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Genome-Wide Identification of AP2/ERF Transcription Factors in Cauliflower and Expression Profiling of the ERF Family under Salt and Drought Stresses
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The AP2/ERF transcription factors (TFs) comprise one of the largest gene superfamilies in plants. These TFs perform vital roles in plant growth, development, and responses to biotic and abiotic stresses. In this study, 171 AP2/ERF TFs were identified in cauliflower (Brassica oleracea L. var. botrytis), one of the most important horticultural crops in Brassica. Among these TFs, 15, 9, and 1 TFs were classified into the AP2, RAV, and Soloist family, respectively. The other 146 TFs belong to ERF family, which were further divided into the ERF and DREB subfamilies. The ERF subfamily contained 91 TFs, while the DREB subfamily contained 55 TFs. Phylogenetic analysis results indicated that the AP2/ERF TFs can be classified into 13 groups, in which 25 conserved motifs were confirmed. Some motifs were group- or subgroup- specific, implying that they are significant to the functions of the AP2/ERF TFs of these clades. In addition, 35 AP2/ERF TFs from the 13 groups were selected randomly and then used for expression pattern analysis under salt and drought stresses. The majority of these AP2/ERF TFs exhibited positive responses to these stress conditions. In specific, Bra-botrytis-ERF054a, Bra-botrytis-ERF056, and Bra-botrytis-CRF2a demonstrated rapid responses. By contrast, six AP2/ERF TFs were showed to delay responses to both stresses. The AP2/ERF TFs exhibiting specific expression patterns under salt or drought stresses were also confirmed. Further functional analysis indicated that ectopic overexpression of Bra-botrytis-ERF056 could increase tolerance to both salt and drought treatments. These findings provide new insights into the AP2/ERF TFs present in cauliflower, and offer candidate AP2/ERF TFs for further studies on their roles in salt and drought stress tolerance.
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INTRODUCTION

Plant transcription factors (TFs) play vital roles in plant growth, development, and responses to various environmental stresses (Rashid et al., 2012; Shu et al., 2016). The APETALA2/ethylene-responsive element binding factor (AP2/ERF) superfamily is one of the largest groups of TFs (Nakano et al., 2006), which contain one or two AP2 domains with 60–70 conserved amino acid residues. The amino acid residues are all composed of a three-stranded anti-parallel β-sheet and an α-helix (Allen et al., 1998). The AP2 domain is essential for the activity of AP2/ERF TFs by binding cis-acting elements including the GCC box motif, the dehydration responsive element (DRE)/C-repeat element (CRT), and/or the TTG motif in the promoter regions of their target genes (Ohme-Takagi and Shinshi, 1995; Jofuku et al., 2005; Sun et al., 2008; Wang et al., 2015). The AP2/ERF superfamily can be divided into the AP2, ERF, RAV, and Soloist families according to the number of AP2 domains and presence of other DNA binding domains (Nakano et al., 2006). AP2 TFs contain two AP2 domains or a single AP2 domain that is similar to the AP2 domains in the double domain groups, whereas ERF family members contain a single AP2 domain (Nakano et al., 2006). The ERF family is further subdivided into the ERF and dehydration responsive element binding proteins (DREB) subfamilies on the basis of the similarities in amino acid residues of the AP2 domain. With the exception of a single AP2 domain, there is an additional B3 domain in the RAV family. A small group of TFs with a highly diverged single AP2 domain (AP2-like domain) and gene structure is known as the Soloist family.

The AP2/ERF superfamily was previously believed to only exist in the plant kingdom, but recent reports have indicated that AP2/ERF TFs are also present in protists and ciliates (Rashid et al., 2012; Licausi et al., 2013). The function and regulation of AP2/ERF TFs were deeply explored. The TFs from the AP2 family mainly function in the plant-specific regulation of growth and developmental processes (Li et al., 2013; Horstman et al., 2014; Kuluev et al., 2015), such as flower development (Aukerman and Sakai, 2003), leaf epidermal cell identity (Moose and Sisco, 1996), and seed growth (Jofuku et al., 2005). The TFs from the ERF and DREB subfamilies, both classified into the ERF family, are closely associated with responses to environmental stress. ERF subfamily TFs bind to the GCC-boxes and are involved in several hormone signaling pathways, such as the ethylene, jasmonic acid, and salicylic acid pathways (Fujimoto et al., 2000; Oñate-Sánchez and Singh, 2002; Mantiri et al., 2008). These TFs specifically participate in the regulation of defense responses against various biotic stresses, such as pathogen and disease stimuli (Zhao et al., 2012; Dong et al., 2015). Some of these TFs facilitate tolerance against environmental stressors, such as drought (Seo et al., 2010), salinity (Seo et al., 2010; Zhang et al., 2011), and freezing (Zhang and Huang, 2010). By contrast, DREB subfamily TFs bind to the DRE/CRT elements in stress-responsive genes. These TFs are mainly involved in plant tolerance against abiotic stresses, such as freezing (Ito et al., 2006; Fang et al., 2015), drought (Hong and Kim, 2005; Fang et al., 2015), heat (Qin et al., 2007), salinity (Hong and Kim, 2005; Bouaziz et al., 2013), and osmosis (Fujita et al., 2011). The number of TFs in the RAV family is relatively less compared with those in the AP2 and ERF families. Several RAV TFs also facilitate the regulation of target gene expression in response to ethylene, brassinosteroid, and biotic and abiotic stresses (Hu et al., 2004; Mittal et al., 2014, 2015).

