
Identification of ABF/AREB gene family in tomato
(Solanum lycopersicum) and functional analysis of
ABF/AREB in response to ABA and abiotic stresses
(#80477)

1

First submission

Guidance from your Editor

Please submit by 8 Jan 2023 for the benefit of the authors (and your token reward) .

Structure and Criteria
Please read the 'Structure and Criteria' page for general guidance.

Raw data check
Review the raw data.

Image check
Check that figures and images have not been inappropriately manipulated.

Privacy reminder: If uploading an annotated PDF, remove identifiable information to remain anonymous.

Files
Download and review all files
from the materials page.

10 Figure file(s)
6 Table file(s)
2 Raw data file(s)
1 Other file(s)

https://peerj.com/submissions/80477/reviews/1262100/materials/


For assistance email peer.review@peerj.com
Structure and
Criteria

2

Structure your review
The review form is divided into 5 sections. Please consider these when composing your review:
1. BASIC REPORTING
2. EXPERIMENTAL DESIGN
3. VALIDITY OF THE FINDINGS
4. General comments
5. Confidential notes to the editor

You can also annotate this PDF and upload it as part of your review
When ready submit online.

Editorial Criteria
Use these criteria points to structure your review. The full detailed editorial criteria is on your guidance page.

BASIC REPORTING

Clear, unambiguous, professional English
language used throughout.
Intro & background to show context.
Literature well referenced & relevant.
Structure conforms to PeerJ standards,
discipline norm, or improved for clarity.
Figures are relevant, high quality, well
labelled & described.
Raw data supplied (see PeerJ policy).

EXPERIMENTAL DESIGN

Original primary research within Scope of
the journal.
Research question well defined, relevant
& meaningful. It is stated how the
research fills an identified knowledge gap.
Rigorous investigation performed to a
high technical & ethical standard.
Methods described with sufficient detail &
information to replicate.

VALIDITY OF THE FINDINGS

Impact and novelty not assessed.
Meaningful replication encouraged where
rationale & benefit to literature is clearly
stated.
All underlying data have been provided;
they are robust, statistically sound, &
controlled.

Conclusions are well stated, linked to
original research question & limited to
supporting results.

mailto:peer.review@peerj.com
https://peerj.com/submissions/80477/reviews/1262100/
https://peerj.com/submissions/80477/reviews/1262100/guidance/
https://peerj.com/about/author-instructions/#standard-sections
https://peerj.com/about/policies-and-procedures/#data-materials-sharing
https://peerj.com/about/aims-and-scope/
https://peerj.com/about/aims-and-scope/


Standout
reviewing tips

3

The best reviewers use these techniques

Tip Example

Support criticisms with
evidence from the text or from
other sources

Smith et al (J of Methodology, 2005, V3, pp 123) have
shown that the analysis you use in Lines 241-250 is not the
most appropriate for this situation. Please explain why you
used this method.

Give specific suggestions on
how to improve the manuscript

Your introduction needs more detail. I suggest that you
improve the description at lines 57- 86 to provide more
justification for your study (specifically, you should expand
upon the knowledge gap being filled).

Comment on language and
grammar issues

The English language should be improved to ensure that an
international audience can clearly understand your text.
Some examples where the language could be improved
include lines 23, 77, 121, 128 – the current phrasing makes
comprehension difficult. I suggest you have a colleague
who is proficient in English and familiar with the subject
matter review your manuscript, or contact a professional
editing service.

Organize by importance of the
issues, and number your points

1. Your most important issue
2. The next most important item
3. …
4. The least important points

Please provide constructive
criticism, and avoid personal
opinions

I thank you for providing the raw data, however your
supplemental files need more descriptive metadata
identifiers to be useful to future readers. Although your
results are compelling, the data analysis should be
improved in the following ways: AA, BB, CC

Comment on strengths (as well
as weaknesses) of the
manuscript

I commend the authors for their extensive data set,
compiled over many years of detailed fieldwork. In addition,
the manuscript is clearly written in professional,
unambiguous language. If there is a weakness, it is in the
statistical analysis (as I have noted above) which should be
improved upon before Acceptance.



Identiûcation of ABF/AREB gene family in tomato (Solanum
lycopersicum) and functional analysis of ABF/AREB in
response to ABA and abiotic stresses
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Abscisic acid (ABA) is a plant hormone that plays an important regulatory role in plant
growth and stress response. The AREB (ABA-responsive element binding protein) /ABF
(ABRE-binding factor) gene family is a kind of crucial transcription factors acting as ABA
responsor and taking part in ABA-dependent stress responses in plants. This study was
conducted to identify and analyze the response of tomato ABF/AREB family members. The
results show that a total of 10 ABF/AREB members were identiûed in tomato, which are
randomly distributed on 5 chromosomes. Domain analysis showed that these members
exhibit high protein similarity, especially in the basic leucine zipper (bZIP) domain region.
Subcellular localization analysis indicated that all 10 ABF/AREB members are localized in
the nucleus. Phylogenetic tree analysis showed that tomato ABF/ AREB genes are divided
into two groups, and they are similar with the orthologs of other plants. The analysis of cis-
acting elements showed that most tomato ABF/AREB genes contain a variety of hormones
and stress-related elements. Expression proûles of diûerent tissues indicated that SlABF2
and SlABF10 play an important role in fruit ripening. Finally, qRT-PCR analysis revealed
that 10 tomato ABF/AREB genes respond to ABA, with SlABF3 being the most sensitive.
SlABF3, SlABF5 and SlABF10 positively respond to salt and cold stresses. SlABF1, SlABF3
and SlABF10 are signiûcantly induced under UV radiation treatment. SlABF3 and SlABF5
are signiûcantly induced in osmotic stress. Overall, this study may provide insight into the
roles of tomatoes ABF/ AREB homologues in plant response to abiotic stresses.
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16 Abscisic acid (ABA) is a plant hormone that plays an important regulatory role in plant growth 

17 and stress response. The AREB (ABA-responsive element binding protein) /ABF (ABRE-binding 

18 factor) gene family is a kind of crucial transcription factors acting as ABA responsor and taking 

19 part in ABA-dependent stress responses in plants. This study was conducted to identify and 

20 analyze the response of tomato ABF/AREB family members. The results show that a total of 10 

21 ABF/AREB members were identified in tomato, which are randomly distributed on 5 

22 chromosomes. Domain analysis showed that these members exhibit high protein similarity, 

23 especially in the basic leucine zipper (bZIP) domain region. Subcellular localization analysis 

24 indicated that all 10 ABF/AREB members are localized in the nucleus. Phylogenetic tree analysis 

25 showed that tomato ABF/ AREB genes are divided into two groups, and they are similar with the 

26 orthologs of other plants. The analysis of cis-acting elements showed that most tomato 

27 ABF/AREB genes contain a variety of hormones and stress-related elements. Expression profiles 

28 of different tissues indicated that SlABF2 and SlABF10 play an important role in fruit ripening. 

