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Abstract  
 
The dehydration responsive element binding (DREB) transcription factor (TF) family comprises unique and important 
proteins involved in abiotic stress responses and tolerance in plants. Although DREB TFs have been well identified and 
characterized in a few model plants, there is no detailed information available for mulberry. In this study, 110 AP2/ERF 
family genes were identified based on a genome-wide analysis of the Morus genome database. Among them, 30 Morus 
notabilis DREB family genes (MnDREBs) were identified. A comparative analysis with DREB gene families from other 
plants suggests that MnDREBs could be divided into six subgroups (A-1 to A-6) and could have similar functions in 
response to abiotic stresses since they have similar conserved domains/motifs within each subgroup. The expression 
patterns of MnDREBs were analyzed using transcriptome data of different organs from M. notabilis and the quantitative 
real-time polymerase chain reaction. The expression of most MnDREBs was detected in different organs and induced by 
various abiotic stresses, which suggest their vital roles in abiotic stress tolerance.  

Additional key words: abiotic stress, cold, expression profile, heat, Morus notabilis, salinity, water stress. 
 
 
Introduction 
 
Plants are exposed to different kinds of biotic and abiotic 
stresses (Boyer 1982) having serious adverse effects on 
plant growth and productivity. In response and adaption 
to these stresses, plants have evolved a variety of 
biochemical and physiological alterations (Hasegawa  
et al. 2000). An array of genes can be induced to produce 
the functional and regulatory proteins and to alter 
metabolic pathways of the stressed plant (Seki et al. 
2001, Zhu et al. 2001, Huang et al. 2012). Of these 
proteins, transcription factors (TFs) are among the most 

significant. Furthermore, TFs are considered as one of the 
most appropriate candidate for genetic engineering 
(Agarwal and Jha 2010, Hussain et al. 2011). 
 Members of the AP2/ERF family are plant-specific 
TFs well known for their APETALA2 (AP2) domain. As 
a repeated motif involved in flower development, the 
AP2 domain was first identified in Arabidopsis thaliana 
(Jofuku et al. 1994). This domain consists of 60 - 70 
amino acids and is involved in DNA binding 
indispensable for the AP2/ERF family to carry  
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out its functions. Based on the number of AP2 domains 
and their gene function, this family is divided into five 
subfamilies: AP2, related to ABI3/VP1 (RAV), ethylene 
responsive element binding factors (ERF), dehydration 
responsive element binding (DREB), and others (Nakano 
et al. 2006). The proteins from the AP2 subfamily are 
characterized by two repeats of the conserved AP2 
domain. Proteins from the RAV subfamily possess a 
single AP2 domain and a B3 domain, another conserved 
DNA-binding domain in plant TFs. Both the ERF and 
DREB subfamily proteins contain only a single AP2 
domain, but have slight but important differences in 
specific amino acid sites. Alanine at position-14 and 
aspartic acid at position-19 are conserved in the ERF 
subfamily, whereas the conserved amino acids in the 
DREB subfamily are valine (Val) at position-14 and 
glutamine (Glu) at position-19 (Sharma et al. 2010). 
 The DREB TF family is one of the most promising 
regulons in genetic engineering to improve abiotic stress 
tolerance in plants (Zhao et al. 2012). The first identified 
DREB was CRT/DRE-binding factor 1 (CBF1) in 
Arabidopsis which is induced by a low temperature and a 
water deficit (Stockinger et al. 1997). Since then, a 
number of DREB homologous genes have been 
successfully identified and characterized from different 
plants (Agarwal et al. 2006), including Arabidopsis 
(Hwang et al. 2012), wheat (Shen et al. 2003, Egawa et 
al. 2006, Lucas et al. 2011), barley (Xue and Loveridge 
2004), maize (Kizis and Pages 2002, Qin et al. 2007), 
pearl millet (Agarwal et al. 2007), potato (Bouaziz et al. 
2012), rice (Dubouzet et al. 2003, Matsukura et al. 2010, 
Cui et al. 2011), and soybean (Chen et al. 2007, 
Marcolino-Gomes et al. 2013). Based on their structural 
characteristics, DREB proteins can be further divided into 
six subgroups: A-1 to A-6 (Sakuma et al. 2002). DREB 
members in different subgroups play diverse roles in 
plants. In rice, expressions of OsDREB1A and 
OsDREB1B are induced by cold, whereas OsDREB2A is 
induced by drought and salt stresses (Dubouzet et al. 
2003). Transgenic Arabidopsis overexpressing 
AtDREB2C has a greater oxidative stress tolerance than 
non-transgenic plants (Hwang et al. 2012).  
 Up to now, most studies have focused on DREB genes 
of subgroups A-1 and A-2 of herbaceous plants, whereas 
little attention has been paid to the functions of DREBs of 
the A-3 to A-6 subgroups and to woody plants. Recently, 