Cauliflower (Brassica oleracea L. var. botrytis) is an important variant of Brassica. It is also one of important horticultural crops with high nutritional content and has been planted worldwide. In the past two decades, traditional genetic methods, such as hybrid breeding, have contributed considerably to the production of new cauliflower varieties that exhibit high yields and resistance against pathogenic bacteria. Meanwhile, the classical breeding technology is time-consuming and hard sledding. Current genetic engineering methods, such as TAILEN (Joung and Sander, 2013) and CRISPR/Cas9 (Shan et al., 2014) technologies, have exhibited immense potential to achieve the molecular improvement of various crops in short periods and high efficiency. However, the mechanisms underlying the regulation of cauliflower growth, development, and response to different environmental stresses remain poorly understood thereby hindering the breeding of cauliflower varieties with excellent traits. TFs from the AP2/ERF superfamily play important roles in diverse plant development, but these roles in cauliflower remain unknown.

In the present study, TFs from the AP2/ERF superfamily were identified according to the transcriptome data of cauliflower. Cluster, phylogeny and distribution of conserved motif analysis of the identified AP2/ERF TFs were conducted. A total of 35 AP2/ERF TFs were randomly selected from the phylogenetic tree and subjected to expression pattern analysis under salt and drought stresses. The AP2/ERF TFs closely associated with salt and/or drought responses were confirmed and the function of one of them was further identified by ectopic overexpression analysis.

MATERIALS AND METHODS

Plant Materials and Stress Treatments

Homozygous cauliflower seeds were planted in soil under controlled conditions with a 16 h/8 h light/dark cycle at 25°C and 22°C, respectively. The 25-day-old seedlings were subjected to salt and drought stresses. Under each stress conditions, 15 seedlings were used. For the salt-stress treatment, 15 individual plants were irrigated with 200 mM NaCl. The leaves and roots of each plant were harvested 0, 4, 8, and 24 h after the treatment. The leaves and roots of five plants at each time point were pooled to form a biological replicate, and then frozen immediately in liquid nitrogen, and finally stored at −80°C. The seedlings subjected to drought-stress treatments underwent the same process, except that they were irrigated with 20% PEG 6000 instead of 200 mM NaCl.

RNA Isolation and qRT-PCR

Total RNAs from the samples of salt-stress and drought-stress treatments at each time- point were extracted using TRIzol reagent (Invitrogen, USA) in accordance with the manufacturer's instructions. RNAs free of contaminated genomic DNA were subjected to a reverse transcription reaction with Oligo (dT)18 primers. The first-strand cDNAs of these RNAs were used as templates for the qRT-PCR analysis, in which specific primer pairs were used. The Actin gene from cauliflower was selected as the internal control (Table S1). FastStart Universal SYBR Green Master (Roche, Germany) was used for qRT-PCR. The relative expression levels of each gene at different stress treatments were calculated by the comparative 2−ΔΔCT method. Three biological replicates and three technological replicates were performed to ensure the reliability of quantitative analysis.

Identification of AP2/ERF TFs

The high-throughput transcriptome data of the cauliflower were obtained (Accession number: PRJNA361430). All unigenes produced from the transcriptome data were annotated using the Blastx tool (Altschul et al., 1990) by aligning the non-redundant data (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) and Swiss- Prot database (http://www.uniprot.org/downloads) with the parameters of expect value <1e-5 and with more than 80% coverage. In Blastx analysis, the nucleotide sequences were translated into the predicted proteins based on the standard genetic code. According to the functional annotation information of these unigenes, the putative AP2/ERF TFs were retrieved from cauliflower and further evaluated for the presence of AP2 domains by searching against the conserved domain database at NCBI. In addition, HMM search (http://www.ebi.ac.uk/Tools/hmmer/search/hmmsearch) was also conducted to further retrieve and identify the possible TFs containing AP2 domains in cauliflower (Finn et al., 2015). Some unigenes produced by the transcriptome sequencing did not contain the full coding regions of the genes. Thus, the putative cauliflower AP2/ERF TFs with incomplete coding sequences were conducted to clone the full coding regions through homologous cloning strategy.