29 Finally, qRT-PCR analysis revealed that 10 tomato ABF/AREB genes respond to ABA, with 

30 SlABF3 being the most sensitive. SlABF3, SlABF5 and SlABF10 positively respond to salt and 

31 cold stresses. SlABF1, SlABF3 and SlABF10 are significantly induced under UV radiation 

32 treatment. SlABF3 and SlABF5 are significantly induced in osmotic stress. Overall, this study 

33 may provide insight into the roles of tomatoes ABF/ AREB homologues in plant response to 

34 abiotic stresses.
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40 Introduction 

41 During the whole process of plant growth, there are many abiotic stress factors that hinder plant 

42 growth and reduce yield (Zhu 2016). In different environments, plants produce different stress 

43 responses through perception and adaptation. When plants lack water resources, their growth, 

44 survival, distribution and productivity will be seriously affected (Fleta-Soriano & Munne-Bosch 

45 2016). Soil salinization and drought are also important unfavorable factors affecting agricultural 

46 development. drought can cause damage to the above-ground and underground tissues and 

47 organs of plants, as well as change the normal relationship between plants and soil (Qian et al. 

48 2019).

49 ABF (AREB binding factors) /AREBs (ABA response element binding protein) belong to 

50 the A subfamily of basic leucine zipper bZIP (Basic leucine zipper) transcription factors. They 

51 are key regulatory molecules downstream of the ABA signaling pathway regulating plant 

52 response to hormones and stresses, initiating the expression of downstream genes (Chang et al. 

53 2019). ABFs activates the expression of ABA-regulated genes by binding to ABRE homeopathic 

54 elements. In the signal transduction of ABA, ABA binds to Pyrabactin resistance 1 (PYR1) 

55 /PYR1-like (PYL), leading to the inactivation of protein phosphatase 2C (PP2C), destroying the 

56 interaction between PP2C and Snf1-related protein kinase2 (SnRK2), and stimulating the activity 

57 of SnRk2 to activate AREB (Fujii et al. 2009; Fujita et al. 2013; Kim et al. 2004). In yeast one-

58 hybrid screening, ABF/AREB is established using ABRE as a bait (Zhao et al. 2016). So far, 7 

59 ABF/AREB homologues, StAREB1-StAREB4, StABI5, StABL1 and StABL2, have been identified 

60 in potato. Among them, the promoter regions of StAREB1, StAREB2/StABF1, StAREB3 and 

61 StAREB4 have ABREs, which means that their rapid induction under exogenous ABA treatment 

62 may also be self-mediated. ABA and osmotic stress could strongly induce the transcription of 

63 StAREB1, StAREB2 and StAREB4, indicating that these three genes may have significant roles in 

64 ABA signaling pathway (Liu et al. 2019).

65 Tomato (Solanum lycopersicum) has long been used as a model plant for fruit ripening, 

66 disease response, genetics and whole genome sequence studies (Hsieh et al. 2010). Tomato is the 

67 third most important commercial crop family in Solanaceae and is also the most valuable 

68 horticultural crop in the world (Bastias et al. 2011). In China, tomato production accounts for a 

69 quarter of world tomato production, but the growth and development of tomato is easily affected 

70 by unfavorable environmental conditions. Therefore, exploring the potential functions of genes 

71 will provide important theoretical support for improving tomato yield, quality and resistance to 

72 stress. 

73 In order to better understand the key role of the ABF/AREB subfamily in plants, the coding 

74 genes of the ABF/AREB members in tomato were identified and analyzed in this study. For 

75 tomato ABF/AREB members, the secondary structure, chromosome position of the gene, gene 

76 structure, conservative motif analysis, homeopathic promoter analysis, phylogenetic relationship 

77 and subcellular location analysis were conducted. At the same time, the expression patterns of 

78 these ABF/AREBs in different tissue-specific processes and gene transcription analysis under 

79 different abiotic stresses and hormones were also investigated. Our study here aims to help 
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80 broaden the molecular biological functions of ABF/AREBs in plants.

81

82 Materials & Methods 

83 Identification of the ABF /AREB family members in tomato

84 Firstly, 9 known amino acid protein conserved sequences of Arabidopsis thaliana were used (Li 

85 et al. 2020). The members of ABF/AREB gene family were screened as candidate genes by 

86 homology comparison in the database of tomato gene testing (https://solgenomics. 

87 net/organism/Solanum lycopersicum/genome). Secondly, the E value of 1E-20 was used to 

88 reduce the false positive, and the PFAM database (http://pfam.xfam.org/) and SMART database 

89 (http://smart.embl-heidelberg.de/) were used to further verify the ABF/AREB protein domain of 

90 tomato. Candidate genes that did not contain a specific domain of the ABF/AREB gene 

91 (accession number PF00170) were manually eliminated. The ABF/AREB gene family was 

92 represented by the remaining genes.

93 Tomato genome sequence and annotation information were downloaded by Ensemble 

94 Plants-Tomato Genome Database (http://plants.ensembl.org/index.html). The whole genome 

95 information (GFF3, FASTA, PEP, CDS) of tomato was sorted out by using TBtools software, 

96 and finally the whole genome information file of tomato ABF/AREB was screened out for 

97 mapping according to the gene ID of the identified members of tomato ABF/AREB gene family.

98

99 Characterization of ABF/AREB transcription factor in tomato

100 The chromosome position, amino acid length, molecular weight, isoelectric point, molecular 

101 formula, and other physical and chemical characteristics data were used to examine the tomato 

102 ABF/AREB protein sequence (https://web.expasy.org/protparam/). Online analysis of the tomato 

103 ABF/AREB transcription factor subcellular location prediction was done using WoLFPSORT 

104 (https://wolfpsort.hgc.jp/). The secondary structure of tomato ABF/AREB family proteins were 

105 examined using the online tool (https://npsa-prabi.ibcp.fr/cgi-

106 bin/npsa_auto1mat.pl?page=/NPSA/npsa_sopma.html). 

