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Abstract 51 

Plants modulate their shape and growth in response to environmental stress. However, 52 

regulatory mechanisms underlying the changes in shape and growth under environmental stress 53 

remain elusive. The CINCINNATA (CIN)-like TEOSINTE BRANCHED1/CYCLOIDEA/PCF 54 

(TCP) family of transcription factors (TFs) are key regulators for limiting the growth of leaves 55 

through negative effect of auxin response. Here, we report that stress-inducible CIN-like TCP13 56 

plays a key role in inducing morphological changes in leaves and growth regulation in leaves 57 

and roots that confer dehydration stress tolerance in Arabidopsis thaliana. Transgenic 58 

Arabidopsis plants overexpressing TCP13 (35Spro::TCP13OX) exhibited leaf rolling, and 59 

reduced leaf growth under osmotic stress. The 35Spro::TCP13OX transgenic leaves showed 60 

decreased water loss from leaves, and enhanced dehydration tolerance compared with their 61 

control counterparts. Plants overexpressing a chimeric repressor domain SRDX-fused TCP13 62 

(TCP13pro::TCP13SRDX) showed severely serrated leaves and enhanced root growth. 63 

Transcriptome analysis of TCP13pro::TCP13SRDX transgenic plants revealed that TCP13 64 

affects the expression of dehydration- and abscisic acid (ABA)-regulated genes. TCP13 is also 65 

required for the expression of dehydration-inducible auxin-regulated genes, INDOLE-3-66 

ACETIC ACID5 (IAA5) and LATERAL ORGAN BOUNDARIES (LOB) DOMAIN 1 (LBD1). 67 

Furthermore, tcp13 knockout mutant plants showed ABA-insensitive root growth and reduced 68 

dehydration-inducible gene expression. Our findings provide new insight into the molecular 69 

mechanism of CIN-like TCP that is involved in both auxin and ABA response under 70 

dehydration stress.   71 

 72 
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 75 

Key message 76 

A dehydration-inducible Arabidopsis CIN-like TCP gene, TCP13, acts as a key regulator of 77 

plant growth in leaves and roots under dehydration stress conditions. 78 

  79 

  80 
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INTRODUCTION 81 

Plants are exposed to various environmental stresses, such as drought, high salt, and low 82 

temperature. To withstand these abiotic stresses, plants have evolved numerous mechanisms of 83 

adaptation. Inhibition of shoot growth under water deficit conditions is often observed, which 84 

improves water balance and stress tolerance, thus ensuring plant survival (Claeys and Inze 85 

2013). Environmental cues such as water and nutrient availability, salt, temperature, and light 86 

conditions have profound effects on leaf and root architecture (Ding and De Smet 2013). 87 

Morphological changes in leaves and roots allow plants to acclimate to and tolerate 88 

environmental stress conditions. When the effect of environmental stress is temporary, 89 

continued restriction of growth can lead to a competitive disadvantage and unnecessary yield 90 

losses. Therefore, plants have evolved several tightly regulated mechanisms to balance growth 91 

and survival in response to severe abiotic stress conditions. Although the regulation of shoot and 92 

root growth under water deficit conditions is important for plant survival, the molecular 93 

mechanisms regulating morphological changes in these organs are not well understood. 94 

Plants utilize transcriptional modulation to regulate the balance between growth and 95 

survival under abiotic stress conditions. Previous studies have shown that genes performing 96 

different functions are either upregulated or downregulated under stress conditions (Dubois et al. 97 

2013; Kreps et al. 2002; Maruyama et al. 2004; Maruyama et al. 2009; Seki et al. 2002a; Seki et 98 

al. 2002b; Urano et al. 2017; Urano et al. 2009). During evolution, the number of transcription 99 

factors (TFs) involved in the adaptation of plants to complex environmental stresses has 100 

increased. Several different TF families are known to be involved in abiotic stress responses, 101 

including dehydration-responsive element-binding (DREB) protein, basic leucine zipper (bZIP) 102 

domain, ethylene-responsive element-binding factor (ERF), zinc-finger, WRKY, MYB, and 103 

basic helix-loop-helix (bHLH) families. These TFs mainly function as transcriptional activators 104 

of downstream genes involved in stress responses and tolerance (Chen et al. 2002; Kodaira et al. 105 

2011; Schommer et al. 2008; Yamaguchi-Shinozaki and Shinozaki 2006). Recently, the results 106 

of high-throughput techniques, such as chromatin immunoprecipitation sequencing (ChIP-seq) 107 

and DNA affinity purification sequencing (DAP-seq), showed that differential binding of 108 

multiple TFs to downstream gene promoters ensures robust responsiveness of downstream 109 

genes to the environmental stimulus (O'Malley et al. 2016; Song et al. 2016; Sullivan et al. 110 

2014). 111 

The CINCINNATA-like (CIN-like) TEOSINTE BRANCHED1/CYCLOIDEA/PCF 112 

(TCP) TF family plays essential roles in the determination of leaf size and shape (Nath et al. 113 

2003; Palatnik et al. 2003). TCPs harbor a conserved noncanonical bHLH domain, which 114 

mediates their binding to DNA or interaction with other proteins (Cubas et al. 1999; Kosugi and 115 

Ohashi 2002). The TCP proteins are grouped into two subclasses, class I and class II, based on 116 
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sequence similarity (Martin-Trillo and Cubas 2010). A total of 13 class I and 11 class II TCPs 117 

have been identified in Arabidopsis thaliana. Among the 11 class II TCP genes, TCP2, TCP3, 118 

TCP4, TCP5, TCP10, TCP13, TCP17, and TCP24 belong to the CIN-like TCP family. 119 

Simultaneous disruption of multiple CIN-like TCP genes greatly affects leaf development 120 

(Koyama et al. 2010; Schommer et al. 2008). TCP3 directly activates the expression of 121 

microRNA164 (miR164), ASYMMETRIC LEAVES1 (AS1), INDOLE-3-ACETIC ACID3/SHORT 122 

HYPOCOTYL2 (IAA3/SHY2), and several auxin-inducible genes including SMALL AUXIN UP 123 

RNA (SAUR) proteins, PIN FORMED (PIN) family of auxin efflux carriers, and LATERAL 124 

ORGAN BOUNDARIES (LOB) DOMAIN (LBD) TFs (Koyama et al. 2010). These target genes 125 

of TCP3 act as negative regulators of CUP-SHAPED COTYLEDON (CUC) genes for regulating 126 

leaf differentiation (Koyama et al. 2010). TCP4 directly activates the expression of HAT2, a 127 

HD-ZIP II TF to induce the maturation of leaf pavement cells via both auxin-dependent and 128 

independent pathways (Challa et al. 2019). TCP5 controls leaf margin development by 129 

regulating KNAT3, a KNOTTED1-like homeobox (KNOX) gene and SAW1, a BEL-like 130 

transcription factors (Yu et al. 2020). CIN-like TCP genes also regulate jasmonic acid (JA) and 131 

flavonol biosynthesis. JA biosynthesis is mediated by Lipoxygenase2 (LOX2), which is 132 

upregulated by TCP3 (Koyama et al. 2007) and TCP4 (Schommer et al. 2008), and 133 

downregulated in jaw-d mutants (Schommer et al. 2008). TCP3 also interacts with the R2R3-134 

MYB protein MYB12, which promotes flavonoid biosynthesis and represses auxin signaling (Li 135 

and Zachgo 2013). In addition, CIN-like TCP genes are involved in the control of axillary bud 136 

outgrowth. The jaw‐D, tcp5 and tcp5tcp13tcp17 mutant plants show a significant reduction in 137 

the number of secondary branches (van Es et al. 2019).  138 

The activity of five CIN-like TCPs, including TCP2, TCP3, TCP4, TCP10, and TCP24, 139 

during leaf development is tightly regulated by miR319 at the post-transcriptional level. 140 

Expression of TCPs carrying synonymous mutations, responsible for the resistance to miR319-141 

mediated cleavage, causes severe defects in leaf morphology or seedling death in Arabidopsis, 142 

and the transition from compound leaves to simple leaves in tomato (Solanum lycopersicum) 143 