Phylogenetic Tree Construction

The deduced amino acid sequences of the AP2/ERF TFs were performed to multiple sequence alignment analysis using Clustal W set at default parameters (http://www.genome.jp/tools/clustalw/). An unrooted phylogenetic tree was constructed using the neighbor-joining method by the MEGA 6 program with the following parameters: bootstrap value of 1,000, Poisson correction, and pairwise deletion (Tamura et al., 2013).

Conserved Motif Analysis

The conserved motifs in the cauliflower AP2/ERF TFs were identified by using the online motif finding tool MEME 4.11.2 (http://meme-suite.org/tools/meme) (Bailey et al., 2009). The parameters were as follows: 6–200 optimum width of amino acids, 25 maximum number of motifs, and 0 or 1 single motif in each sequence of the model.

Expression Pattern Analysis

On the basis of the phylogenetic tree of all the detected AP2/ERF TFs, at least two TFs from each group or subfamily were selected to conduct expression pattern analysis under salt or drought stress. The relative expression levels of the randomly selected TFs at each time- point of salt- and drought- stress treatments were evaluated by qRT-PCR. The transcript expression profiles of the AP2/ERF TFs were determined using hierarchical cluster analysis with the package “gplots” of the R project according to the value of log2 (relative expression level of each transcription factor) (http://www.r-project.org/).

Construction of Expression Vector and Plant Transformation

To further elucidate the function of AP2/ERF TFs under abiotic stresses, one TF (Bra-botrytis-ERF056) that showed significantly rapid responses to both salt and drought treatments was selected to conduct functional analysis. The full-length coding sequences of Bra-botrytis-ERF056 with XbaI and SacI restriction sites were amplified by primers: ERF056-forward: 5′TCTAGAATGGAATCCAAGCCTCTCG3′ and ERF056-reverse: 5′GAGCTCTTATGATTCGGACAATTTGCTA3′. The PCR products were cloned into the pEASY-T1 vector and digested with XbaI and SacI. The digested products were sub-cloned into the pBI121 binary vector. The recombinant plasmid was transformed into Agrobacterium tumefaciens strain LBA4404 and then introduced into Arabidopsis thaliana ecotype Columbia (Col-0) via the floral dip method (Clough and Bent, 1998). T1 seeds of the transgenic plants were selected on MS medium containing 50 mg/L kanamycin. The phenotypes of homozygous T3 generations of the transgenic plants were observed by 200 mM NaCl and drought treatments, respectively.

RESULTS

Identification of AP2/ERF TFs in Cauliflower

On the basis of the cauliflower transcriptome data, 171 unigenes containing AP2 domains were obtained and annotated according to the AP2/ERF TFs in other reported Brassica plants or Arabidopsis. Except for five unigenes, the other 166 unigenes were annotated as the homologs of AP2/ERF TFs in other plant species. The five unnamed unigenes were then named as Bra-botrytis-AP2/ERF-1 to Bra-botrytis-AP2/ERF-5. Sequence analysis indicated that 45 of the 171 unigenes did not contain the full coding regions of the corresponding AP2/ERF TFs. Subsequently, the full coding sequences of these 45 AP2/ERF TFs were cloned and sequenced. Finally, the full coding regions of each AP2/ERF TF were identified, and the amino acids of each of TF were deduced (Table S2). The length of these putative proteins was 91–589 aa. Among these TFs, 15 containing two AP2 domains were classified into the AP2 family. Inside the AP2 domain, nine TFs each contained a conserved B3 domain. These TFs were generated from the RAV family. Meanwhile, the 146 TFs each containing a single AP2 domain were classified further into the DREB (55 members) and ERF (91 members) subfamilies. The deduced amino acids of the AP2 domain from Bra-botrytis-AP2/ERF-4 were distinct from those of the other AP2/ERF TFs, which was classified into the Soloist family.