107  

108 Conserved motifs and protein conserved domain analysis

109 MEME (http://meme-suite.org/tools/meme) was used to input all protein sequences of tomato 

110 ABF/AREB online program to analyze tomato ABF/AREB transcription factor family conserved 

111 motifs. The number of predicted motifs was set to 10, while the other parameters were set as 

112 default. The multiple sequence alignment of tomato family was done through ClustalX and 

113 GeneDox software.

114

115 Phylogenetic tree and cis-acting elements analysis

116 ABF/AREB protein sequences of Arabidopsis thaliana, Solanum tuberosum, and Populus 

117 orientalis were obtained from TAIR (httpsÿ//www.arabidopsis.org/). Plant Gene Database 

118 (httpsÿ//phytozome.jgi.doe.gov) (Liu et al. 2019) and article (Yong et al. 2021). Phylogenetic 

119 trees were constructed using Mega 7.0 software. A phylogenetic tree of 33 ABF/AREB protein 
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120 sequences was constructed by neighbor-joining method (Bootstrap parameter was set to 1000). 

121 In addition, the evolutionary tree was beautified using EvolView (httpsÿ//evolgenius.info/

122 /evolview-v2/#login) website. A DNA sequence of 2000bp upstream of the tomato ABF/AREB 

123 gene was obtained from the genome-wide information of tomato ABF/AREB and submitted to 

124 PlantCare online database (httpÿ//bioinformatics.psb.ugent.be/) for analysis. After deletion and 

125 integration, TBtools software was used for analysis.

126

127 Tissue expression analysis of ABF/AREB gene in tomato

128 The IDs of the SlABF genes were searched in the eFT (http://bar.utoronto.ca/efp/cgi-

129 bin/efpWeb.cgi) database. Then, the data were sorted out and the expression patterns of SlABF in 

130 different tissues were drawn by TBtools.

131

132 Gene location and gene structure analysis

133 The GFF3 file in the whole genome information of tomato ABF/AREB was visualized and 

134 analyzed by TBtools software. ABF/AREB gene members were renamed according to their 

135 chromosomal distribution. The exon-intron structure distribution of ABF/AREB gene in tomato 

136 was analyzed by using the GFF3 file of ABF/AREB genome-wide information with TBtools 

137 software. 

138

139 Transcriptional analysis of ABF/AREB gene in tomato under different abiotic stresses and 

140 hormone treatments 
141 Plant materials and treatment

142 Tomato (L. esculentum L. �Micro-Tom�) seeds were provided by the Institute of Vegetable 

143 Science, College of Horticulture, Gansu Agricultural University. The seeds were put in a 250 mL 

144 Erlenmeyer flask with 100 mL of sterile water (45 °C), soaked for 10 minutes, and then put into 

145 a high-temperature shake flask at a speed of 180 r min -1 (25 °C). The sterile water was changed 

146 one time every day. After germination, the tomato seeds were transferred to a plug tray 

147 containing the substrate. After the cotyledons were fully unfolded, the nutrient solution was 

148 irrigated every two days. The control growth chamber environment had a photoperiod of 16/8 h 

149 (light/dark), an air temperature of 26/20 °C (day/night), and a light intensity of 250 µ mol m-2 S-1. 

150 Stress treatments were carried out at the two-leaf stage of seedlings. For salt, ABA, fluridone 

151 (FLD) and PEG treatments, seedlings were grown in 1/2 nutrient solution containing NaCl (200 

152 mM), ABA (100 mM), fluridone (an inhibitor of ABA biosynthesis) (100 mM) and PEG 6000 

153 (20 %) without other reagents. For cold treatment, the seedlings were placed in 1/2 nutrient 

154 solution at 4 °C with no other reagents added. Some of the selected seedlings were transferred to 

155 a growth chamber with 253.7 nm Uv treatment and other growth conditions were the same as 

156 those of the control. Leaf samples were collected for qRT-PCR experiments after 0, 12, and 24 h 

157 of treatment (Liu et al. 2022). The collected samples were immediately frozen in liquid nitrogen 

158 and stored at -80 °C. Each treatment contained three biological replicates.
159 RNA extraction and quantitative qRT-PCR

160 Total RNA was extracted from the samples using TRIzol reagent (Invitrogen, Carlsbad, CA, 
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161 USA) Take advantage of FastQuant First Strand cDNA Synthesis Kit (tianen, Beijing, China) to 

162 synthesize cDNA. These reactions were executed under the following conditions: 37 °C for 15 

163 min, 85 °C for 5 seconds, and finally ended at 4°C. LightCycler 480 Real-Time PCR System 

164 (Roche Applied Science) and SYBR Green Premix Pro Taq HS Premix kit was used for qRT-

165 PCR. The reaction system was 2×SYBR Green Pro Taq HS Premix 10 ¿L, primer F 0.4 ¿L, 
166 primer R 0.4 ¿L, cDNA 2 ¿L, ddH2O 7.2 ¿L. The primers used in qRT-PCR were designed with 

167 Primer 5.0, and the internal reference was Actin (NC 015447.3) as shown in Table 1.
168 Data statistics and analysis

169 The data were analyzed using the 2-&&Ct calculation method. GraphPad Prism software was 

170 used for statistical analysis. ANOVA was used to detect the significant level of difference 

171 between different times or different treatments.

172

173 Results

174 Identifification of ABF/AREB genes in tomato 

175 10 tomato ABF/AREB genes were obtained by homologous alignment, which were named 

176 SlABF1-SlABF10 according to the location of the genes on the different chromosomes (Table 2). 

177 The tomato ABF/AREB transcription factor family is unevenly distributed on 5 chromosomes of 

178 tomato. Among them, SlABF1, SlABF2 and SlABF3 are located on Chr-01, SlABF4 and SlABF5 

179 are located on Chr-04, SlABF6 is located on Chr-09, SlABF7, SlABF8 and SlABF9 are distributed 

180 on Chr-10 and SlABF10 is located on Chr-11 (Fig. 1). The amino acid size of tomato 

181 ABF/AREB transcription factor family is between 146 aa (SlABF1) and 447 aa (SlABF5). The 

182 molecular weight is between 16689.92 and 47977.73 kDa. The isoelectric point (pI) is between 

183 6.41 (SlABF5) and 9.72 (SlABF4). In the ABF/AREB family, only SlABF4 and SlABF8 are 

184 acidic proteins (pI < 7), and the rest are unique (pI > 7) (Table 2). The instability index is greater 

185 than 40 for all 10 tomato genes, showing that the ABF/AREB genes are unstable proteins. From 

186 the perspective of subcellular location analysis, SlABF1-S1ABF10 are all expressed in the 

187 nucleus, which speculate that the gene is related to the storage and replication of genetic material. 