(Ori et al. 2007; Palatnik et al. 2003; Palatnik et al. 2007). The activity of CIN-like TCPs is also 144 

modulated at the protein level through protein–protein interactions. ARMADILLO BTB 145 

ARABIDOPSIS PROTEIN1 (ABAP1) interacts with TCP24 to modify its activity for the 146 

regulation of leaf cell proliferation (Masuda et al. 2008). The SWI/SNF chromatin remodeling 147 

ATPase, BRAHMA (BRM), modulates the activity of CIN-like TCPs to reduce the cytokinin 148 

sensitivity of leaves by increasing the expression of the negative cytokinin regulator, 149 

ARABIDOPSIS RESPONSE REGULATOR16 (ARR16) (Efroni et al. 2013). The TCP 150 

INTERACTOR-CONTAINING EAR MOTIF PROTEIN1 (TIE1), a transcriptional repressor, as 151 

well as TOPLESS (TPL) and TIE1-ASSOCIATED RING-TYPE E3 LIGASE1 (TEAR1) 152 
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regulate leaf development by physically interacting with CIN-like TCPs (Tao et al. 2013; Zhang 153 

et al. 2017). However, the role of CIN-like TCP in the regulation of plant growth under abiotic 154 

stress conditions is not well characterized. 155 

In this study, we show that an Arabidopsis CIN-like TCP gene, TCP13, is significantly 156 

induced by dehydration. We show that TCP13 plays important roles in regulating the growth of 157 

leaves and roots under abiotic stress. Arabidopsis plants overexpressing TCP13 158 

(35Spro::TCP13OX) exhibited leaf rolling and leaf growth inhibition, abscisic acid (ABA)-159 

sensitive root growth, and elevated dehydration stress tolerance. Additionally, tcp13 knockout 160 

mutant plants showed ABA-insensitive root growth and reduced dehydration-inducible gene 161 

expression, which supports the idea that TCP13 acts downstream of ABA signaling pathway 162 

under dehydration stress. TCP13 also positively regulates the dehydration-inducible auxin-163 

regulated genes, IAA5 and LBD1. Overall, our results suggest that TCP13 is an important 164 

component of a regulatory module that controls plant growth under dehydration stress. 165 

  166 

MATERIALS AND METHODS  167 

Plant materials and stress treatments 168 

Arabidopsis thaliana ecotype Columbia (Col-0; WT) was used for the generation of transgenic 169 

lines used in this study. Unless otherwise stated, plants were grown on MS medium (Murashige 170 

and Skoog 1962), supplemented with 3% sucrose and 0.8% agar (MS-agar), or in soil (Dio 171 

Professional for grafting, Innovex Co., Ltd., Tokyo) at 22 °C under long-day conditions (a 16 h 172 

light/8 h dark photoperiod and 60 ± 10 mol photons m−2 s−1 light intensity, as described 173 

previously (Urano et al. 2009; Urano et al. 2004)). The T-DNA insertion tcp5 (SM_3_29639), 174 

tcp13 (GK_182B12), and tcp17 (SALK_148580) mutant lines were obtained from the 175 

Arabidopsis Biological Resource Center (ABRC), OH, USA, and the site of T-DNA insertion 176 

site in each of these mutants has been described previously (Koyama et al. 2007; Koyama et al. 177 

2010). The tcp13tcp15tcp17 triple mutant was generated by crossing the single mutants 178 

described previously (Koyama et al. 2017). To perform ABA or salt (NaCl) stress treatments, 2-179 

week-old whole WT plants were transferred from the agar medium to water (control) or to water 180 

containing 10 M ABA or175 mM NaCl for 3–6 h. To induce dehydration stress, whole plants 181 

were transferred on to a parafilm (Parafilm M PM999, Bemis Company, Neenah, WI) for 3–6 h 182 

(WT) or 3–8 h (tcp13 and WT). 183 

 184 

Plasmid construction and plant transformation 185 

To generate 35Spro::TCP13OX, 35Spro::TCP5OX, and 35Spro::TCP17OX constructs, coding 186 

sequences (CDSs) of TCP13, TCP5, and TCP17, respectively, were amplified by PCR using 187 

sequence-specific primers and cloned into the EcoRV site of pGKX, as described previously 188 
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(Maruyama et al. 2009). To generate the 35Spro::TCP13SRDX and 35Spro::TCP13-sGFP 189 

constructs, the CDS of TCP13 minus the stop codon was cloned into the SmaI site of pGKX-190 

SRDX and pGKX-sGFP, respectively, as described previously (Fujita et al. 2005; Maruyama et 191 

al. 2009; Qin et al. 2008). To construct the TCP13pro::TCP13SRDX plasmid, the TCP13 192 

promoter (∼1,000 bp upstream of the transcription start site) was PCR amplified and cloned into 193 

35Spro::TCP13SRDX between KpnI and XbaI restriction sites. To construct the 194 

TCP13pro::GUS plasmid, first the pGKX-GUS construct was generated by cloning the GUS 195 

reporter gene amplified from the pBI101 vector (Fujita et al. 2005; Maruyama et al. 2009; Qin et 196 

al. 2008; Urano et al. 2004) into the pGKX-sGFP plasmid between BamHI and EcoRV 197 

restriction sites. Then, the TCP13 promoter region was cloned into the pGKX-GUS plasmid 198 

between KpnI and XbaI restriction sites. These constructs were introduced into Agrobacterium 199 

tumefaciens strain C58, which was then used to transform Arabidopsis plants via vacuum 200 

infiltration (Bechtold and Pelletier 1998). Seeds of T2 or T3 plants were used for subsequent 201 

experiments. 202 

 203 

Histochemical GUS staining and GFP detection in protoplasts 204 

Histochemical GUS staining was performed as described previously (Urano et al. 2004), and 205 

GUS was observed using an M205C stereomicroscope equipped with a DFC490 digital color 206 

camera (Leica Microsystems). To determine the subcellular localization of TCP13, plasmid 207 

DNA (5 μg) isolated from 35Spro::TCP13-sGFP plants was transfected into Arabidopsis 208 

mesophyll protoplasts, and GFP was detected under a confocal laser scanning microscope 209 

(LSM510; Zeiss). Arabidopsis protoplast isolation and PEG-calcium transfection were 210 

performed as described previously (Yoo et al. 2007). 211 

 212 

ABA sensitivity of transgenic and mutant plants 213 

The ABA sensitivity test was performed using 35Spro::TCP13OX and control plants grown in 214 

plates containing 1/2 MS medium supplemented with 1% sucrose, 30 mg/L kanamycin, and 215 

0.8% agar or tcp13 mutant and WT (Col-0) plants grown in plates containing half-strength MS 216 

(1/2 MS) medium supplemented with 1% sucrose and 0.8% agar at 22 °C under long-day 217 

conditions. To perform the ABA sensitivity test, 5-day-old plants were transferred to plates 218 

containing 1/2 MS medium supplemented with 1% sucrose, 1.2% agar, and ABA (0, 50, or 100 219 

M for 35Spro::TCP13OX and control plants; 0, 5, or 10 M for tcp13 and WT plants). After 7 220 

days of incubation, the root elongation length of 7 plants per experiment was measured.  221 

 222 

Osmotic stress sensitivity test of transgenic and mutant plants 223 



8 

 

The osmotic stress sensitivity test was performed using the 35Spro::TCP13OX and control 224 

plants grown in plates containing 1/2 MS medium supplemented with 1% sucrose ,30 mg/L 225 

kanamycin, and 0.8% agar or tcp13 mutant, tcp13tcp15tcp17 triple mutant and WT (Col-0) 226 

plants grown on1/2 MS medium supplemented with 1% sucrose and 0.8% agar at 22 °C under 227 

long-day conditions . Plates were overlaid with a nylon mesh (Prosep; pore size = 20 μm) to 228 

prevent roots from growing into the medium in a plate (diameter = 150 mm). At 9 days after 229 

sowing (DAS), when the third leaf was fully expanded, the nylon mesh was gently lifted using 230 

forceps, and seedlings were transferred to plates containing 1/2 MS medium (control) or 1/2 MS 231 

medium supplemented with 25 mM mannitol (Sigma-Aldrich). After 13 days of incubation, the 232 

leaf area of five leaves per line was measured using ImageJ. 233 

 234 

Dehydration tolerance test 235 

The dehydration tolerance test was performed using the 35Spro::TCP13OX and control plants 236 

grown in soil at 22 °C under long-day conditions. One pot contained 5 plants of each line. 9 pots 237 

of 35Spro::TCP13OXa and b, and 18 pots of control plants were transferred to empty tray and 238 

exposed dehydration stress by withholding watering for 14 days in 45–60 relative humidity. 239 