Phylogeny of AP2/ERF TFs in Cauliflower

To confirm the classification and evolutionary relationships of the AP2/ERF TFs in cauliflower, the full-length sequences of the putative proteins were aligned and conducted to phylogenetic tree analysis. All of these AP2/ERF TFs could be classified into 13 clades (Figure 1). Group I contained 12 TFs, most of which contained motif-1, motif-2, motif-3, and motif-10, except Bra-botrytis-ERF014a, Bra-botrytis-ERF019, and Bra-botrytis-ERF020. Group II included 9 TFs, and nearly all TFs contained motif-1, motif-2, motif-3, motif-4, and motif-10 in their proteins. Group III comprised 18 TFs, and motif-1, motif-2, motif-3, motif-4, and motif-16 were detected in almost all these TFs. Groups I, II, and III were considered to be under the DREB subfamily. Group VI contained 20 TFs. A large proportion of the TFs in this group holding two AP2 domains were classified into the AP2 family. Group VII contained 12 TFs. Seven motifs (motif-1, motif-2, motif-3, motif-4, motif-5, motif-9, and motif-12) were detected in this group. Most of the TFs in this group belonged to the RAV family. Group XIII contained 16 TFs. The TFs of this group were also belonged to DREB subfamily. The TFs in other clades, except Bra-botrytis-AP2/ERF-4, were classified into the ERF subfamily (Figure 1, Figure S1).
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FIGURE 1. Unrooted phylogenetic tree of AP2/ERF transcription factors in cauliflower. Deduced full-length amino acid sequences were used to construct the phylogenetic tree using MEGA 6.0 software by a neighbor-joining method with bootstrap replicates of 1,000. Thirteen groups are highlighted in different colors. Bootstrap values over 80% were showed by dots with different size.



Conserved Motifs of the AP2/ERF TFs

The conserved motifs in the AP2/ERF superfamily proteins of cauliflower were discovered by the MEME tool. A total of 25 conserved motifs were detected (Figures 2–5, Figure S1). Motif-1, motif-2, motif-3, motif-4, motif-8, and motif-24 were in the AP2 domain regions, among which motif-1, motif-2, motif-3, and motif-4 were detected in nearly all AP2/ERF proteins. Motif-5 and motif-9 were in the regions of the B3 domain. Proteins containing these two motifs were all classified into the RAV family. Other motifs were divergent among different groups or subgroups (Figures 2–5). Motif-6, motif-17, motif-18, and motif-23 were only detected in group VIII. Motif-7 was found only in group VI, which contains many TFs from the AP2 family. Motif-10 specifically existed in groups I and III. The TFs of these two groups were all classified into the DREB subfamily. Motif-11, motif-13, motif-16, and motif-19 were detected only in groups XII, X, II, and XII, respectively. Motif-14 and motif-15 were specific in group XIII. In addition, motif-12 was shared in groups V, X, and VII. Motif-20 and motif-21 were detected only in group IV. Motif-22 was mainly detected in groups XIII and VI. Motif-25 mainly existed in group XII.
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FIGURE 2. Distribution of conserved motifs within different groups of AP2/ERF Transcription factors in cauliflower. TFs (except Bra-botrytis-098) from groups I, II, III, and XIII belong to the DREB subfamily. Group VI-2 belongs to the AP2 subfamily. The majority of group VII belongs to the RAV subfamily. Members of other groups belong to the ERF subfamily. Different motifs are highlighted in different colors.
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FIGURE 3. Please refer Figure 2 caption.
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FIGURE 4. Please refer Figure 2 caption.
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FIGURE 5. Please refer Figure 2 caption.