increasing attention has been paid to genes of the A-3 to 
A-6 subgroups (Islam and Wang 2009, Dong and Liu 
2010) and woody plants such as Populus and Malus, with 
their genome sequence completion in recent years 
(Tuskan et al. 2006, Velasco et al. 2010). In 2008, 200 
AP2/ERF genes were identified from the Populus genome 
database (Zhuang et al. 2008); and 68 DREB genes in 
Malus domestica were also identified after a thorough 
genome-wide analysis (Zhao et al. 2012). To date, a few 
DREBs from woody plants have been characterized: 
FaDREB1 (Li et al. 2011a) and FaDREB2 (Li et al. 
2011b) in mulberry, JcDREB in Jatropha curcas (Tang  
et al. 2011), PeDREB2a in Populus euphratica (Zhou et 
al. 2012), and MdCBF1 in Malus domestica (Xue et al. 
2014). Similarly, only a few DREBs from the A-3 to A-6 
subgroups, such as JcDREB (of the A-6 subgroup) in  
J. curcas, have been identified and characterized. 
Therefore, a greater effort remains to be made to 
comprehensively understand the various functions of 
DREBs from woody plants and the A-3 to A-6 subgroups. 
 Mulberry trees are ecologically and economically 
important perennial woody plants (Ramachandra et al. 
2004, Singhal et al. 2010) which can adapt to many 
different stresses, including cold, waterlogging, drought, 
and salinity (Checker and Khurana 2013), but there has 
been little research on their physiology, biochemistry, and 
molecular biology (Wei et al. 2014). There is also very 
little information on mulberry DREBs in public databases 
(e.g., NCBI and EMBL). After the Morus notabilis 
genome sequence became available (He et al. 2013), it is 
possible to analyze defense genes, such as DREBs, 
involved in abiotic responses in mulberry, which will 
promote the understanding of mulberry extensive strong 
adaptability. 
 In this study, we identified 110 proteins containing 
the AP2 domain and provided a list of DREB family 
members (30 DREB genes) from M. notabilis. These 
MnDREBs were also classified into six subgroups: A-1 to 
A-6. The expression patterns of MnDREBs from different 
subgroups were analyzed using the transcriptome data of 
different tissues from M. notabilis and the real-time 
quantitative polymerase chain reaction (RT-qPCR) 
technique. This research is basis for further character-
rization of the physiological functions of mulberry 
DREBs. 

 
 
Materials and methods 
 
Plants and stress treatments: Winter buds, roots, male 
flowers, bark, and leaves of Morus notabilis  
C.K. Schneid. were collected from the Yingjing county of 
Ya’An city, Sichuan Province, China. All of the five 
organs were collected from only one big mulberry tree 
locating in 53.878E, 45.278N, and 1 460 m asl. The 
winter buds were collected on 27th September 2010 when 

a temperature was about 22 °C. The roots, male flowers, 
bark, and leaves were collected on 2nd May 2011 when a 
temperature was about 18 °C. Seeds from Morus 
atropurpurea Roxb. cv. Yuesang No. 69851 were planted 
in pots with about 300 g of a nutritive substrate 
(Klasmann-Deilmann, Germany) mixed with Vermiculite 
and Perlite (2:1:1). Then, they were cultured in a PQX 
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type plant incubator (Ningbo Southeast Instrument 
Corporation, Ningbo, China) under a 16-h photoperiod, 
an irradiance of 150 µmol m-2 s-1, day/night temperatures 
of 26/22 °C, and a relative humidity of 75 %. After about 
two months, approximately 20 cm-tall mulberry seedlings 
were subjected to various abiotic stresses under the same 
irradiance and photoperiod: a high temperature (40 °C for 
24 h), a low temperature (4 °C for 24 h), salinity 
(250 mM NaCl for 24 h), and dehydration [30 % (m/v) 
PEG 6000 for 24 h]. The mulberry seedlings were irrigated 
once with 100 cm3 of NaCl or PEG solutions, whereas 
control (CK) seedlings were irrigated once with a clean 
water. Each treatment had three biological replicates. 
Leaves and roots of the CK and treated seedlings were 
harvested and stored at -80 °C before RNA extraction.  
 