188 SlABF2 is expressed in chloroplasts, suggesting that SlABF2 may be involved in photosynthesis.

189

190 Conserved domain and conserved motifs of tomato ABF/AREB family

191 ABF/AREB has a highly conserved protein structure including four conserved phosphorylation 

192 sites, three conserved domains of C1, C2 and C3 at the N-terminus, and a highly conserved 

193 domain of C4 at the C-terminus (Fujita et al. 2005). The tomato ABF/AREB protein has four 

194 conserved phosphorylation sites. The N-terminal is made up of C1, C2, and C3, whereas the C-

195 terminal is made up of C4 and the bZIP region (basic region and leucine zipper). The C-terminus 

196 of tomato ABF/AREB proteins has the unique BRLZ domain of bZIP transcription factor, which 

197 has the function of recognizing and binding specific DNA sequence (Fig. 2).

198 In this study, 10 conserved motifs are found in the tomato ABF/AREB proteins (Fig. 3). 

199 Sequence information for the identified conserved motifs is presented in Table 3. The length of 

200 each motif is between 10 and 50 amino acids. The results show that the 10 identified tomato 

PeerJ reviewing PDF | (2022:12:80477:0:0:CHECK 13 Dec 2022)

Manuscript to be reviewed

Write as Ten tomato...



201 ABF/AREB motifs are quite similar. Motif1 is the basal core of the bZIP domain. Motif5 and 

202 Motif4 constitute the C1 conserved phosphate site. Motif3, Motif2, and Motif6 constitute the C2, 

203 C3, and C4 conserved phosphate sites, respectively. Both Motif1 and Motif2 are presented in all 

204 tomato ABF/AREB proteins. Both Motif3 and Motif4 are presented in 9 tomato ABF/AREB 

205 proteins except for SlABF1. Except for SlABF1 and SlABF10, the other eight tomato 

206 ABF/AREB proteins contain Motif6. Motif7 and Motif9 are in four tomato ABF/AREB proteins 

207 (SlABF3, SlABF5, SlABF7 and SlABF10). Motif10 occurs in SlABF3, SlABF5 and SlABF7. 

208 Motif8 occurs in SlABF8 and SlABF9. It can be inferred that the tomato ABF/AREB members 

209 are highly conservative and may have similar functions.

210

211 Phylogenetic analyses of the tomato ABF/AREB families 

212 The 33 ABF/AREB (10 SlABFs, 9 AtABFs, 7 StABFs and 7 PdABFs) proteins are divided into 

213 2 subfamilies (Group A and Group B) (Fig. 4). Among them, SlABF3, SlABF5, SlABF7 and 

214 SlABF10 belong to Group A. They have the highest homology with StAREB1, StAREB2, 

215 StAREB3 and StAREB4, respectively. SlABF1, SlABF2, SlABF4, SlABF6, SlABF8 and 

216 SlABF9 belong to Group B. SlABF6 is more closely related to StABI5. SlABF8 is more closely 

217 related to StABL2, and SlABF9 is more closely related to StABL1. SlABF2 and SlABF4 are 

218 closely related to AtDPBF2. It can be concluded from the entire evolutionary tree that SlABFs 

219 have the highest homology with StABFs, relatively low homology with AtABFs, and the lowest 

220 homology with PdABFs.

221

222 Analysis of the gene structure of tomato ABF/AREB family

223 By analyzing the phylogenetic tree and gene structure of the tomato ABF/AREB gene family, the 

224 overall differences between introns and exons of the 10 tomato ABF/AREB genes are found to be 

225 insignificant. Tomato ABF/AREB genes are divided into two groups. SlABF3, SlABF5, SlABF6, 

226 SlABF7, and SlABF10 are divided into ClASS Iÿand SlABF1, SlABF2, SlABF4, SlABF8, and 

227 SlABF9 are divided into ClASS II (Fig. 5). We found that the number of exons in tomato 

228 ABF/AREB is between 2 and 4. The number of introns is between 1 and 4. Specifically, in ClASS 

229 I, SlABF5, SlABF6, and SlABF10 contain 4 introns and 4 exons, SlABF7 possesses 3 introns and 

230 3 exons, SlABF3 contains 1 intron and 2 exons. Both SlABF2 and SlABF4 in ClASS II have 3 

231 introns and 4 exons. There are 3 exons in SlABF1, SlABF8 and SlABF9, and 2 introns in SlABF1 

232 and SlABF9. SlABF8 has 4 introns. In general, the genetic structures of different tomato 

233 ABF/AREB members are relatively similar. Interestingly, except for SlABF1 and SlABF3, the 

234 other 8 genes have similar exon lengths. Thus, the function of the tomato ABF/AREB genes may 

235 also be relatively similar.

236

237 Analysis of protein secondary structure of tomato ABF/AREB family genes

238 The most abundant protein secondary structures within tomato ABF/AREB members are mainly 

239 alpha helix and random coil (Table 4). The 10 ABF/AREB encoded proteins have alpha helix 
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240 (29.31 %-50.68 %), extended strand (4.79 %-13.49 %), beta turn (1.01 %-3.14 %), and random 

241 coil (43.15 %-59.26 %) as their secondary protein structures.