After dehydration treatment, plants were grown for 7 days with well-water conditions and 240 

evaluated the survival rate of plants. 241 

 242 

Transcriptome analysis using an oligo DNA array 243 

The Agilent Arabidopsis 4 Oligo Microarray (Agilent Technologies) containing 21,500 probes 244 

was used to identify genes downstream of TCP13. Total RNA was isolated from 2-week-old 245 

TCP13pro::TCP13SRDX whole plants using extraction buffer (0.2 M Tris-HCl [pH 9.0], 0.4 M 246 

LiCl, 25 mM EDTA, and 1% SDS). Total RNA of 10 plants of each transgenic line was pooled. 247 

This procedure was repeated to produce two biologically independent RNA pools per transgenic 248 

line. The Cy3- and Cy5-labeled cRNA of each transgenic line and control sample was 249 

hybridized to the microarray. Additionally, the color swapping experiment was performed as a 250 

technical replicate. After hybridization, the microarray slides were scanned (scanner model 251 

G2505C; scan control software version A.8.5.1; Agilent Tech, Inc., Santa Clara, CA, USA), and 252 

data were analyzed using the Feature Extraction software (version 10.10.1.1; Agilent). Raw data 253 

were analyzed using the GeneSpring GX software (version 12.0; Agilent). Expression log ratios 254 

and Benjamini-Hochberg FDR p-values were calculated using GeneSpring GX. The microarray 255 

design and data were deposited at ArrayExpress (accession number E-MTAB-9336). 256 

 257 

Gene expression analysis by qRT-PCR 258 

Gene expression was analyzed by qRT-PCR as described previously (Urano et al. 2017). The 259 



9 

 

AGI code- and gene-specific primers were designed based on the sequence of a single exon 260 

using Primer Express 2.0 (Applied Biosystems, Foster City, CA, USA) (Methods S1). All qRT-261 

PCR reactions were performed in three technical replicates, and mRNA levels of genes were 262 

normalized relative to the constitutive control, At2g32170.  263 

 264 

Transactivation analysis of the AHG3, Gols2, IAA5, and LBD1 promoter 265 

Protoplasts were isolated from peeled rosette leaves of 3–4-week-old WT and tcp13 mutant 266 

Arabidopsis plants using the Tape Arabidopsis Sandwich method (Wu et al. 2009), as described 267 

previously (Sakamoto et al. 2016; Yoshida et al. 2013). The reporter construct containing the 268 

firefly (Photinus pyralis) LUC gene driven by the AHG3, Gols2, IAA5, or LBD1 promoter was 269 

co-transfected into the WT and tcp13 mutant protoplasts using the PEG transfection method, as 270 

described previously (Sakamoto et al. 2016; Yoshida et al. 2013), along with a construct 271 

containing the modified Renilla reniformis luciferase gene driven by the CaMV 35S promoter 272 

(phRLHSP; internal control). The transfected protoplasts were incubated at 22°C in the dark in 273 

medium supplemented with or without 5 M ABA or 1 M IAA for 16–18 h. The dual-LUC 274 

assay was carried out using the Pikka Gene Dual Assay Kit (Toyo Ink, Inc., Tokyo, Japan). The 275 

reporter activity was normalized with the activity of the Renilla luciferase gene.  276 

 277 

RESULTS 278 

TCP13 shows dehydration-inducible expression 279 

Water deficit stress induces morphological changes in plants to ensure survival. To identify key 280 

factors that control these morphological changes under dehydration stress, we analyzed the 281 

expression patterns of Arabidopsis TCP genes in leaves under dehydration stress using our 282 

previously published microarray data (Urano et al. 2009). Of the 24 Arabidopsis TCP genes on 283 

the Agilent oligo array, 11 were expressed (Fig. S1). This microarray analysis showed that only 284 

TCP13 was upregulated under dehydration stress, whereas other TCPs were downregulated. The 285 

up-regulation of TCP13 under dehydration stress is also supported by the Arabidopsis RNA-seq 286 

Database (http://ipf.sustech.edu.cn/pub/athrna/; Zhang et al. 2020) (Table S1). 287 

 Amino acid sequence alignment of Arabidopsis class II TCPs suggests that TCP13 is 288 

relatively similar to TCP5 and TCP17 (Fig. 1a). TCP5, TCP13, and TCP17 do not contain the 289 

miR319A/JAW target sequence (Palatnik et al. 2003), and all three TCPs have been previously 290 

shown to be involved in leaf differentiation, which is a common function of CIN-like TCPs 291 

(Koyama et al. 2007; Koyama et al. 2010). Fig. 1b shows the results of quantitative real-time 292 

PCR (qRT-PCR) analysis of TCP5, TCP13, and TCP17 in Arabidopsis plants exposed to ABA, 293 

high salt, or dehydration stress for 3 or 6 h. The expression of TCP13 was highly upregulated 294 

during the early phase of dehydration stress, and slightly upregulated by exogenous ABA and 295 
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high salinity. In contrast, the expression of TCP5 decreased during the early phase of 296 

dehydration. Expression of TCP17 was not affected by any of the three abiotic stresses (Fig. 1B).  297 

To investigate why the response of TCP13 to abiotic stress was different from that of 298 

TCP5 and TCP17, we analyzed the promoter sequences of all three genes. The TCP13 promoter 299 

contained two typical ABRE motifs (ACGTGG) (Fig. 1c). By contrast, TCP5 and TCP17 300 

promoters lacked the ABRE motif but contained an auxin-responsive element, named 301 

GMSAUR (CATATG), which was found in the promoter of an auxin-responsive gene, 302 

SAUR15A, of soybean (Glycine max) (Xu et al. 1997). These results suggest that TCP13 might 303 

perform a unique function under dehydration stress via ABA signaling. In addition, amino acid 304 

sequence alignment of class II TCPs of selected vascular land plants such as Arabidopsis, 305 

Brassica napus, soybean, alfalfa (Medicago truncatula), rice (Oryza sativa), maize (Zea mays), 306 

and a bryophyte (Physcomitrella patens) was shown in Fig. S2.  307 

 308 

Tissue-specific expression of TCP13, and subcellular localization of TCP13 protein 309 

To analyze the tissue-specific expression profile of TCP13, we performed histochemical 310 

staining of transgenic Arabidopsis plants expressing the -glucuronidase (GUS) gene under the 311 

control of the TCP13 promoter (TCP13pro::GUS) (Fig. 2a–c), and analyzed the expression of 312 

TCP13 in leaves and roots of wild-type (WT) plants by qRT-PCR (Fig. 2d). GUS activity was 313 

detected in the leaves, but not in the roots, of 5- and 10-day-old plants (Fig. 2a and b). GUS 314 

staining was detected in cotyledon and true leaves (Fig. 2a and b). GUS staining was 315 

specifically detected in expanding cells (upper region) but not in dividing cells (lower region) in 316 

young leaves (Fig. 2c). Additionally, qRT-PCR analysis showed that the expression level of 317 

TCP13 was high in leaves and low in roots (Fig. 2d). Tissue-specific TCP13 expression data 318 

obtained from the Arabidopsis EFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) 319 

(Winter et al. 2007) showed that TCP13 is expressed in mesophyll cells, but not in guard cells, 320 

of leaves (Fig. S3a), and in the endodermis and cortex of roots under salt stress (Fig. S3b).  321 

 To determine the subcellular localization of TCP13, we fused the full-length TCP13 322 

gene to a synthetic green fluorescent protein (sGFP) gene (TCP13-sGFP), and introduced the 323 

construct into Arabidopsis leaf protoplasts via polyethylene glycol (PEG)-mediated transfection. 324 