Expression Profiling of AP2/ERF TFs under Salt Stress

According to the phylogeny and conserved motif analysis, 35 AP2/ERF TFs were randomly selected and subjected to expression profiling analysis under salt stress. At least two AP2/ERF TFs were selected from each group. All the AP2/ERF TFs mainly exhibited five significantly differential expression patterns (Table S3, Figures 6, 8A–E). (i) Bra-botrytis-ERF054a, Bra-botrytis-ERF056, Bra-botrytis-ERF003a, and Bra-botrytis-CRF2a showed fast responses to salt stress. The expression levels of all these TFs increased quickly under high-salt treatment (4 h) and increased continuously under salt stress at 8 and 24 h (Figure 8B). (ii) A large proportion of TFs, which included Bra-botrytis-CRF4a, Bra-botrytis-ERF007a, Bra-botrytis-ERF011b, Bra-botrytis-ERF071, Bra-botrytis-RAP2-7a, Bra-botrytis-AIL6a, Bra-botrytis-CRF6a, Bra-botrytis-ERF001a, Bra-botrytis-ERF009a, Bra-botrytis-ERF025a, Bra-botrytis-ERF088, Bra-botrytis-ERF095, and Bra-botrytis-RAV2a showed rapid responses to salt stress, although their expression levels irregularly increased (Figure 8A). (iii) Bra-botrytis-ABR1a, Bra-botrytis-ERF012b, Bra-botrytis-ERF016a, Bra-botrytis-ERF019, Bra-botrytis-ERF034a, Bra-botrytis-ERF036, Bra-botrytis-ERF069a, Bra-botrytis-ERF104a, Bra-botrytis-ERF109a, and Bra-botrytis-RAP2-11b were also expressed in response to salt stress, although they exhibited delayed response. Compared with the controls (0 h), the expression levels of these TFs did not show considerable changes under salt stress at 4 and 8 h but significantly increased 24 h after salt stress (Figure 8C). (iv) Five TFs (Bra-botrytis-AP2/ERF-2, Bra-botrytis-ERF106a, Bra-botrytis-ERF115a, and Bra-botrytis-RAP2-1) exhibited increased expression at the early stage of salt tress (4 and 8 h). Under prolonged salt treatments, their expression levels decreased (Figure 8D). (v) In contrast to (iii), the transcript expression levels of Bra-botrytis-RAP2-12, Bra-botrytis-RAP2-10a, and Bra-botrytis-RAP2-4a were inhibited in the initial phase of salt stress, but increased with the extension of salt treatments (Figure 8E).


[image: image]

FIGURE 6. Expression profiles of 35 putative cauliflower AP2/ERF transcription factors at 0 (control), 4, 8, and 24 h after salt treatment. The heat map is constructed based on the Log2 (relative expression level of each transcription factor) detected by qRT-PCR. The color scale represents the Log2 (relative expression level of each transcription factor) with blue denoting low expression and red denoting high expression.



Expression Profiling of AP2/ERF TFs under Drought Stress

The expression profiles of the 35 selected AP2/ERF TFs were also explored under drought stress. These TFs mainly exhibited two different expression patterns (Table S4, Figures 7, 8F–H), which differed from their expression patterns under salt stress. In brief, Bra-botrytis-ABR1a, Bra-botrytis-ERF001a, Bra-botrytis-ERF012b, Bra-botrytis-ERF016a, Bra-botrytis-ERF019, Bra-botrytis-ERF025a, Bra-botrytis-ERF088, Bra-botrytis-ERF095, Bra-botrytis-ERF109a, Bra-botrytis-ERF115a, and Bra-botrytis-RAP2-11b exhibited delayed responses under drought stress. The TFs, such as Bra-botrytis-AP2/ERF-2, Bra-botrytis-CRF2a, Bra-botrytis-CRF6a, Bra-botrytis-ERF007a, Bra-botrytis-ERF009a, Bra-botrytis-ERF011b, Bra-botrytis-ERF036, Bra-botrytis-ERF054a, Bra-botrytis-ERF056, Bra-botrytis-ERF069a, Bra-botrytis-ERF071, Bra-botrytis-ERF106a, Bra-botrytis-RAP2-1, Bra-botrytis-RAP2-10a, and Bra-botrytis-RAP2-7a, were sensitive to drought stress. The expression levels of these TFs rapidly increased under drought stress. By contrast, two TFs (Bra-botrytis-CRF4a and Bra-botrytis-ERF003a) did not significantly change their expression levels under drought stress (Table S4, Figures 7, 8F–H).
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FIGURE 7. Expression profiles of 35 putative cauliflower AP2/ERF transcription factors at 0 (control), 4, 8, and 24 h after drought treatment. The heat map is constructed based on the Log2 (relative expression level of each transcription factor) detected by qRT-PCR. The color scale represents the Log2 (relative expression level of each transcription factor) with blue denoting low expression and red denoting high expression.




[image: image]

FIGURE 8. Expression trends of 35 putative cauliflower AP2/ERF transcription factors at 0 (control), 4, 8, and 24 h after salt stress (A–E) and drought stress (F–H), respectively.