242

243 Analysis of cis-acting elements of tomato ABF/AREB family genes

244 The tomato ABF/AREB genes include a total of 18 homeopathic components (Fig. 6). Among 

245 them, 3 elements (AE-box, GATA-motif, MRE) are related to light response, 7 elements (ABRE, 

246 CGTCA-motif, GARE-motif, P-box, TGACG-motif, TCA-element, TATC-box) are related to 

247 hormone response, and 4 elements (ARE, LTR, MBS, TC-rich repeats) are related to stress 

248 response. In order to further study cis-elements in the ABF/AREB promoter sequences, three 

249 main types of cis-acting elements are identified, including light, hormones, and stress response 

250 elements (Fig. 7). AE-box element is mainly distributed in SlABF9. ARE element is mainly 

251 distributed in SlABF8. ABRE is all tomato ABF/AREBgenes, with the exception of SlABF7 and 

252 SlABF8, and was prevalent in SlABF10. Both CGTCA-motif and TGACG-motif elements are 

253 mainly distributed in SlABF3 and SlABF7. Generally speaking, the cis-elements correlated to 

254 hormone is relatively more abundant, which manifesting that the tomato ABF/AREBs gene plays 

255 a vital role in regulating hormone response.

256

257 Tissue-specific expression pattern of tomato ABF/AREB genes

258 In order to investigate the expression of the ABF/AREB gene in various tomato tissues during 

259 various growth stages. the expression of ABF/AREB genes in 14 tomato tissues is analyzed, 

260 including unopened flower bud, fully opened flower, leaf, root, 1 cm fruit, 2 cm fruit, 3 cm fruit, 

261 mature green fruit, breaker fruit, breaker fruit + 10, pimpinellifolium immature, green fruit, 

262 pimpinellifolium breaker fruit, pimpinellifolium breaker + 5 fruit and pimpinellifolium leaf (Fig. 

263 8). Some SlABFs, including SlABF2, SlABF3, and SlABF10, are highly expressed in all tissues. 

264 In contrast, SlABF6 and SlABF7 are expressed at low levels in all tissues. The expression level of 

265 SlABF5 in roots is much higher than that in other tissues. The expression of SlABF9 is higher in 

266 pimpinellifolium leaf, but lower in other tissues. In addition, SlABF1, SlABF4 and SlABF8 also 

267 show similar expression patterns.

268

269 Expression profles analysis ABF/AREB genes in tomato under ABA and FLD treatment

270 The relative expression of SlABF1, SlABF2, SlABF3, SlABF4, SlABF5, SlABF8, SlABF9 and 

271 SlABF10 is significantly up-regulated under ABA and FLD treatments (Fig. 9). SlABF6 

272 expression decreases after 12 h of ABA treatment, and then increases gradually. There is a 

273 downward trend under the treatment of FLD. SlABF7 is up-regulated by ABA treatment, but 

274 increases first and then decreases under FLD treatment. 7 genes (SlABF1, SlABF2, SlABF5, 

275 SlABF6, SlABF7, SlABF9, and SlABF10) have higher relative expression levels under ABA than 

276 under FLD treatment. When compared to FLD treatment, the relative expression of SlABF3 and 

277 SlABF8 under ABA treatment at 12 h is marginally greater, whereas at 24 h, it was marginally 
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278 lower. At 12 h, the relative expression of SlABF4 is higher in FLD treatment than in ABA 

279 treatment, while, at 24 h, it is lower in FLD treatment than in ABA treatment.

280

281 Expression profles analysis of ABF/AREB genes in tomato under NaCl, UV, cold and PEG 

282 treatments

283 In order to clarify the role of ABF/AREB in tomato under abiotic stress, the expression levels of 

284 10 ABF/AREB genes in tomato under NaCl, UV, cold and PEG treatments were studied. As 

285 shown in Figure 10a, the relative expression levels of 10 ABF/AREB genes in tomato are 

286 different under NaCl treatment. SlABF6 and SlABF7 expression levels is decreased by NaCl and 

287 cold treatments (Fig. 10a and Fig. 10c). In contrast, the expression of SlABF3, SlABF5, and 

288 SlABF10 is upregulated by NaCl and cold treatments. Moreover, SlABF8 is also significantly 

289 upregulated by cold stress. Under NaCl treatment, 4 genes (SlABF1, SlABF2, SlABF3, and 

290 SlABF4) reach the highest levels at 12 h, with SlABF3 showing the greatest change and 

291 increasing approximately 9.06-fold compared to 0 h. The expression levels of SlABF6, SlABF7 

292 and SlABF9 decrease gradually with the increase of treatment time. The expression levels of the 

293 remaining 3 genes (SlABF5, SlABF8, and SlABF10) are highest at 24 h with NaCl treatment. 

294 Under cold treatment, the expression of the 4 genes (SlABF1, SlABF3, SlABF4 and SlABF5) 

295 gradually increases and reaches the highest level at 24 h. Compared to 0 h, it is increased by 2.26, 

296 16.80, 3.59 and 10.56-folds, respectively.

297 The relative expression levels of SlABF6, SlABF7 and SlABF9 are significantly inhibited by 

298 UV treatment (Fig. 10b). After 12 h, however, the relative expression levels of SlABF2 and 

299 SlABF8 remain essentially unaltered. As the amount of time spent receiving UV treatment is 

300 extended, the relative expression levels of SlABF3, SlABF4, and SlABF5 steadily increase. 

301 SlABF3 has the largest change trend, increasing by over 38.50 times at 24 h compared to 0 h. 

302 After 12 h, SlABF1 and SlABF10 expression levels dramatically increase, and at 24 h, they 

303 marginally reduce.

304 Under PEG treatment, the relative expression levels of 10 tomato ABF/AREB genes have a 

305 similar trend: the expression levels all reach the highest at 24 h (Fig. 10d). The biggest changes 

306 are seen in the expression levels of SlABF1, SlABF3, and SlABF5, which are increased by 14.98, 

307 110.16 and 11.13 times compared with 0h, respectively). The expression levels of SlABF1 and 

308 SlABF4 decrease at first and then increase with the extension of treatment time.

309

310 Discussion

311 ABA is an important plant hormone. Members of the ABF/AREB family are key transcription 

312 factors for ABA-dependent genes and they play important roles in plant hormone and abiotic 

313 stress responses. However, the ABF/AREB gene family in tomato has not been studied in detail. 