Cloning and sequence identification of DREBs from 
mulberry: All of the logged DREB amino acid 
sequences for several sequenced species were down-
loaded from the following websites: the National Center 
for Biotechnology Information (NCBI, http://www.ncbi. 
nlm.nih.gov/); the Arabidopsis information resource 
(TAIR, http://www.arabidopsis.org/); EnsemblPlants 
(http://plants.ensembl.org/index.html); the database of 
rice transcription factors (DRTF, http://drtf.cbi.pku. 
edu.cn/index.php); and the plant transcription factor 
database (Plant TFDB, http://planttfdb.cbi.pku.edu.cn/). 
Arabidopsis AP2 domain amino acid sequences were 
modelled to obtain putative DREB proteins from the 
Morus database (http://morus.swu.edu.cn/morusdb/). In 
addition, the simple modular architecture research tool 
(SMART, http://smart.embl-heidelberg.de/) was used to 
verify the presence of the AP2 domain in the resulting 
sequences. Cloning primers of the identified MnDREBs 
(Table 1 Suppl.) were designed by Primer Premier 5.0 
(Premier Biosoft International, CA, USA) to amplify the 
corresponding coding sequence (CDS) using the total 
cDNA of M. notabilis leaves as PCR templates. The 
amplified sequences were cloned into the PMD®19-T 
vector (TaKaRa, Dalian, China) and sequenced by 
Invitrogen™ from Life Technologies (Shanghai, China). 
The exon/intron organization for MnDREB genes were 
ascertained with the online tool gene structure display 
server (GSDS: http://gsds.cbi.pku.edu.cn) by identifying 
gaps through the alignment of full-length CDS with 
genomic sequences (Guo et al. 2007). In addition, the 
analysis of conserved cis-elements in about 1 500-bp 
upstream of the open reading frame (ORF) of MnDREBs 
was conducted using the plant cis-acting regulatory 
element (PlantCARE; http://bioinformatics.psb.ugent. 
be/webtools/plantcare/html/). 

Conserved domain and phylogenetic analysis: The 
full-length and AP2 domain of the obtained MnDREBs 
were multi-aligned using the ClustalX 2.0 program 
(Thompson et al. 1997). Some specific conserved sites 
were displayed with the help of the GeneDoc program. 
Afterwards, a combined un-rooted neighbor-joining (NJ) 
tree (Saitou and Nei 1987) along with M. notabilis,  
A. thaliana (Nakano et al. 2006), Malus domestica (Zhao 
et al. 2012), Populus trichocarpa (Chen et al. 2013), and 
Vitis vinifera (Zhao et al. 2014) was generated in  
MEGA 5.0 (Tamura et al. 2011) with 1 000 resampling 
replicates.  
 