Ectopic Overexpression of Bra-botrytis-ERF056

According to expression profiles of the 35 selected AP2/ERF TFs under salt and drought stresses, three TFs (Bra-botrytis-ERF054a, Bra-botrytis-ERF056, and Bra-botrytis-CRF2a) demonstrated rapid positive responses to both stresses. To further elucidate the roles of these TFs in response to salt and drought stresses, the function of Bra-botrytis-ERF056 was explored. The results indicated that transgenic Arabidopsis plants with ectopic overexpression of Bra-botrytis-ERF056 did not show phenotypic differences from the wide type under the normal growth condition. Under salt treatment, Bra-botrytis-ERF056 overexpression transgenic plants and wide type controls were irrigated with 200 mM NaCl. After 5 days, the transgenic plants exhibited higher tolerance than those of the wide type controls. At the 11th day after the salt treatment, the wide type plants were almost withered, whereas the transgenic plants were survived and showed more green leaves (Figures 9A–C). Similarly, under drought treatment, after 15 days without irrigating water, the Bra-botrytis-ERF056 overexpression transgenic plants exhibited higher tolerance than those of the wide type controls. At the 20th days after the drought treatment, the wide type Arabidopsis plants were died, whereas the transgenic plants were survived (Figures 9D–F).
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FIGURE 9. Phenotypes of overexpression Bra-botrytis-ERF056 transgenic plants under salt and drought stresses. (A–C) Indicated the phenotypes of overexpression Bra-botrytis-ERF056 transgenic plants and wide type controls at 0 day (A), 5 day (B), and 11 day (C) after salt tress by 200 mM NaCl treatment. (D–F) Indicated the phenotypes of overexpression Bra-botrytis-ERF056 transgenic plants and wide type controls at 0 day (D), 15 day (E), and 20 day (F) without irrigating water. WT showed wide type Arabidopsis plants. OE indicated overexpression Bra-botrytis-ERF056 transgenic plants.



DISCUSSION

AP2/ERF TFs are almost plant specific (Rashid et al., 2012; Licausi et al., 2013). Thus, identifying AP2/ERF TFs can considerably improve our understanding about the evolution and function of these TFs in various plant species. With the development of next-generation sequencing technology and the release of the genome data of more plant species, the AP2/ERF superfamily has been explored deeply in various plant species. Currently, the AP2/ERF TFs in Arabidopsis (Nakano et al., 2006), rice (Rashid et al., 2012), grapevine (Licausi et al., 2010), poplar (Zhuang et al., 2008), Chinese cabbage (Song et al., 2013), Cabbage (Thamilarasan et al., 2014), peach (Zhang et al., 2012), castor bean (Xu et al., 2013), foxtail millet (Lata et al., 2014), switchgrass (Wuddineh et al., 2015), Musa acuminate, Musa balbisiana (Lakhwani et al., 2016), and Brachypodium distachyon (Chen et al., 2016) have been successfully identified and investigated. Comprehensive data analysis confirmed that more than 100 AP2/ERF TFs have been confirmed in these plants, and 291 and 318 AP2/ERFs TFs were detected in Chinese cabbage and M. balbisiana, respectively. To date these TFs represent the highest number of TFs included in the AP2/ERF superfamily of dicots and monocots (Song et al., 2013; Lakhwani et al., 2016). In the present study, 171 AP2/ERF TFs were identified in cauliflower. This number is close to the number of AP2/ERF TFs in foxtail millet (171) (Lata et al., 2014) and rice (170) (Rashid et al., 2012). However, the number of AP2/ERF TFs in cauliflower is lower than that in Chinese cabbage (291) and cabbage (226) even though these three plants belong to the same genus. Further phylogenetic tree analysis of AP2/ERF TFs from cauliflower, Chinese cabbage and cabbage indicated that the number of TFs from AP2 family and DERB subfamily in cauliflower were significantly less than that in Chinese cabbage and cabbage. Compared to cauliflower, a lot of TFs in these two groups, especially in AP2 family, occurred gene duplication event in Chinese cabbage and cabbage. Reversely, more TFs from ERF subfamily were identified in cauliflower than those in cabbage. Compared to cabbage, a few ERF TFs experienced duplication in cauliflower. The number of TFs in RAV and Soloist families was no significantly different in these three plants (Figure S2). These results indicated that the different number of AP2/ERF TFs in cauliflower from its two closely related species mainly resulted by the contractions of the AP2 and DREB TFs, and the expansions of some ERF TFs. Previous report confirmed that during evolution, Brassica genus including cauliflower, Chinese cabbage and cabbage underwent genome triplication (Cheng et al., 2016). The genome triplication event may be directly involved in the evolution of AP2/ERF TFs in different plants. Alternatively, the absence of whole genome data of cauliflower is an unavoidable factor that results in the omission of some AP2/ERF TFs, although high-throughput transcriptome data from different organs of cauliflower were used. Nevertheless, the present study offered significant clues to elucidate further the evolution and function of AP2/ERF TFs in cauliflower.