314 In this study, we identified 10 ABF/AREB genes in the tomato genome. The 10 genes of 

315 ABF/AREB gene family were distributed on 5 chromosomes of tomato (Fig. 1). While 7 

316 ABF/AREB members were identified on 5 chromosomes in Solanum tuberosum (Liu et al. 2019), 

317 10 ABF/AREB members were identified on 8 chromosomes in Oryza sativa (Lu et al. 2009), and 
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318 14 ABF/AREB members on 9 chromosomes in Populus trichocarpa (Ji et al. 2013). It can be 

319 seen that the more the number of chromosomes, the more the corresponding number of 

320 ABF/AREB genes. The possible reasons for its occurrence are the whole genome duplication 

321 event (WGD), tandem gene duplication and chromosome recombination. In Actinidia chinensis, 

322 AchnABF2 is localized in the nucleus (Wei et al. 2020). Arabidopsis thaliana AREB/ABFs have 

323 been reported to localize in the nucleus and form heterodimers (Yoshida et al. 2010). In this 

324 study, the ABF/AREB family in tomato is mainly expressed in the nucleus, so another way to 

325 regulate the activity of tomato ABF/AREB proteins is dimerization. The secondary structures of 

326 AREB1 protein in Vignaum bellata and Phaseolus vulgari are alpha helix and random coil (Hai-

327 long et al. 2018). Similarly, the secondary structure of ABF/AREB family in tomato in this study 

328 are mainly alpha helix and random coil. Therefore, irregular coil accounts for more, which may 

329 be because irregular coil connects more secondary structural elements.

330 ABF/AREBs structurally has 5 conserved domains (Fig. 2) , 3 N-termini (C1, C2 and C3), 1 

331 C-terminal DNA-binding bZIP region, and 1 terminal C4 conserved domain (Hong et al. 2013; 

332 Kim 2005). ABA-dependent AREB1 is involved in gene regulation through multisite 

333 phosphorylation. For example, the phosphorylated active form of AREB1 can induce ectopic 

334 genes in vegetative tissues (Bastias et al. 2011). However, the hypothesis of the ABF/AREB 

335 phosphate site in tomato has not yet been established. This study shows that all the tomato 

336 ABF/AREB genes have a unique BRLZ domain at the C-terminus of the bZIP region, which 

337 functions to recognize and bind specific DNA sequences. The results indicate that ABF/AREB 

338 proteins are highly conserved in plant evolution. We analyzed the genetic structure of the tomato 

339 ABF/AREB and found that the intron numbers of the tomato ABF/AREB ranged from 1 to 4, 

340 this is similar to the results of genetic structure of potato and Populus trichocarpa (Ji et al. 2013; 

341 Liu et al. 2019). proving that the genetic makeup of the ABF/AREB family members is 

342 conserved (Fig. 5).

343 ABA activation is required in Arabidopsis AREB1/ABF2, AREB2/ABF4, and ABF3 to 

344 regulate ABRE-dependent signaling involved in drought stress tolerance (Yoshida et al. 2010). In 

345 this study, SlABF3, SlABF5, SlABF10 and AREB1/ABF2, AREB2/ABF4, ABF3 belong to the 

346 same grouping of the evolutionary tree (Group A). SlABF3, SlABF5 and SlABF10 are 

347 significantly induced by ABA, NaCl, Uv, cold and PEG treatments. In addition, the three tomato 

348 ABF/AREB transcription factors showed similar expression patterns in cellular localization, 

349 genetic structure, and tissues. The results suggest that SlABF3, SlABF5 and SlABF10 play a 

350 redundant role in ABRE-dependent ABA signaling pathway under osmotic stress. However, 

351 another member of this subgroup, SlABF7, is expressed at a lower level than SlABF3, SlABF5, 

352 and SlABF10. The expression level of ABF1 in Arabidopsis is lower compared to AREB1/ABF2, 

353 AREB2/ABF4, and ABF3, but ABF1 is a functional homologue of AREB1/ABF2, AREB2/ABF4, 

354 and ABF3 dependent gene expression. The cellular localization of SlABF7 in genetic structure is 

355 similar to that of SlABF3, SlABF5 and SlABF10. Therefore, SlABF7 may be a functional 

356 homologue of SlABF3, SlABF5 and SlABF10.
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357  It has been observed that promoter homeopathic elements are crucial for controlling gene 

358 expression, notably when biotic and abiotic stressors are present (Gao et al. 2021). We 

359 determined that the promoter region of the tomato ABF/AREB gene has a range of cis-acting 

360 components related to hormone response and abiotic stress (Fig. 7). This demonstrated that the 

361 ABF/AREB gene may be crucial for adapting to abiotic stressors and hormonal stimulation in 

362 tomato. Our functional verification research of the ABF/AREB gene revealed that ABA and PEG 

363 can activate several ABF/AREB genes (Vysotskii et al. 2013; Zandkarimi et al. 2015). Some 

364 ABF/AREB genes that are hormone-induced have corresponding hormone-related cis-elements in 

365 their promoters. For example, the relative expression levels of SlABF1, SlABF2, SlABF8 and 

366 SlABF10 are upregulated under osmotic treatment (Fig. 10), which is consistent with the 

367 distribution of osmotic response elements (MBS) in SlABF1, SlABF2, SlABF8 and SlABF10, 

368 implying that they might control gene transcription by combining active transcription factors 

369 with cis-acting components to produce the desired effects. Interestingly, there are also conflicting 

370 results in our analysis. SlABF3 and SlABF5 do not participate in the cryoresponsive element and 

371 responded significantly to osmotic stress. It might be because the transcription of the regulated 

372 genes is not influenced directly by the presence or absence of the appropriate cis-acting elements. 

373 In addition to the well-known ABA-induced phosphorylation by SnRK2 protein kinases, it has 

374 been demonstrated that Arabidopsis ABFs themselves are implicated in the induction of 

375 exogenous ABA treatment (Wang et al. 2019). This adds another layer of ABA control towards 

376 ABF proteins. It was found through the analysis of tomato ABF/AREB homeopathic elements 

377 that SlABF1-SlABF6, SlABF9 and SlABF10 possessed ABRE in their promoter regions (Fig. 7), 

378 implying that the rapid induction of their expression on exogenous ABA treatment might also be 

379 mediated by themselves.

380 ABF/AREB transcription factors participate in not only stress response, but also in hormone 

381 response. The role of ABF/AREBs in stress response, growth and development has been 

382 extensively studied and characterized in Arabidopsis thaliana and Solanum tuberosum (Li et al. 