Analysis of MnDREB expression profiles: To further 
investigate a MnDREB expression in different organs, we 
downloaded transcriptome data from the Morus database 
(http://morus.swu.edu.cn/morusdb/). RPKM (reads per 
kilobase of exon model per million mapped reads) was 
used as criterion to measure the expression of each 
MnDREB. These data were presented as heat maps in 
red/green coding with the MeV 4.9.0 software (Dana-
Farber Cancer Institute, USA). 
 To confirm an MnDREB expression in response to 
different abiotic stresses, the MnDREB expression 
profiles in roots and leaves under different treatments 
were analyzed by RT-qPCR with three replicates. RNA 
was isolated from leaves and roots stored at -80 °C using 
RNAiso Plus (TaKaRa) as the instructions described. To 
eliminate any genomic DNA contamination and 
synthesize first-strand cDNA, 1 μg of total RNA was 
extensively treated with the perfect real time version of a 
PrimerScriptTM RT reagent kit with a gDNA eraser 
(TaKaRa). The amplification specificities of designed 
RT-qPCR primer pairs were confirmed by semiquanti-
tative PCR using the cDNA from M. atropurpurea Roxb 
cv. Yuesang No. 69851 as template. The RT-qPCR 
analysis of MnDREBs under several stresses was 
performed with the corresponding cDNA as template 
primers (Table 2 Suppl.) using a StepOne Plus real-time 
PCR system (Applied Biosystems). The mulberry 
ribosomal protein L15 (RPL15) gene was used as control 
for expression normalization. Primers used in this step 
were designed by Primer Premier 5.0 (Premier Biosoft 
International) and selected according to the principles of 
RT-qPCR. The reaction procedures were described in our 
previous study (Wei et al. 2014). Results were organized 
and analyzed with the Excel and SPSS Statistics 17.0 
(SPSS Inc., Chicago, USA) and Origin 7.0 (OriginLab, 
USA) software. 
 

 
 
Results 
 
Based on the Morus database, 110 proteins with AP2 
domain were obtained and the corresponding nucleic acid 

sequences were downloaded. The presence and number 
of AP2 domain(s) were confirmed using the SMART 
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online tool. Based on the number of AP2 domains, the 
obtained proteins were classified into five subfamilies 
(Table 3 Suppl.) (Nakano et al. 2006, Lata and Prasad 
2011). Seventeen proteins containing two repeats of the 
conserved AP2 domain were classified into the AP2 
subfamily. Three proteins with an AP2 domain and a B3 
domain were assigned to the RAV subfamily. The 
remaining 90 proteins all contained a single AP2 domain: 

six were assigned to the ‘others’ subfamily since they did 
not have a WLG motif (Nakano et al. 2006); 84 were 
divided into the ERF and DREB subfamilies according to 
the amino acids in the specific sites mentioned above. 
Finally, 30 MnDREBs were identified from the Morus 
database (Table 1), and 27 were successfully cloned and 
sequenced with the primers (Table 1 Suppl.). Gene data 
of 30 MnDREBs were deposited in GenBank and given  

 
Table 1. Description information about M. notabilis DREB genes. Gene IDs are from the Morus database. 
 

Subgroup Gene 
number 

Gene ID Gene name Acc. No. Exon  
number 

Gene length 
[bp] 

Protein length 
[aa] 

Molecular 
mass [kDa]

pI 

A-1 2 Morus013794 MnDREB1A KF678375   1   762 239 26.63 5.02 
  Morus001049 MnDREB1B KF678397   1   720 253 27.46 6.84 
A-2 6 Morus012269 MnDREB2A KF678373   1 1101 366 40.42 4.78 
  Morus008736 MnDREB2B KF678400   2 1029 402 44.26 8.52 
  Morus009488 MnDREB2C KF678399   5 2232 743 82.44 6.87 
  Morus024469 MnDREB2D KF678390   1   600 199 22.06 5.44 
  Morus019405 MnDREB2E KF678401 11 2349 782 85.03 8.36 
  Morus002388 MnDREB2F KF678378   1   858 285 32.04 6.07 
A-3 1 Morus009903 MnDREB3A KF678395   1 1077 358 38.73 6.48 
A-4 8 Morus023492 MnDREB4A KF678389   1   627 208 22.57 4.78 
  Morus025497 MnDREB4B KF678393   1   633 210 23.26 5.79 
  Morus024074 MnDREB4C KF678394   1   816 271 30.00 5.31 
  Morus010702 MnDREB4D KF678391   1   750 249 26.60 5.97 
  Morus010902 MnDREB4E KF678382   1   804 267 29.14 5.11 
  Morus026252 MnDREB4F KF678384   1   804 267 28.51 5.39 
  Morus001767 MnDREB4G KF678374   1   786 261 27.70 4.93 
  Morus013800 MnDREB4H KF678376   1   639 212 22.48 4.91 
A-5 8 Morus007221 MnDREB5A KF678379   1   534 177 19.75 7.81 
  Morus008873 MnDREB5B KF678380   1   540 179 20.54 7.91 
  Morus020177 MnDREB5C KF678377   1   777 258 28.38 5.59 
  Morus014282 MnDREB5D KF678402   1   477 158 16.97 6.13 
  Morus003928 MnDREB5E KF678381   1   567 188 20.45 5.29 
  Morus002531 MnDREB5F KF678387   1   516 171 18.56 6.09 
  Morus018629 MnDREB5G KF678385   1   843 280 31.47 4.91 
  Morus002530 MnDREB5H KF678386   1   636 211 23.73 4.80 
A-6 5 Morus003964 MnDREB6A KF678392   1 1008 335 37.10 5.78 
  Morus021553 MnDREB6B KF678396   1 1065 354 38.72 7.18 
  Morus003883 MnDREB6C KF678383   1   963 320 35.17 8.93 
  Morus011587 MnDREB6D KF678388   1 1323 440 49.26 5.73 
  Morus021618 MnDREB6E KF678398   1 1173 390 43.62 7.78 