In general, the domains or amino acid motifs of TFs are frequently involved in DNA- binding, nuclear localization, protein- protein interaction, and transcriptional activity (Nakano et al., 2006). TFs with similar conserved domains or amino acid motifs are likely to have similar functions. Consequently, the conserved motifs in cauliflower AP2/ERF TFs were further analyzed. A total of 25 motifs were identified in the 171 cauliflower AP2/ERF TFs. Except motif-1, motif-2, motif-3, and motif-4, which were in the AP2 domain regions and existed in almost all AP2/ERF TFs, most motifs showed group- or subgroup- specific distributions (Figures 2–5). Motif-5 and motif-9 were specifically present in the B3 domain, and the TFs contained these two motifs were all classified into group VII and were member of the RAV family. Consisted with TFs of this family in other plants such as Arabidopsis and switchgrass, the core sequence of the B3 domain (RLFGV) was also detected in the RAV TFs of cauliflower (Ikeda and Ohme-Takagi, 2009). Some of the RAV TFs, such as RAV1 and RAV2, were confirmed as transcriptional repressors in plants (Hu et al., 2004; Mittal et al., 2015). Motif-6, motif-17, motif-18, and motif-23 were group VIII- specific, in which motif-17 and motif-23 containing the CRF (cytokinin responsive factor) domain were only present in the CRF TFs of this group (Rashotte et al., 2006). In motif-17, a more conserved sequence (SP(T/V)SVL) was identified, which was predicted to function as a putative MAP kinase phosphorylation site (Nakano et al., 2006). In Arabidopsis TFs containing the CRF domain exhibited responses to cytokinin (Rashotte et al., 2006). The homologous CRF TFs were also detected in other plants such as switchgrass and moso bamboo (Wuddineh et al., 2015; Wu et al., 2015). Inside the two AP2 domains, motif-7 was confirmed to be present only in the N-terminus of the AP2 family. Alignment result analysis indicated that the amino acid sequences of this motif were also detected in the AP2 TFs of various plant species, but the role of this motif was unknown. Motif-10 mostly containing conserved D(I/V)QAA sequences was specifically present in groups I and III. The members of these two groups were all from the DREB subfamily. The D(I/V)QAA motif and another motif (LPRP) near the motif-3 are the essential signatures for the TFs from the DREB subfamily to function in response to various stresses (Albrecht et al., 2001; Qu and Zhu, 2006). Conserved motifs such as the ERF-associated amphiphilic repression (EAR) motif and a unique “EDLL” motif that was previously characterized as a transcriptional activation domain in other plants, were also identified in the AP2/ERF TFs in cauliflower (Ohta et al., 2001; Kagale and Rozwadowski, 2011; Tiwari et al., 2012). In addition, few reports have explored the characteristics of other motifs detected only in the present study. These motifs also showed group specificity. For example, motif-11, motif-12, motif-13, motif-14, motif-15, motif-19, motif-20, motif-21, and motif-25 were specific in different groups of the ERF subfamily, implying their important roles for TFs in this subfamily. Species-specific motifs within AP2/ERF TFs were also detected in other plant species (Wuddineh et al., 2015; Lakhwani et al., 2016; Shu et al., 2016). These results indicated that although some domains or motifs of AP2/ERF TFs were highly conserved, newly evolved motifs generated, which may play important roles in the subfunctionalization or new function of AP2/ERF TFs in specific plant species. The function and regulation of these newly evolved motifs in AP2/ERF TFs require further elucidation.