383 2013; Liu et al. 2019; Vishwakarma et al. 2017). ABF/AREB can bind to ABRE and activate the 

384 expression of ABA-dependent genes under drought stress (Fujita et al. 2011). It has been shown 

385 that the ABF/AREB family is sensitive to ABA response (Liu et al. 2019; Lu et al. 2009; 

386 Zandkarimi et al. 2015). The overexpression of TaAREB3 in Arabidopsis improved osmotic and 

387 freezing tolerance and enhanced ABA sensitivity (Wang et al. 2016). StCDPK2, a calcium-

388 dependent protein kinase that phosphorylates StABF1 in vitro, is found to respond to ABA and 

389 NaCl (Muniz Garcia et al. 2012). However, we found that SlABF3 is significantly induced by 

390 ABA treatment. FLD is known as an inhibitor of ABA biosynthesis and FLD affects plant 

391 growth and development and stress response by reducing ABA levels (Ondzighi-Assoume et al. 

392 2016; Zou et al. 2018). The expression level of AchABF1-1 is induced by ABA but inhibited by 

393 FLD in Actinidia chinensis (Wei et al. 2022). In the present study, exogenous ABA promoted the 

394 expression of ABF/AREB in tomato. In contrast, FLD inhibited this promotion effect. These 

395 findings implied that the ABF/AREB genes are crucial for response of ABA in the tomato. We 

396 also discovered that tomato ABF/AREB genes respond significantly to drought stress. For 
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397 instance, during osmotic stress, SlABF3 was considerably induced up to 110.16-folds, and 

398 SlABF5 was significantly induced up to 11.13-folds. It has been demonstrated that the 

399 ABF/AREB genes are crucial for response of osmotic stress in the tomato. This concurs with 

400 earlier research on Oryza sativa and Nicotiana tabacum (Hossain et al. 2010; Maruyama et al. 

401 2012). Additionally, research revealed that excessive salt and osmotic pressure may also activate 

402 the majority of the ABA-induced genes (Seki et al. 2003). This suggested that there is an 

403 interaction between plant responses to hormones and abiotic stresses. Therefore the specific 

404 functions of tomato ABF/AREB genes need to be further investigated in depth.

405

406 Conclusions

407 In summary, 10 members of the ABF/AREB genes family in tomato are identified and their 

408 genetic structure, conserved domains, and phylogenetic relationships are analyzed in this study. 

409 The ABF/AREB gene family is highly conserved during evolution. Cis-acting analysis reveals 

410 the genetic basis of ABF/AREB response to multiple hormones and stresses in tomato. 

411 ABF/AREBs are expressed in many tissues of tomato. ABF/AREB genes plays an important role 

412 in response to phyhormone and abiotic stresses in tomato. Appears obvious to ABA is seen in 

413 SlABF3. Significant induction of SlABF1, SlABF3 and SlABF10 occurred during UV stress. 

414 Osmotic stress greatly increases the expression of SlABF3 and SlABF5. Salt and cold stresses 

415 significantly induce SlABF3, SlABF5 and SlABF10. Our findings lay a theoretical foundation for 

416 further exploring the function of ABF/AREBs in plants. 

417
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1 Table 1 qRT-PCR primers for expression analysis of ABF/AREB gene family in tomato

Gene Prime sequence Size /bp

SlABF1 F: ACTACTTGGTGAAAGCCGGG R: CGATGTCCATAGCACCCCTC 171

SlABF2 F: GCTACACAGCAGAAACAGCG R: CCATGATCTGCTTAAGTCTCTCCT 181

SlABF3 F: CACATTGACATGTCGTGCGAA R: GTTGCCTTGCAGCTCTGATG 171

SlABF4 F: TTGGAGGCGACTTCCATGAC R: ATCCACCGTCCTCCTAACCA 189

SlABF5 F: GTTTAGGAGCCAGTGGGGTC R: CTGCCTCCTTTCAACGACCT 176

SlABF6 F: CAGCAACAGAACAACGGGTG R:TGATTGCTGCTGAGGAGGTG 162

SlABF7 F: CAGCAACCAACTCAAAGCCC R: GCCAGTTGGCAATTGTTCCC 176

SlABF8 F: GAAAGGAGGCAGAAGCGGAT R: GCTCTGGAGGTGGAACACTC 178

SlABF9 F: TGTTGGGCACATTATCGGACA R: CGAGGCGTGAAACCTTGTTC 183

SlABF10 F: GCGTTGTCATCTTCTGCTGC R: CTCCCAAGGTAGATTCCCGC 187

Actin F: AATGAACTTCGTGTGGCTCCAGAG R: ATGGCAGGGGTGTTGAAGGTTTC
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1 Table 2 Information of the ABF/AREB transcription factors in tomato

Gene Gene ID
Gene 

locus

ORF

(bp)

Amino 

acid

Instability

index

Molecular

weight/kDa
pI

Subcellular

Localization

SlABF1 Solyc01g008980.3.1.ITAG3.2 Chr01 441 146 55.95 16689.92 9.22 Nucleus

SlABF2 Solyc01g104650.3.1.ITAG3.2 Chr01 894 297 66.49 32080.06 7.81 Nucleus Chloroplast

SlABF3 Solyc01g108080.3.1.ITAG3.2 Chr01 1245 414 58.79 45028.31 9.64 Nucleus

SlABF4 Solyc04g071510.3.1.ITAG3.2 Chr04 927 308 56.19 33874.15 6.71 Nucleus

SlABF5 Solyc04g078840.3.1.ITAG3.2 Chr04 1344 447 50.23 47977.73 9.42 Nucleus

SlABF6 Solyc09g009490.3.1.ITAG3.2 Chr09 1281 426 54.70 46072.80 8.79 Nucleus

SlABF7 Solyc10g050210.2.1.ITAG3.2 Chr10 1137 378 52.09 41170.31 9.72 Nucleus

SlABF8 Solyc10g076920.2.1.ITAG3.2 Chr10 975 324 62.54 36282.85 6.41 Nucleus

SlABF9 Solyc10g081350.2.1.ITAG3.2 Chr10 1053 350 55.95 38396.10 8.63 Nucleus

SlABF10 Solyc11g044560.2.1.ITAG3.2 Chr11 1098 365 61.45 40007.81 8.51 Nucleus
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1 Table 3 Details of the 10 conserved motifs of tomato ABF/AREB proteins