 
Table 2. The comparison of DREB gene numbers in M. notabilis with other plants. Classification by a - Sakuma et al. (2002),  
b - Sharoni et al. (2011), c,d -  Zhuang et al. (2008, 2009), e - Zhao et al. (2012), f - Mayer et al. (2000), g  - Yu et al. (2002), h - Tuskan 
et al. (2006), i - Jaillon et al. (2007), j - Velasco et al. (2010), k - He et al. (2013). GWD - genome-wide duplications, Y - yes, N - no. 
 

Subgroup A. thaliana a O. sativa b  P. trichocarpa c V. viniferad M. domestica e M. notabilis 

A-1   6 10   6   7   3   2 
A-2   8   4 18   4 16   6 
A-3   1   1   2   0   2   1 
A-4 16 15 26 13 17   8 
A-5 16 13 14   7 19   8 
A-6 10   9 11   5 11   5 
Total 57 52 77 36 68 30 
GWD Yf Ng Yh Yi Yj Nk 
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Fig. 1. The protein sequence multi-alignment of AP2 domains of DREBs from M. notabilis. The alignment was performed using the 
GeneDoc program. Conserved V14, E19, YRG, RAYD, and WLG motifs are highlighted by the asterisks and lines. Conservative 
sequences are highlighted by black and grey shading.

 
accession numbers (Table 1). The information analysis of 
MnDREBs shows that their CDS sizes were in the range 
of 477 - 2 352 bp and encoded proteins of 158 - 782 
amino acids. Deduced protein molecular masses were 
16.97 - 85.03 kDa and isoelectric points (pIs) 4.78 - 8.93 
(Table 1). To gain a further insight into the structural 
features of MnDREBs, the exon/intron organization of 
each MnDREB was predicted with GSDS (Table 1). The 
results show that 27 MnDREBs possessed a single exon, 
and only three MnDREBs from subgroup A-2 contained 
two or more exons (Table 1) similarly as in previous 
reports (Sakuma et al. 2002, Egawa et al. 2006, Agarwal 
et al. 2007). 

To estimate the possible response pattern of different 
MnDREBs to abiotic stresses, the conservative cis-acting 
regulatory elements within 1 500 bp upstream of ORFs of 
28 MnDREBs (except for MnDREB1B and MnDREB3A 
without sufficiently long upstream sequences) were 
analyzed by PlantCARE and results were predicted 
(Table 4 Suppl.). The results show that each of the genes 
possessed many different kinds of cis-acting regulatory 
elements related to different abiotic and biotic stresses 
and phytohormones, which indicates that the expression 
of MnDREBs could be modulated by many different 
factors. 
 Multiple alignments with the AP2 domain of 
MnDREBs indicate that the 30 MnDREBs had a highly 