The TCP13-sGFP fusion protein was transiently expressed in the nuclei (Fig. 2e). Together, 325 

these data suggest that TCP13 exhibits strong expression in leaves, and the encoded protein 326 

localizes to the nuclei. 327 

 328 

Characterization of TCP13 overexpression (TCP13OX) lines, TCP13 repression 329 

(TCP13SRDX) lines and tcp13 loss-of-function mutant plants at different developmental 330 

stages.  331 
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First, we analyzed transgenic plants overexpressing TCP13 cDNA under the control of the 332 

constitutive Cauliflower mosaic virus (CaMV) 35S promoter (35Spro::TCP13OX). The 333 

35Spro::TCP13OX seedlings showed longer hypocotyls and shorter roots than plants 334 

transformed with the empty vector (control) (Fig. 3a–c). True leaves of 35Spro::TCP13OX 335 

plants were narrower than those of control plants and showed downward rolling (Fig. 3d, e, i, 336 

and j). We also examined the effect of TCP13 repression on plant morphology. The Chimeric 337 

REpressor Silencing Technology (CRES-T) is a gene silencing system, in which a TF fused to 338 

the EAR-motif repression domain (Leu-Asp-Leu-Asp-Leu-Glu-Leu-Arg-Leu-Gly-Phe-339 

Ala;SRDX) dominantly represses the transcription of its target genes, regardless of the absence 340 

or presence of endogenous and functionally redundant TFs (Hiratsu et al. 2003). We generated 341 

transgenic plants expressing SRDX-fused TCP13 cDNA (TCP13SRDX). Transgenic Arabidopsis 342 

plants expressing the chimeric repressor under the control of the constitutive CaMV 35S 343 

promoter (35Spro::TCP13SRDX) produced ectopic shoots and failed to grow when transferred 344 

to soil (Fig. 3f). Transgenic seedlings expressing the chimeric repressor under the control of the 345 

TCP13 promoter (TCP13pro::TCP13SRDX) showed greater root growth (Fig. 3a and c) and 346 

wavy and serrated rosette leaves (Fig. 3g, m, and n) compared with control plants (Fig. 3d and j). 347 

Rosette leaves of tcp13 mutant plants showed no severe phenotypic abnormality (Fig. 3k) 348 

compared with those of WT plants (Fig. 3l). By contrast, tcp5tcp13tcp17 triple knockout mutant 349 

plants (tcp5/13/17) showed shorter petioles and smaller leaves (Fig. 3h and o), with slightly 350 

wavy and serrated margins (Fig. 3q), compared with the respective control (Fig. 3d) or WT 351 

plants (Fig. 3p and r), suggesting that TCP13, together with TCP5 and TCP17, regulates leaf 352 

morphology.  353 

We also generated transgenic Arabidopsis plants overexpressing TCP5 and TCP17 354 

under the control of the constitutive CaMV 35S promoter (35Spro::TCP5OX and 355 

35Spro::TCP17OX, respectively). Transgenic 35Spro::TCP5OX and 35Spro::TCP17OX 356 

seedlings showed longer hypocotyls than empty vector-transformed control plants (Fig. S4a). 357 

This phenotype of 35Spro::TCP5OX and 35Spro::TCP17OX seedlings was similar to that of 358 

transgenic seedlings overexpressing a mutant form of TCP3 (35Spro::mTCP3OX), in which the 359 

target site of miR319/JAW was replaced with a non-target sequence (Koyama et al. 2007), and 360 

to that of previously generated transgenic seedlings overexpressing TCP5 (35Spro::TCP5OX) 361 

(Han et al. 2019) and TCP17 (35Spro::TCP17OX) (Han et al. 2019; Zhou et al. 2019). 362 

Furthermore, TCP5, TCP13, and TCP17 were shown to play basic roles in promoting thermo-363 

responsive hypocotyl growth by positively regulating PIF4 activity (Han et al. 2019; Zhou et al. 364 

2019). In contrast to 35Spro::TCP13OX plants, the 35Spro::TCP5OX and 35Spro::TCP17OX 365 

plants showed no change in root growth in comparison with control plants (Fig. S4b). These 366 

results suggest that inhibition of root growth is a unique function of TCP13 among CIN-like 367 
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TCP genes. 368 

 369 

TCP13 inhibits leaf and root growth in response to ABA and osmotic stress, and is 370 

involved in tolerance to dehydration stress 371 

The TCP13 gene is significantly induced by dehydration stress and slightly induced by high 372 

salinity and ABA treatments (Fig. 1b). To analyze the function of TCP13 in ABA response, we 373 

examined the response of the 35Spro::TCP13OX transgenic seedling and tcp13 knockout 374 

mutant seedlings to the ABA treatment (Fig. 4). To carry out the ABA sensitivity test, the 375 

35Spro::TCP13OX and tcp13 plants grown on agar plates for 5 days were transferred to plates 376 

containing agar supplemented with or without ABA. After 7 days, the root length of these 377 

seedlings was measured (Fig. 4c), and the root growth in the presence of ABA was compared 378 

with that in the absence of ABA (Fig. 4d). The 35Spro::TCP13OX plants showed reduced root 379 

growth compared with control plants in the absence and presence of ABA treatment (Fig. 4a and 380 

c). The enhanced root growth retardation relative to the control plants was detected in the 381 

35Spro::TCP13OX plants under ABA treatment (Fig. 4d). In contrast, the WT and tcp13 mutant 382 

plants showed similar growth in the absence of ABA, whereas the tcp13 mutant plants showed 383 

greater root elongation than WT plants in response to ABA (Fig. 4b, c and d).  These results 384 

suggest that TCP13 negatively regulates root growth in response to the ABA treatment.  385 

To analyze the effect of TCP13 on plant response to osmotic stress, we examined 386 

changes in the leaf growth of the 35Spro::TCP13OX, tcp13 and tcp5/13/17 knockout mutant 387 

plants on agar plates under mannitol stress (Fig. 5). Nine-day-old plants were transferred to 388 

plates containing half-strength Murashige and Skoog (1/2 MS) medium or 1/2 MS medium 389 

supplemented with 25 mM mannitol, which has been shown to restrict leaf growth by 390 

approximately 50% (Skirycz et al. 2011). After 13 days, each rosette leaf was separated (Fig. 5a 391 

and d), and size of third (L3), fourth (L4) and fifth (L5) leaf in the mannitol treatment was 392 

compared with that in the control treatment (Fig. 5b, c, e, and f). The 35Spro::TCP13OX plants 393 

showed growth retardation with smaller leaves compared with the control plants in control and 394 

mannitol conditions (Fig. 5 a and b). Especially, leaves of 35Spro::TCP13OXa plants in the 395 

mannitol treatment showed severe rolling from the mid-point to the tip (Fig. 5a). The enhanced 396 

leaf growth retardation relative to the control plants was detected in L3-L5 of the 397 

35Spro::TCP13OXa and L4 of the 35Spro::TCP13OXb plants under mannitol treatment (Fig. 398 

5c). These results indicate that 35Spro::TCP13OX leaves are hypersensitive to osmotic stress. 399 

On the other hand, the tcp13 mutant plants treated with mannitol showed no significant changes 400 

in leaf growth compared with control plants (Fig. 5d-f). tcp5/13/17 triple mutant plants showed 401 

growth retardation with smaller leaves compared with the control plants in control (L3-5) and 402 

mannitol (L4 and L5) conditions (Fig. 5e). The reduced leaf growth retardation relative to the 403 
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WT plants was detected in L4 of the tcp5/13/17 mutant plants under mannitol treatment (Fig. 5f), 404 

indicating that tcp5/13/17 showed insensitive response to osmotic stress. TCP13 probably 405 

exhibit functional redundancies between TCP5 and 17 for leaf growth regulation under osmotic 406 

stress.  407 

We then examined the response of 35Spro::TCP13OX plants to severe dehydration 408 

stress. Watering of 35Spro::TCP13OX plants was withheld for 14 days, and the survival rate of 409 

plants was calculated at 7 days after rewatering. The 35Spro::TCP13OX plants showed greater 410 

dehydration stress tolerance, as evident from the reduced downward leaf rolling phenotype and 411 

higher survival rate, than control plants (Fig. 6a). This result was consistent with a lower 412 

reduction in the water content of 35Spro::TCP13OX plants, based on the measurement of the 413 

weight of detached leaves, than in the water content of control plants (Fig. 6b). On the other 414 

hand, detached leaves of nced3-2 mutant plants (negative control), carrying a knockout mutation 415 

in a key gene responsible for dehydration-inducible ABA accumulation, showed a greater 416 

reduction in the water content than control plants (Fig. 6b). These results suggest that leaves of 417 