Motif
Width 

(aa)
Motif Sequence

Motif 1 50 EKVVERRQRRMIKNRESAARSRARKQAYTVELEAEVAKLEEENERLKKKK

Motif 2 26 GZRQSTLGEMTLEDFLVKAGVVREDA

Motif 3 29 SLQRQGSLTLPRTLSQKTVDEVWRDIQKE

Motif 4 21 GGLGKDFGSMNMDELLKNIWT

Motif 5 18 LARQSSIYSLTFDELQNT

Motif 6 21 LPNVPKREPLRCLRRTLSGPW

Motif 7 25 NLDTSSLSPSPYAFNEGGRGRKSCS

Motif 8 50 WSQYQIPAMQPLPPQQHQQQQQNIPPVFMPGHPIQQPLPIVANPIIDAAY

Motif 9 33 QQQPLFPKQTTVEFASPMQLGNNGQLASPRTRA

Motif 10 10 MGSYLNFKNF
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1 Table 4 The secondary structure of ABF/AREB gene family protein sequence in tomato. Blue indicates alpha helix; Green 

2 indicates beta turn; Red indicates extended strand; Purple indicates random coil

Protein
Alpha 

helix (%)

Extended

strand (%)

Beta turn 

(%)

Random 

coil (%)
Distributionofsecondarystructureelements

SlABF1 50.68 4.79 1.37 43.15

SlABF2 40.07 7.07 1.01 51.85

SlABF3 31.40 11.59 3.14 53.86

SlABF4 44.48 4.87 1.62 49.03

SlABF5 29.31 10.07 1.57 59.06

SlABF6 34.51 6.81 1.41 57.28

SlABF7 32.54 13.49 2.91 51.06

SlABF8 33.95 5.25 1.54 59.26

SlABF9 34.29 7.14 1.43 57.14

SlABF10 32.88 9.04 1.92 56.16
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1 Table 5 Each of the tomato ABF/ABRE gene family has the original function of homeopathy

Cis-C������
Number of 

Genes

Sequence of Cis-

Element
Functions of Cis-C�������

ABRE 18 TACGTGTC cis-acting element ini��i�� in the abscisic acid responsii�����

AAC 4 A�		A
�	�� cis-actinc element ini��i�� in licl� responsii�����

AE-box 5 AGAAAA		 part of a module for licl� response

ARE 15 AAAAA	 cis-actinc recr�����
 element essential for the anaerobic induction

Box 4 32 A��		� part of a conseri�� DD	 module ini��i�� in licl� responsii�����

A
�A	������ 7 A
�A	 cis-actinc recr�����
 element ini��i�� in the M��	���������i�����

GARE-motif 6 �A�
��
 c�gg����������������i� element

GA�	������ 6 GA�	

	 part of a licl� responsii� element

G-Box 17 �	A
�
 cis-actinc recr�����
 element ini��i�� in licl� responsii�����

L�� 5 AA
			 cis-actinc element ini��i�� in lo����������r�� responsii�����

M�� 6 A		A�
 M�� bindinc site ini��i�� in droucl�����rd�g����


M�C 3 AAAA�		 M�� bindinc site ini��i�� in licl� responsii�����

P-box 4 AA����
 c�gg����������������i� element

�	�A�g�T 5 �	�AAA	 cis-actinc element ini��i�� in c�gg����������������i�����

�A	�������� 5 AA	�A����� cis-actinc element ini��i�� in salicylic acid responsii�����

�A���dl repeats 3 A��A�A�		A cis-actinc element ini��i�� in defense and stress responsii�����

�
	A
������ 7 �
	A
 cis-actinc recr�����
 element ini��i�� in the M��	���������i�����

circadian 5 A			
	�	�A cis-actinc recr�����
 element ini��i�� in circadian control
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Figure 1
Figure 1

The distribution of ABF/AREB gene family members of chromosomes in tomato.

Chromosome positioning was based on the physical location of the 10 tomato ABF/AREBs.
Chromosome numbers are shown at the top of each bar chart. Gene names are indicated in
black. The scale bar is on the left.
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Figure 2
Figure 2

Multiple sequence alignment of tomato ABF/ AREB members. Residues are shaded in
black and light black, respectively. The positions of C1 to C4 are conserved Domains and
basic regions are represented by lines above the protein sequence. Potential phosphorylated
residues (R-S-S-X/T) of the characteristic phosphorylation sites are indicated by red boxes.
Positions of conserved Leu residues in Leu zippers Domains are represented by red triangle
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Figure 3
Figure 3

Sequence analysis of ABF/AREB gene family in tomato. The diûerent colored
rectangles are diûerent motifs
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Figure 4
Figure 4

Phylogenetic relationship of tomato ABF/ AREB homologs in diûerent species.

Tomatoes are marked as a yellow ûve-pointed star
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Figure 5
Figure 5

Exon-intron structure of ABF/AREB gene family in tomato. (A) A phylogenetic tree was
constructed based on the full-length tomato ABF/AREB protein sequence using MEGA7.0
software. (B) The exon-intron map of the tomato ABF/AREB gene was drawn using TBtools.
Green rectangles represent exons, and orange rectangles represent upstream and
downstream noncoding regions of genes. Solid black lines represent introns. The scale bar
represents the length of the DNA sequence
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Figure 6
Figure 6

The distribution of cis-acting elements in tomato ABF/AREB genes. Diûerent colored
wedges represent diûerent cis elements. The length and position of each SlABF genes were
mapped to scale. The scale bar represents the length of the DNA sequence
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Figure 7
Figure 7

The number of cis-acting elements in tomato ABF/AREB genes
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Figure 8
Figure 8

Expression patterns of tomato ABF/AREB in diûerent tissues. Color scale represents
fold change normalized by log2 transformed data. Heatmaps are shown in blue/yellow/red for
low/medium/high expression respectively
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Figure 9
Figure 9

Relative expression analysis of SlABF gene under ABA and FLD treatments. (a)
SlABF1; (b) SlABF2; (c) SlABF3; (d) SlABF4; (e) SlABF5; (f) SlABF6; (g) SlABF7; (h) SlABF8; (i)
SlABF9; (j) SlABF10. The asterisk (*) indicates that the expression level of the stress group is
signiûcantly diûerent from that of the control group (* p < 0.05, ** p < 0.01, one-way ANOVA,
Tukey test)
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Figure 10
Figure 10

Analysis of relative expression of ABF/AREB genes in tomato under abiotic stresses

including NaCl (a), Uv (b), Cold (c) and PEG (d). The asterisk (*) indicates that the
expression level of the stress group is signiûcantly diûerent from that of the control group (*
p < 0.05, ** p < 0.01, one-way ANOVA, Tukey test)
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