conserved domain and exhibited the typical features of 
DREBs (Fig. 1). The AP2 domain of DREBs were found 
to contain conserved Val at position-14 and Glu at 
position-19 (not as important as Val-14) (Sharma et al. 
2010). In the present study, all the 30 MnDREBs had 
conserved Val at position-14, and 17 MnDREBs 
possessed Glu at position-19. Except for the conserved 
amino acids in the specific sites, all of them also 
contained the conserved YRG, WLG, and RAYD motifs 
(Zhao et al. 2012). 
 To clarify phylogenetic relationships among DREBs, 
a bootstrap phylogenetic tree was constructed by the 
multi-alignment of the sequences from the AP2 domains 
of the reported DREBs of A. thaliana, P. trichocarpa, 
V. vinifera, M. domestica, and M. notabilis (Fig. 2). This 
shows that MnDREBs were clustered into six subgroups 
consistent with results of Sakuma et al. (2002). There 
were 10 MnDREBs clustered firstly with those from  
P. trichocarpa, seven with genes from V. vinifera, three 
with genes from M. domestica, and seven with genes 
from A. thaliana (Fig. 2). This revealed that most 
MnDREBs are close to genes from woody plants. The 
names of the 30 MnDREBs were designated (Table 1) 
according to the results of the phylogenetic analysis of 
MnDREBs and the nomenclature of Arabidopsis DREBs. 
A-4 and A-5 with eight MnDREBs each are the largest, 
and A-3 with one MnDREB the smallest, of the six 
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subgroups (Table 1). In addition, the number of 
MnDREBs was compared with that of reported DREBs of 
A. thaliana, Oryza sativa, P. trichocarpa, V. vinifera, and 
M. domestica (Table 2) – the A-3 was the smallest 
subgroup in all these species (Table 2). Considering the 
genome-wide duplications (GWD), the number 
distribution pattern of MnDREBs in each subgroup was 
similar to those of A. thaliana, P. trichocarpa, and 
M. domestica. 
 Furthermore, multiple alignments of each DREB 
subgroup from different plants were conducted to reveal 
the features of primary structure of each subgroup 

(Fig. 3). DREBs in each subgroup had high sequence 
similarities, especially in the A-3 subgroup. All DREBs 
from the subgroups A-1 to A-3 had a conserved nuclear 
localization sequence (NLS) in their N-termini. In 
addition, DREBs in the subgroup A-1 all possessed 
DSAW and LWSY conserved-motifs in their C-termini. 
However, DREBs from the A-4 to A-6 subgroups did not 
show any other conserved motif except for a single AP2 
domain, which indicates that DREBs from A-4 to A-6 
may function in different organelles compared to those 
from A-1 to A-3.  

 

Fig. 2. Phylogenetic relationships between DREB gene families from different plants. DREB gene families are from A. thaliana, 
P. trichocarpa, V. vinifera, M. domestica, and M. notabilis. Amino acid sequences of the AP2 domains of DREBs from different
plants were aligned using the Clustal-X computer software and subjected to a phylogenetic analysis using the NJ method with 1 000 
resampling replicates. MnDREBs are highlighted by the red dots and the other DREBs from A. thaliana, P. trichocarpa, V. vinifera, 
M. domestica, and M. notabilis are indicated by the different colored shapes as shown in the legend. The amino acid sequences of 
DREBs from A. thaliana, P. trichocarpa, V. vinifera, M. domestica, and M. notabilis were downloaded from databases shown in 
Materials and methods. Different groups are separated by the black lines. Bootstrap values from 1 000 replicates are indicated at each 
node. 
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Fig. 3. The protein sequence multi-alignment of each DREB subgroup from different plants. All DREBs in subgroups A-1 to A-3 
contained NLS in N-termini (indicated with the lines). All DREBs in a subgroup A-1 have conserved DSAW and LWSY motifs in 
C-termini (indicated with the asterisks). AP2 domains are highlight by the lines. Conservative sequences are highlighted by black and 
grey shading. The source and Gene Bank acc. No. of each DREB used in this figure are shown in Table 5 Suppl. 
 
 To investigate the expression patterns of MnDREBs in 
various organs, the transcriptome data of 27 MnDREBs 
(except for MnDREB3A, MnDREB4H, and MnDREB6C) 

were obtained from the transcriptome database. The 
expression profiles of these genes were visualized in heat 
maps (Fig. 4). The MnDREBs transcriptome data show 
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that MnDREBs had different expression patterns in 
different organs or even in the same organ (Fig. 4). 
However, based on the heat map, 27 MnDREBs were 
grouped into six clusters. Seven showed a preferentially 
high expression in winter buds (Fig. 4, CLUSTER 1), 

nine in roots (CLUSTER 2), six in leaves (CLUSTER 3), 
two in bark and leaves (CLUSTER 4), two in bark and 
male flowers (CLUSTER 5), and one only in male 
flowers (CLUSTER 6).  