35Spro::TCP13OX plants show less water loss than control plants under dehydration stress.  418 

 419 

Transcriptome analysis of TCP13pro::TCP13SRDX plants 420 

To investigate the transcriptional regulation of TCP13, we performed microarray analysis of 421 

whole plants expressing the TCP13pro::TCP13SRDX and focused on genes downregulated in 422 

TCP13pro::TCP13SRDX plants (Fig. 7). The results showed that 555 genes were downregulated 423 

in TCP13pro::TCP13SRDX plants (fold-change [FC] < 0.5; p < 0.05; false discovery rate [FDR] 424 

< 0.0277) (Table S2) compared with control plants.  425 

 Next, we performed Gene Ontology (GO) enrichment analysis (PANTHER 426 

Classification System, https://www.arabidopsis.org/tools/go_term_enrichment.jsp) of these 555 427 

genes to determine their potential functions. A total of 48 GO terms were significantly enriched 428 

(p < 0.05) (Table S3), and the top 10 categories are shown in Fig. 7a. Among these GO terms, 429 

“response to stimulus” was the most highly enriched GO term, followed by “response to abiotic 430 

stimulus” and “response to chemical”. Then, we compared the 555 genes downregulated in 431 

TCP13pro::TCP13SRDX plants with dehydration-inducible genes reported previously (Urano et 432 

al. 2017). The results showed that 230 out of 555 genes were upregulated under dehydration 433 

stress in the study of Urano et al. (2017) (FC < 2; p < 0.05) (Fig. 7b). These results suggest that 434 

numerous downstream candidates of TCP13 are involved in dehydration stress response.  435 

We further analyzed the expression of dehydration stress-responsive and ABA-436 

regulated genes downregulated in TCP13pro::TCP13SRDX plants in our microarray results (Fig. 437 

7c). These genes included Highly ABA-induced Protein Phosphatase 2C 1 (HAI1), HAI2, ABA-438 

hypersensitive Germination3 (AHG3), Response to Desiccation 20 (RD20), RD26, and RD29B, 439 
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and key genes involved in raffinose, proline, and ABA metabolism such as Galactinol 440 

Synthase2 (GolS2), delta-1-pyrroline-5-carboxylate synthase1 (P5CS1), and 9-cis-441 

epoxycarotenoid dioxygenase3 (NCED3) (Fig. 7c). These genes were not identified as 442 

downstream candidates of CIN-like TCPs in previous studies (Koyama et al. 2007, 2010, 2017; 443 

Schommer et al. 2008) but were newly identified as downstream candidates of only the 444 

dehydration-inducible TCP13. In addition, we also found genes related to the common targets of 445 

CIN-like TCP (Koyama et al. 2007; Koyama et al. 2010; Koyama et al. 2017; Schommer et al. 446 

2008) as being potential downstream candidates of TCP13 in our microarray results (Fig. 7d and 447 

e). These included related to JA metabolic gene and auxin-regulated genes such as LOX2, IAA1, 448 

IAA5, IAA14, IAA17, IAA34, SAUR17, SAUR34, PIN4, and LBD1 (Fig. 7d), and related to 449 

flavonoid metabolic genes such as MYB12, MYB111, Flavonol Synthase1 (FLS1), FLS2, FLS4, 450 

Chalcone Isomerase (CHI/TT5), CHI-like (CHIL), flavone 3-hydroxylase (F3H/TT6), UDP-451 

glucosyl transferase 73B2 (UGT73B2), and UGT78D1 (Fig. 7e). We also analyzed the 452 

expression of ABA-regulated genes such as AHG3, RD20, Gols2, and NCED3, and auxin-453 

regulated genes, such as IAA5 and LBD1, in 35Spro::TCP13-OX plants. Among these genes, 454 

Gols2, NCED3, IAA5, and LBD1 were upregulated in 35Spro::TCP13-OX plants compared with 455 

WT plants (Figure S8). These results revealed that expression of TCP13SRDX triggers changes 456 

in the expression patterns of downstream genes regulated specifically by TCP13 as well as those 457 

regulated by various CIN-like TCPs. 458 

 Furthermore, to identify common motifs present in the promoters of the top 100 most 459 

downregulated genes in TCP13pro::TCP13SRDX plants, we searched the frequency of hexamer 460 

motifs in 1,000 bp promoter regions (Table S4), as described previously (Maruyama et al. 2012). 461 

Among the top 10 motifs identified in gene promoters, three TCP binding motifs-related 462 

sequences (GGACCA) (Schommer et al. 2008) and four ABRE-related sequences 463 

(ACGTGG/T) (Busk and Pages 1998; Yamaguchi-Shinozaki and Shinozaki 2006) were found 464 

(Fig. 7f). Among all 555 downregulated genes, 218 genes contained the TCP binding motifs in 465 

their promoter regions, and 123 genes contained both TCP binding and ABRE motifs (Fig. 7g). 466 

The repressive activity of TCP13 induced by the SRDX motif accurately downregulated TCP-467 

regulated downstream genes, most of which were also responsive to ABA signaling or 468 

dehydration stress. Although many downstream candidate genes of TCP13 contained the ABRE 469 

motifs in their promoters, TCP13 probably does not directly bind to these motifs (Fig. S6). To 470 

statistically clarify the overlap between ABRE sequences (ACGTGG and ACGTGT) and TCP 471 

binding motifs (GGACCA and TGGTCC) in the promoter regions of genes downregulated by 472 

TCP13SRDX, we performed 2 tests to compare the 1,000 bp promoter region of TCP13SRDX-473 

downregulated genes with that of 23,739 Arabidopsis genes previously used for motif analyses 474 

(Maruyama et al. 2012) (Fig. 7h). Significant differences were detected between the observed 475 
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and expected values of the frequency of overlap between the ABRE and TCP binding motifs in 476 

the 1,000 bp promoter regions of 218 TCP13SRDX-down-regulated genes. Combinations of 477 

typical ABRE sequences (ACGTGG and ACGTGT) with the TCP binding motifs (GGACCA or 478 

TGGTCC) were frequently found in the promoter regions of TCP13SRDX-downregulated genes. 479 

These results show that TCP13-target genes harbor both TCP binding and ABRE motifs in their 480 

promoter regions.  481 

 482 

Genes downregulated in tcp13 mutant plants under dehydration stress  483 

To investigate the transcriptional regulation by TCP13 under dehydration stress conditions, the 484 

expression of genes downregulated in TCP13pro::TCP13SRDX plants (determined by 485 

microarray) was examined in tcp13 mutant plants under dehydration stress by qRT-PCR (Figure 486 

8). First, we analyzed the expression of common downstream targets of CIN-like TCPs by qRT-487 

PCR. IAA5 and closely related genes, IAA19, LBD1, and LOX2, showing reduced expression in 488 

tcp13 mutant plants (Figure 8a). Compared with the WT, the expression of IAA5 and LOX2 was 489 

slightly reduced at 3 h after dehydration stress, while that of IAA19 induction was reduced at 8 h 490 

in tcp13 mutant plants. The expression of LBD1 was reduced at both 3 and 8 h after dehydration 491 

stress in tcp13 mutant plants compared with the WT. By contrast, PIN4 and FLS1 expression 492 

levels were reduced in tcp13 mutant plants compared with the WT under normal conditions.  493 

We found that dehydration-inducible expression of selected ABA-regulated genes was 494 

also reduced in tcp13 mutant plants compared with WT plants (Figure 8b). The expression of 495 

RD20, NCED3, and GolS2 genes was slightly reduced at 3 h after the dehydration treatment, 496 

while that of AHG3 was reduced at 8 h after dehydration stress in tcp13 mutant plants. We also 497 

compared the expression of AHG3, RD20, Gols2, and NCED3 between ABA-treated WT and 498 