Different from animals, plants must adapt to various biotic and abiotic stresses in their life cycles. In these processes, a few TFs were mobilized to regulate their target genes and made the plants exhibit resistant phenotypes. Among these TFs, some AP2/ERF TFs play important roles in plants to defend themselves against environmental stimuli and improve resistance (Sakuma et al., 2006; Dietz et al., 2010; Mizoi et al., 2012; Shu et al., 2016; Tang et al., 2016). In the present study, to explore the potential roles of the AP2/ERF TFs in response to abiotic stresses in cauliflower, 35 AP2/ERF TFs were selected to conduct expression profiling analysis with salt and drought stresses. Almost all 35 AP2/ERF TFs were activated under these two stresses, whereas most of their expression profiles were different. Bra-botrytis-ERF003a continuously increased its expression level under salt stress. However, the expression level of this TF showed no significant change under drought stress. Bra-botrytis-ERF003a containing the EAR motif is a homolog of ERF3 in other plants. ERF3 as a transcription repressor is involved in various abiotic stresses, leaf senescence, and pathogen defense (Fujimoto et al., 2000; Koyama et al., 2013; Velivelli et al., 2015). Bra-botrytis-ERF036, Bra-botrytis-ERF069a, and Bra-botrytis-ERF104a exhibited delayed responses to salt stress. The expression levels of these three TFs significantly increased until 8 h under salt stress. Inversely, these TFs rapidly responded to drought stress. The homologous gene of Bra-botrytis-ERF104a responded to light stress and pathogenic bacterial infections in Arabidopsis (Bethke et al., 2009; Chen et al., 2013; Vogel et al., 2014). Several AP2/ERF TFs, such as Bra-botrytis-AP2/ERF-2, Bra-botrytis-ERF106a, Bra-botrytis-ERF118a and Bra-botrytis-RAP2-1, were only significantly upregulated at the early stages of salt stress. These AP2/ERF TFs continuously increased their expression levels under drought stress. Similar to Bra-botrytis-RAP2-1, RAP2.1, the homolog of Bra-botrytis-RAP2-1, was strongly induced by drought and cold stresses in Arabidopsis. Overexpression of RAP2.1 could enhance sensitivity to cold and drought stresses (Fowler and Thomashow, 2002; Dong and Liu, 2010). Homology analysis indicated that Bra-botrytis-AP2/ERF-2 and four other TFs showed low sequence similarity to reported AP2/ERF TFs. This finding implied that these TFs are specific to cauliflower. Similarly, although Bra-botrytis-RAP2-12, Bra-botrytis-RAP2-4a, and Bra-botrytis-RAP2-10a showed fast responses to drought stress, the expression of these TFs was inhibited in the early stages of salt stress. RAP2.12, the homologous gene of Bra-botrytis-RAP2-12, played a vital role in anaerobic response and was involved in the root hydraulics of Arabidopsis (Gasch et al., 2016; Paul et al., 2016; Shahzad et al., 2016). RAP2.4, the homolog of Bra-botrytis-RAP2-4a, was involved in drought stress tolerance in Arabidopsis (Lin et al., 2008). This TF also functioned in cold and heat tolerance in papaya tree (Figueroa-Yañez et al., 2016). Other AP2/ERF TFs, such as Bra-botrytis-CRF4a, Bra-botrytis-CRF6a, and Bra-botrytis-ERF001a, showed different expression profiles under salt and drought stresses. The homologs of some of these AP2/ERF TFs were also involved in various abiotic stresses (Cheng et al., 2013; Zwack et al., 2016a,b). The different expression profiles of these AP2/ERF TFs implied that the functions of these TFs under salt and drought stresses may be different. Meanwhile, the expression profiles of several AP2/ERF TFs were similar under salt and drought stresses. The expression levels of Bra-botrytis-ERF054a, Bra-botrytis-ERF056, and Bra-botrytis-CRF2a increased under salt and drought stresses. Bra-botrytis-ABR1a, Bra-botrytis-ERF012b, Bra-botrytis-ERF016a, Bra-botrytis-ERF019, Bra-botrytis-ERF109a, and Bra-botrytis-RAP2-11b all exhibited delayed responses to both stresses. The homologs of these TFs, such as ABR1 (Pandey et al., 2005), CRF2 (Jeon et al., 2016), ERF19 (Kloppholz et al., 2011), ERF109 (Bahieldin et al., 2016), and RAP2.11 (Kim et al., 2012) in other plants, were confirmed to respond to abiotic stresses or pathogen infection. The similar expression profiles of these AP2/ERF TFs indicated that they may play similar roles in the defense responses against these two stresses. Consistent with this speculation, in the present study, ectopic overexpression of Bra-botrytis-ERF056 demonstrated to increase tolerance to both salt and drought stresses (Figure 9). Nevertheless, although a few homologous genes of cauliflower AP2/ERF TFs have been demonstrated to play important roles in tolerance to various biotic and abiotic stresses in other plant species, the functions of AP2/ERF TFs in cauliflower are still largely unknown. These findings provided potential AP2/ERF TF candidates, specifically Bra-botrytis-ERF056, to further explore their roles under salt and drought stresses in cauliflower.

In conclusion, 171 AP2/ERF TFs were identified in cauliflower. Clustering and phylogenetic analysis were conducted to divide these TFs into 13 groups. Twenty-five conserved motifs in the 171 AP2/ERF TFs were identified. The AP2/ERF TFs exhibiting specific expression patterns under salt or drought stress were also confirmed. Ectopic overexpression of Bra-botrytis-ERF056 was confirmed to increase tolerance to both salt and drought treatments. These findings provide new insights into the AP2/ERF TFs in cauliflower and offer candidate AP2/ERF TFs to further elucidate their roles in salt and drought stress tolerance.
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