 

 
Fig. 4. The expression analysis of the DREB genes based on the RPKM profiles of five tissues (roots, bark, winter buds, male 
flowers, and leaves) downloaded from http://morus.swu.edu.cn/morusdb/transcriptomes. The Mev software was used to normalize the 
expression of all DREB genes from RNA sequencing data. Genes with similar expression profiles were grouped into six clusters by a 
hierarchical clustering method. Rows and columns in heat maps represent genes and samples. Sample names are shown above the
heat maps. The colour bar at the top indicates the degree of expression: green - a low expression; red - a high expression. 
 
 
 The expression profiles of part of MnDREBs under 
different abiotic stresses were analyzed by RT-qPCR. 
There were 55 qRT-PCR primer pairs designed based on 
the MnDREB sequences, but only 16 suitable primer pairs 
were finally selected for MnDREBs from the different 
subgroups by confirming the amplification specificities of 
the designed RT-qPCR primer pairs via a semi-
quantitative PCR using the cDNA from M. atropurpurea 
as template (Table 2 Suppl.). Because seeds of 
M. notabilis cannot be germinated to produce seedlings in 
laboratory, we chose M. atropurpurea instead of 
M. notabilis to analyze expression profiles. The  

RT-qPCR analysis shows that MnDREB1B was 
significantly induced by the heat and cold treatments in 
leaves and roots (Table 3). MnDREB2A, MnDREB2B, 
MnDREB2C, and MnDREB2F were all highly 
upregulated in response to a high temperature (Table 3) 
and exhibited changes under salinity (Table 3). The 
expression profiles of MnDREBs in the subgroup A-4 
were similar to each other when exposed to different 
abiotic stresses. MnDREB4A, MnDREB4B, MnDREB4D, 
and MnDREB4F all displayed significant changes in 
response to a high temperature, cold, NaCl, and PEG in 
leaves or in roots (Table 3). It is noteworthy that the 
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MnDREB4A expression was lower in roots than in leaves 
and was down-regulated in response to a high 
temperature, cold and dehydration in roots, but up-
regulated by a high temperature and cold in leaves 
(Table 3, Fig. 1 Suppl.). Genes in the subgroup A-5 seem 
to have different expression profiles under these 
treatments. MnDREB5B and MnDREB5C responded to 
high and low temperatures (Table 3); however, 
MnDREB5D exhibited significant changes after heat, 
cold, NaCl, and PEG (Table 3). All genes in the subgroup 
A-6 were significantly induced by heat and cold 
(Table 3). Otherwise, the expressions of genes in A-6 
were higher than of genes from the other subgroups, 
consistent with the results from the transcriptome data 
(Fig. 1 Suppl.). Some genes in one subgroup showed 
different expression patterns in roots and leaves, but the 
patterns in roots and leaves were complementary (Fig. 1 
Suppl.), such as MnDREB2A/MnDREB2C and 
MnDREB2B, MnDREB4A and MnDREB4F, and 
MnDREB5B and MnDREB5C. This indicates that genes 

in one subgroup played roles in different organs. In 
addition, all genes responded to the temperature 
treatments, especially a high temperature. This may lie in 
the HSE element upstream of ORF; it is a cis-acting 
element involved in heat stress responsiveness (Table 4). 
MnDREB2B, MnDREB2C, MnDREB4A, MnDREB4B, 
MnDREB4D, MnDREB5C, MnDREB5D, MnDREB6A, 
and MnDREB6D which contained an MBS element 
showed changes in expression when treated with 30 % 
PEG (Table 4). However, some genes that did not contain 
corresponding elements could also respond to abiotic 
stresses. For instance, MnDREB4F did not have elements 
for abiotic stresses, but its expression changed when 
exposed to heat, cold, NaCl, or PEG (Table 4). In 
conclusion, our results indicate that different genes 
exhibited different expression profiles in response to 
abiotic stresses. Further research is required to reveal 
detailed regulatory mechanisms and functions of these 
genes. 