ABA-treated tcp13 mutant plants (Figure S7). These genes were upregulated in WT plants, but 499 

those upregulations were reduced in tcp13 mutant plants after the ABA treatment. Knockout of 500 

TCP13 slightly reduced the response of ABA- and dehydration-inducible genes under 501 

dehydration stress. These results suggest that TCP13 is involved in the regulation of not only 502 

common target genes of CIN-like TCPs but also ABA- and dehydration-inducible genes.  503 

 504 

Transcriptional regulation of ABA- and auxin-regulated genes by TCP13 505 

The results of qRT-PCR analysis showed that selected ABA-regulated genes (such as AHG3 and 506 

Gols2) and common target genes of CIN-like TCPs (such as IAA5 and LBD1) were 507 

downregulated in tcp13 mutant plants after dehydration stress (Fig. 8). The IAA/AUX proteins 508 

are auxin-sensitive repressors (Weijers and Wagner 2016). To clarify the effect of ABA- and 509 

auxin-regulated genes by TCP13, we selected AHG3 and Gols2 as the TCP-regulated ABA 510 

signaling genes and IAA5 and LBD1 as the TCP-regulated auxin signaling genes for reporter 511 
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assay (Fig. 9). We investigated the activity of AHG3, Gols2, IAA5 and LBD1 gene promoter 512 

fused to the luciferase (LUC) reporter in mesophyll protoplasts of WT and tcp13 in response to 513 

the ABA and IAA treatments (Fig. 9). Fig. 9a showed the existence of three DNA binding motifs 514 

of ABRE, auxin-response elements (AuxREs) (Ulmasov et al. 1995) and TCP binding motif in 515 

the promoter regions of AHG3, Gols2, IAA5 and LBD1. AHG3 and Gols2 harbor both ABRE 516 

and TCP binding motifs, whereas those of IAA5 and LBD1 contain three types of motifs 517 

including the ABRE, AuxRE, and TCP binding motif or TCP binding motif like. The AHG3 and 518 

Gols2 promoters-LUC activities increased in WT plants and those activities were reduced in the 519 

tcp13 mutant plants after the ABA treatment (Fig. 9b). However, the activities of these 520 

promoters-LUC were not affected by the IAA treatment, indicating that TCP13 is required for 521 

the activation of AHG3 and Gols2 genes during ABA signaling. IAA5 and LBD1 promoter-LUC 522 

activities increased in WT plants and those activity were reduced in tcp13 mutant plants after 523 

the IAA treatment (Fig. 9c). However, the activities of these promoters-LUC were not affected 524 

by the ABA treatment, indicating that TCP13 is required to activates IAA5 and LBD1 during 525 

auxin signaling.  526 

 527 

DISCUSSION 528 

A possible role of TCP13 in plant growth regulation in response to dehydration stress 529 

Leaves often change their architecture and growth to cope with environmental fluctuations, such 530 

as limited water availability (Hsiao et al. 1984; Zhang et al. 2018). Leaf rolling is a spontaneous 531 

response of plants to dehydration stress. Water deficit causes downward rolling of leaves that 532 

prevents water loss and modulates the speed of plant growth in Arabidopsis (Fujita et al. 2018). 533 

However, factors regulating these morphological changes under water limiting conditions have 534 

not yet been elucidated. Identification of the genetic components that modulate leaf architecture 535 

and growth may lead to useful strategies to enhance crop yield under stress conditions. 536 

In this study, we demonstrated that the CIN-like TCP TF, TCP13, plays a pivotal role 537 

in the regulation of plant growth under dehydration stress conditions. Among the CIN-like TCP 538 

gene family members, TCP13 is significantly upregulated by dehydration stress (Fig. 1). The 539 

TCP13 promoter contains two ABRE motifs. The TCP13OX transgenic Arabidopsis plants 540 

produced narrow leaves, with the downward rolling phenotype, compared with control plants, 541 

and these leaf phenotypes were drastically enhanced in response to the mannitol treatment and 542 

dehydration stress (Fig. 3, 5 and 6). Additionally, TCP13OX transgenic plants showed higher 543 

tolerance and reduced water loss under dehydration stress (Fig. 6). These results led us to 544 

speculate that TCP13 modulates the leaf growth to cope with dehydration stress conditions. The 545 

leaf growth retardation of the tcp5/13/17 triple mutants were slightly reduced in response to the 546 

mannitol treatment, whereas the tcp13 mutant plants showed no specific leaf phenotype under 547 
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osmotic stress conditions (Fig. 5). These observations indicate that TCP13 probably contributes 548 

to the leaf growth together with TCP5 and TCP17 under stress conditions. 549 

Genome-wide expression and qRT-PCR analyses revealed that IAA1, 5, 14, 17, and 34 550 

were repressed in TCP13pro::TCP13SRDX plants (Fig. 7), and dehydration-inducible 551 

expression of IAA5 and 19 was reduced in tcp13 mutant plants under dehydration stress (Fig. 8). 552 

The IAA/AUX proteins are auxin-sensitive repressors that mediate diverse physiological and 553 

developmental processes in plants (Weijers and Wagner 2016). The incurvata6 (icu6) semi-554 

dominant allele of the AUXIN RESISTANT3 (AXR3)/IAA17 gene increases auxin response and 555 

triggers adaxial leaf rolling because of the reduced size of adaxial pavement cells, and an 556 

abnormal expansion of palisade mesophyll cells (Perez-Perez et al. 2010). The downstream 557 

target genes of the well-characterized TCP3 include 6 of the 29 members of the IAA/AUX gene 558 

family as well as IAA3/SHY2 (Koyama et al. 2010). TCP5 and TCP17 interact with PIF4 to up-559 

regulate the expression of IAA19 and consequently regulate thermomorphogenesis, and TCP13 560 

also contributes to this response (Han et al. 2019; Zhou et al. 2019). Among the 29 IAA/AUX 561 

genes in Arabidopsis (Bargmann et al. 2013; Weijers and Wagner 2016), IAA5, IAA10, IAA19, 562 

and IAA31 are upregulated, whereas IAA29 is downregulated by dehydration stress (Shani et al. 563 

2017). The IAA5, IAA6, and IAA19 genes are positively regulated by the DREB2A TF to 564 

promote stress-induced growth inhibition required for dehydration tolerance (Shani et al. 2017). 565 

Thus, we speculate that TCP13 might induces the growth inhibition through the dehydration-566 

inducible auxin repressor, IAA5 and 19 under dehydration stress.  567 

Our results showed that TCP13 is required for the expression of LBD1 under 568 

dehydration stress (Fig. 8) and in response to IAA treatment (Fig. 9). LBD1 is member of the 569 

ASYMMETRIC LEAVES2 (AS2)/LOB family in Arabidopsis (Iwakawa et al. 2002). AS2 570 

forms a repressor complex with ASYMMETRIC LEAVES1 (AS1) that acts directly on class I 571 

KNOX genes (Guo et al. 2008), which promote stem cell activity and must be repressed to form 572 

determinate lateral organs (Jackson et al. 1994; Long et al. 1996). AS2 also forms a protein 573 

complex with CIN-like TCPs, including TCP2, 3, 4, 10, and 24, to repress the KNOX genes (Li 574 

et al. 2012). TCP3 transcriptionally activates AS1 expression to repress CUC genes that causes 575 

the repression of KNOX genes (Aida et al. 1999; Hibara et al. 2003; Koyama et al. 2010). 576 

Additionally, AS2 forms a trimetric complex with AS1 and another LBD protein, JAGGED 577 

LATERAL ORGANS (JLO), to coordinate auxin distribution and meristem function through the 578 

regulation of PIN and KNOX expression in shoots and roots (Rast and Simon 2012). 579 

Overexpression of the poplar (Populus tremula × Populus alba) LBD1 ortholog (PtaLBD1) 580 

enhances secondary phloem production in populus. Overexpression of PtaLBD1 downregulates 581 

the expression of KNOX genes, ARK1 and ARK2, involved in vascular cambium maintenance 582 

