAUR32 was induced by ABA to regulate
ABA-mediated responses under drought stress in Arabidopsis [60,61]. ABA also induced
the expressions of SAUR41 subfamily genes to modulate cell expansion, ion homeostasis,
and salt tolerance [62]. Our current study demonstrated that both SlSAUR59, a homologue
to AtSAUR40 in the Clade A1, and SlSAUR65, a homologue to AtSAUR40 in the Clade C1,
interacted with SlPP2C.D1 and the other three SlPP2C.D members (Figure 6). Again, fur-
ther investigation on the formation and function of specific SlPP2C.D-SlSAUR interaction
complexes/modules in response to ABA signaling under different conditions in tomato
plants is required.

In conclusion, we found that ABA inhibited hypocotyl and root elongation of light-
grown and dark-grown tomato seedlings in a concentration-dependent manner. ABA
induced the expression of seven SlPP2C.D genes, among which SlPP2C.D1 was highly ex-
pressed in hypocotyl of dark-grown seedlings, and its gene expression was upregulated by
ABA and light. Furthermore, we found that different SAUR/PP2C.D interaction modules
exist widely in different species, including tomato. The interaction modules of SlSAUR
and SlPP2C.D were identified by Y2H experiments, which showed SlPP2C.D1 interacted
strongly with SlSAUR2, 35, 40, 55, 57, 59, 65, and 70. Solyc02g083420 and Solyc03g033340
both interacted with SlSAUR2, 35, 59, 65, and 70. Additionally, Solyc02g083420 interacted
with SlSAUR57, while Solyc03g033340 was associated with SlSAUR55. Solyc10g049630 only
interacted with three SlSAUR members: SlSAUR57, 59, and 65. However, Solyc10g055650
did not interact with any SlSAUR members, and SlSAUR3, 39, and 90 did not interact with
any SlPP2C.D proteins. Altogether, results from this study suggest that further investiga-
tion of the regulatory role of ABA in tomato hypocotyls could be focused on the formation
and function of SlSAUR-SlPP2C.D interaction modules.
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