(Yordanov et al. 2010). The negative regulation of KNOX genes by CIN-like TCPs in a CUC-583 
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dependent and -independent manner is the core process underlying the promotion of 584 

differentiation of leaves (Koyama et al. 2010). Based on these reports, our results support the 585 

idea that TCP13 is required for the dehydration-inducible LBD1 expression, which potentially 586 

affects the leaf development in response to dehydration stress. 587 

Although an increase in ABA level and signaling has long been recognized as an 588 

inhibitor of primary root growth (Antoni et al. 2013; Fujii et al. 2007; Gonzalez-Guzman et al. 589 

2012; Park et al. 2009; Yoshida et al. 2010), knowledge about the underlying mechanisms is 590 

incomplete. Interestingly, tcp13 mutant plants were insensitive to the ABA treatment and 591 

showed greater root growth than WT plants (Fig. 4). Additionally, 35Spro::TCP13OX transgenic 592 

seedlings showed reduced root growth compared with control plants (Fig. 3), and this reduction 593 

was dramatically enhanced upon ABA treatment (Fig. 4). Moreover, TCP13pro::TCP13SRDX 594 

transgenic seedlings showed greater root growth than control plants under normal growth 595 

conditions (Fig. 3). Our transcriptome analysis showed that genes containing both ABRE and 596 

TCP binding motifs in their promoter regions were significantly downregulated in 597 

TCP13pro::TCP13SRDX plants (Fig. 7). The expression of ABA-regulated genes such as AHG3, 598 

RD20, NCED3, and GolS2 was reduced in tcp13 mutant plants under dehydration stress (Fig. 8) 599 

and in response to ABA treatment (Fig. 9). These results suggest that TCP13 might acts 600 

downstream of ABA signaling and participates in the inhibition of root growth under stress 601 

conditions. Several factors are involved in root growth inhibition via the ABA signaling pathway, 602 

with auxins being of prime importance. Auxin accumulation, distribution, transport, and signal 603 

transduction significantly affect primary root development (Overvoorde et al. 2010; Petricka et 604 

al. 2012; Sun et al. 2018). In Arabidopsis, ABA reduces the auxin level in roots, resulting in root 605 

growth arrest (Sun et al. 2018). ABA, dehydration, and PEG treatments prominently attenuate 606 

the response of roots to auxin in transgenic plants expressing auxin sensor constructs such as 607 

DR5::GUS, IAA2pro::GUS, and IAA19pro::Venus (Shani et al. 2017; Wang et al. 2011; Yang et 608 

al. 2014). High concentrations of ABA decrease the expression of genes encoding auxin 609 

transporters, such as AUX1 and PINs, in roots (Promchuea et al. 2017; Yang et al. 2014). ABI5 610 

also suppresses PIN1 expression, and the abi5 mutant exhibits enhanced auxin transport in roots 611 

(Yuan et al. 2014). These results suggest that ABA inhibits root development by impacting auxin 612 

transport and signaling. Our transcriptome analysis showed that expression levels of IAA5, 613 

IAA19, and PIN4 were reduced in TCP13pro::TCP13SRDX (Fig. 7) and tcp13 mutant plants 614 

under normal growth or dehydration stress conditions (Fig. 8). Based on these reports, our 615 

results support the idea that TCP13 probably contributes the root growth inhibition under 616 

dehydration stress through negative regulation of auxin signaling. 617 

In conclusion, the present study proposes that TCP13 might act as a positive regulator 618 

of dehydration stress tolerance through regulation of  ABA and auxin signaling genes. Our 619 
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results suggest that the dehydration-inducible TCP13 performs unique functions in regulating 620 

plant growth to cope with dehydration stress, and facilitates the ABA signaling. Thus, the results 621 

of this study enhance our understanding of the molecular mechanisms regulating plant growth 622 

and stress tolerance in response to dehydration stress. However, additional experiments are 623 

necessary to elucidate the detailed molecular mechanisms, especially direct regulation of ABA 624 

signaling and auxin signaling genes by TCP13. Future investigations should determine how 625 

TCP13 affect the ABA and auxin signaling genes in leaves and roots and what factors regulate 626 

the plant growth and stress tolerance through  TCP13 regulation.  627 
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 1001 

FIGURE LEGENDS 1002 

Fig. 1 Expression pattern of TCP13 in wild-type (WT; Col-0) Arabidopsis plants under different 1003 

abiotic stresses. (a) Phylogenetic analysis of Arabidopsis class II TCP proteins and 1004 

representative members of Antirrhinum majus CINCINNATA (CIN) and CYCLOIDEA (CYC) 1005 

(Luo et al. 1996) families. The phylogenetic tree was constructed using the neighbor-joining 1006 

method with the MEGA X software (Kumar et al. 2018). Rice (Oryza sativa) class I TCPs, 1007 

PROLIFERATING CELL FACTOR1 (PCF1), and PCF2 (Kosugi and Ohashi 2002) were used 1008 

as an outgroup. The underlined names represent proteins containing the miR319A/JAW target 1009 

sequence (Palatnik et al. 2003). Black dots indicate proteins involved in leaf differentiation 1010 

(Koyama et al. 2007; Koyama et al. 2010). (b) Quantitative real-time PCR (qRT-PCR) analysis 1011 

of the relative transcript levels of TCP13, TCP5, and TCP17. Plants were treated with water 1012 

(control), dehydration stress, 10 M abscisic acid (ABA), or salt stress (175 mM NaCl), and 1013 

gene expression was examined at 3 and 6 h post-treatment. Data represent mean ± standard 1014 

deviation (SD; n = 3). Asterisks indicate significant differences (*p < 0.05, **p < 0.01; one-way 1015 
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ANOVA with Welch’s t test). (c) Schematic showing the structure of the 1,000 bp promoter of 1016 

TCP13, TCP5, and TCP17. Red and blue circles indicate the ABA-responsive element (ABRE)-1017 

related sequences (ACGTGG/T) (Busk and Pages 1998; Yamaguchi-Shinozaki and Shinozaki 1018 

2006) and GMSAUR (CATATG) motif found in the promoter of the soybean SAUR15A 1019 

gene(Xu et al. 1997), respectively. 1020 

 1021 

Fig. 2 Expression pattern of TCP13 in Arabidopsis plants at different developmental stages, and 1022 

subcellular localization of the TCP13 protein. (a–c) Histochemical staining showing -1023 

glucuronidase (GUS) reporter activity (blue) under the control of the TCP13 promoter in 1024 

seedlings (a), leaves (b), and in an enlarged view of the true leaves (c). Scale bars = 1 mm (a 1025 

and c); 5 mm (b). (d) Analysis of the relative transcript level of TCP13 in leaves and roots by 1026 

qRT-PCR. Transcript levels of genes were normalized relative to the constitutive control, 1027 

At2g32170 (Czechowski et al. 2005). Data represent mean ± SD (n = 3). (e) Subcellular 1028 

localization of TCP13-sGFP fusion protein in Arabidopsis mesophyll protoplasts. Scale bars = 5 1029 

m. 1030 

 1031 

Fig. 3 Characterization of TCP13 overexpression (TCP13OX) lines, TCP13 repression 1032 

(TCP13SRDX) lines and tcp13 loss-of-function mutant plants at different developmental stages. 1033 

(a) Root growth of 7-day-old 35Spro::TCP13OX and TCP13pro::TCP13SRDX seedlings. Scale 1034 

bars = 5 mm. (b and c) Hypocotyl (b) and root (c) length of 7-day-old 35Spro::TCP13OX and 1035 

TCP13pro::TCP13SRDX seedlings. Data represent mean ± SD (n = 6). An asterisk shows that 1036 

the indicated mean is significantly different from the mean value of the control plant 1037 

(**P < 0.01, ***P < 0.001; one-way ANOVA with Welch’s t test). (d–h) Images of 14-day-old 1038 

empty vector control (d), 35Spro::TCP13OX (e), 35Spro::TCP13SRDX (f), 1039 

TCP13pro::TCP13SRDX (g), and tcp5tcp13tcp17 (tcp5/13/17) triple knockout mutant  (h) 1040 

plants grown in agar. Scale bar = 5 mm (d, e, g, and h); 1 mm (f). (i–r) Images of 21-day-old 1041 

35Spro::TCP13OX (i) and corresponding empty vector control (j) plants; 28-day-old tcp13 1042 

mutant (k) and corresponding WT (l) plants; 28-day-old TCP13pro::TCP13SRDX (m and n) 1043 

plants; 21-day-old tcp5/13/17 (o) and corresponding WT (p) plants; and 28-day-old tcp5/13/17 1044 

mutant (q) and corresponding WT (r) plants. Scale bars = 10 mm. 1045 

 1046 

Fig. 4 Characterization of TCP13OX and tcp13 mutant plants in the ABA treatment. Five-day-1047 

old seedlings were transferred to control and ABA-containing medium and grown for 7 days 1048 

and root length was measured. Root elongation under the ABA treatment was compared with 1049 

that under the control treatment, and the rate of root elongation was calculated.  (a and b) 1050 

Images of the root growth of 35Spro::TCP13OX transgenic and control plants (a) and tcp13 1051 
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mutant and WT plants (b) in the ABA treatment. Scale bars = 10 mm. (c) The root length of 1052 

35Spro::TCP13OX transgenic and control plants (left panel) and tcp13 mutant and WT plants 1053 

(right panel) in the ABA treatment. (d) Relative level of root elongation of 35Spro::TCP13OX 1054 

transgenic and control plants (left panel) and tcp13 mutant and WT plants (right panel) in the 1055 

ABA treatment. In each transgenic or mutant plants, average of root length in the control 1056 

condition was set to 100. Data represent mean ± SD (n =7). An asterisk shows that the indicated 1057 

mean is significantly different from the mean value of the wild-type plant under the 1058 

corresponding condition (***P < 0.001, one-way ANOVA with Welch’s t test). 1059 

 1060 

Fig. 5 Characterization of 35Spro::TCP13OX, tcp13 and tcp5/13/17 mutant plants under 1061 

osmotic stress conditions. Nine-day-old 35Spro::TCP13OX and control plants, and tcp13 1062 

mutant, tcp5/13/17 mutant and WT plants were transferred to 1/2 MS medium containing 25 1063 

mM mannitol for 13 days. The leaf area of third (L3), fourth (L4), and fifth (L5) leaves was 1064 

measured. Leaf growth under the mannitol treatment was compared with that under the control 1065 

treatment, and the rate of leaf growth was calculated. (a and d) Images of cotyledon (C) and true 1066 

leaves (L) of 35Spro::TCP13OX and control plants (a) and tcp13 mutant, tcp5/13/17 mutant and 1067 

WT plants (d) exposed to control and mannitol treatments. Scale bars = 5 mm. . (b and e) The 1068 

leaf area in 35Spro::TCP13OX transgenic and control plants (b) and tcp13 mutant, tcp5/13/17 1069 

mutant and WT plants (e) treated with control and mannitol medium. (c and f) Relative level of 1070 

leaf growth in 35Spro::TCP13OX transgenic and control plants (c) and  tcp13 mutant, 1071 

tcp5/13/17 mutant and WT plants (f) treated with mannitol. In each transgenic or mutant plants, 1072 

average of leaf area in the control condition was set to 100. Data represent mean ± SD (n = 5). 1073 

An asterisk shows that the indicated mean is significantly different from the mean value of the 1074 

wild-type plant under the corresponding condition (*P < 0.05, **P < 0.01, ***P < 0.001; one-1075 

way ANOVA with Welch’s t test). 1076 

 1077 

Fig. 6 Characterization of 35Spro::TCP13OX plants under severe dehydration stress. 1078 

35Spro::TCP13OX and control plants were grown in soil for 14 days with well-water conditions. 1079 

One pot contained 5 plants of each line. 9 pots of 35Spro::TCP13OX 35Sa and b, and 18 pots of 1080 

control plants were transferred to empty tray and exposed dehydration stress by withholding 1081 

watering for 14 days. After dehydration treatment, plants were grown for 7 days with well-water 1082 

conditions and evaluated the survival rate of plants. (a) Images of plants before dehydration 1083 

stress (Untreated) and after dehydration (Dehydration). The survival rate of plants is indicated 1084 

below the images. Scale bars = 10 mm. (b) Water loss assay of detached leaves of 5-week-old 1085 

35Spro::TCP13OX 35S and control plants. The nced3-2 plants represent a negative control. 1086 

Data represent mean ± SD (n = 4). An asterisk shows that the indicated mean is significantly 1087 
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different from the mean value of the control plant under the corresponding condition (*P < 0.05, 1088 

**P < 0.01, ***P < 0.001, one-way ANOVA with Welch’s t test). 1089 

 1090 

Fig. 7 Transcriptome analysis of genes downregulated in TCP13pro::TCP13SRDX plants. 1091 

(a) GO enrichment analyses of downregulated in TCP13pro::TCP13SRDX plants. (b) Venn 1092 

diagram showing the overlap between genes downregulated in TCP13pro::TCP13SRDX plants 1093 

and those upregulated by dehydration stress (Urano et al. 2017). (c–e) Relative transcript levels 1094 

of downregulated genes including ABA- and dehydration-inducible genes (c), CIN-like TCP 1095 

common downstream genes involved in auxin signaling (d), and flavonoid biosynthesis genes 1096 

(e) in TCP13pro::TCP13SRDX plants. Data represent mean ± SD (n = 4). (f) Enrichment of 1097 

hexamer motifs in the promoter regions (~1,000 bp) of downstream candidate genes of TCP13. 1098 

Hexamer motifs in the promoter regions of the top 100 downregulated genes in 1099 

TCP13pro::TCP13SRDX plants were analyzed as described previously (Maruyama et al. 2012). 1100 

(g) Comparison of TCP binding and ABRE motifs identified in the promoter regions of 1101 

downregulated genes in TCP13pro::TCP13SRDX plants. (h) Comparison of the 1,000 bp 1102 

promoter regions of TCP13SRDX-downregulated genes with those of 23,739 Arabidopsis genes 1103 

used previously for motif analyses (Maruyama et al. 2012) by 2 tests. ACGTGT and ACGTGG 1104 

were used as the ABRE sequences, and GGACCA and TGGTCC were used as the TCP binding 1105 

motifs. Significant differences between the observed and expected values of the frequency of 1106 

overlap between the ABRE and TCP binding motifs (**p < 0.01, ***p < 0.001).  1107 

 1108 

Fig. 8 Expression analysis of TCP13 downstream genes in tcp13 mutant plants under 1109 

dehydration stress. (a and b) Expression of common downstream target genes of CIN-like TCPs 1110 

(a), and expression of ABA-inducible genes (b) analyzed by qRT-PCR. Transcript levels of 1111 

genes were normalized relative to the constitutive control, At2g32170 (Czechowski et al. 2005). 1112 

In each experiment, the maximum gene transcript level was set to 100. Data represent mean ± 1113 

SD (n = 3 technical replicates). An asterisk shows that the indicated mean is significantly 1114 

different from the mean value of the wild-type plant under the corresponding condition 1115 

(*P < 0.05, one-way ANOVA with Welch’s t test). 1116 

 1117 

Fig. 9  Protoplast transient assays of ABA- and auxin-regulated genes in tcp13 mutant plants. 1118 

(a) Existence of the ABREs (ACGTGT, ACGTGG, ACACGT, and CCACGT), AuxREs 1119 

(TGTCTC and GAGACA), and TCP binding motifs (GGACCA, GGTCCT, TGGTCC, and 1120 

AGGACC) in AHG3, Gols2, IAA5, and LBD1 promoters. The LBD1 promoter also contained 1121 

the TCP binding motif like (TGGTCA). (b and c) Protoplast transient assays for the activation 1122 

analysis of ABA-regulated genes (b) and auxin-regulated genes (c) in WT and tcp13 mutant 1123 
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protoplasts in response to 5 M ABA or 1 M IAA. In each experiment, relative luciferase 1124 

(LUC) activity in the control condition was set to 100. Data represent mean ± SD (n = 3 1125 

technical replicates). An asterisk shows that the indicated mean is significantly different from 1126 

the mean value of the wild-type plant under the corresponding condition (*P < 0.05, **P < 0.01, 1127 

one-way ANOVA with Welch’s t test). 1128 
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