 
Table 3. MnDREB genes expression under different abiotic stress treatments (40 °C, 4 °C, 250 mM NaCl, and 30 % PEG for 24 h) 
were analyzed by qRT-PCR. Statistically significant differences between the amount of transcripts of the treated samples and the 
control samples are indicated with the arrows and asterisks (n = 3). The up and down arrows represent an increase and decrease in 
expression, respectively. The arrow without an asterisk represents a significant difference at P < 0.05, the arrow with an asterisk 
represents a significant difference at P < 0.001. The line indicates a non-significant difference. 
 

Gene name Expression profiles in leaves Expression profiles in roots 
40 °C 4 °C NaCl PEG 40 °C 4 °C NaCl PEG 

MnDREB1B ↑* ↑ — — ↑* ↑* ↑* ↓
MnDREB2A ↑* ↑* — — ↑* ↑* ↑* — 
MnDREB2B ↑* — ↑* ↑* ↑* ↓* ↓* ↓* 
MnDREB2C ↑* — — ↑* ↑* — ↓* ↓* 
MnDREB2F ↑* ↑* ↓* ↓* — ↑ ↓* ↓* 
MnDREB4A — ↑* ↓* ↓* ↓* ↓* — ↓* 
MnDREB4B ↑* ↑* — — ↑* — ↓* ↓* 
MnDREB4D — ↑* — — ↓* ↓* ↓* ↓* 
MnDREB4F ↑* ↑* — ↑* ↑* ↑* ↓* ↓* 
MnDREB5B ↑* — — — ↑* ↑* — — 
MnDREB5C ↑* ↑* — — ↑* — — ↓* 
MnDREB5D ↑* — ↑* ↑* ↑* ↓ ↑* ↑* 
MnDREB6A ↑* — ↓ ↓ ↑* ↑* — — 
MnDREB6D ↑* — ↑ — ↑* ↑* — ↓* 

 
 
Discussion  
 
The DREB TF family is part of the AP2/ERF gene family 
which is well known for its AP2 domain. It has been 
reported that the constitutive expression of DREBs in 
plants can make the transgenic plants resistant to cold, 
heat, drought, and salinity by inducing the expression of 
numerous stress-related genes even under non-stress 
conditions (Lata and Prasad 2011). To date, a large 
number of DREB TFs have been identified and 
functionally characterized in a few model plants. The 
number and distribution of DREBs in monocotyledons, 

e.g., in Oryza sativa, were obviously different to those in 
dicotyledons (Sharoni et al. 2011). Only a few woody 
plant species DREB families have been identified at the 
genome-wide level, including P. trichocarpa (Zhuang  
et al. 2008), V. vinifera (Zhuang et al. 2009), and  
M. domestica (Zhao et al. 2012). However, detailed 
information about mulberry DREB TFs is not available. 
In this report, 30 MnDREBs were identified from 
mulberry. Interestingly, this number of MnDREBs was 
almost half of that from other species, including  
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Table 4. The comparison of promoter elements of each MnDREB with its pattern in response to abiotic stresses. Y - responses 
corresponded. 
 

Gene name The conserved promoter elements Response to abiotic stresses 
HSE MBS LTR C-repeat/DRE 40 °C PEG 4 °C NaCl 

MnDREB2A 2 1 1  Y  Y Y 
MnDREB2B 3 2  1 Y Y Y Y 
MnDREB2C 1 1 1  Y Y  Y 
MnDREB4A 1 1 1  Y Y Y Y 
MnDREB4B 1 1 2  Y Y Y Y 
MnDREB4D 1 2 1  Y Y Y Y 
MnDREB4F     Y Y Y Y 
MnDREB5B 2 1  1 Y  Y  
MnDREB5C 2 3   Y Y Y  
MnDREB5D  1   Y Y Y Y 
MnDREB6A 3 1   Y Y Y Y 
MnDREB6D 2 3   Y Y Y Y 

 
 
A. thaliana (Sakuma et al. 2002), P. trichocarpa (Zhuang 
et al. 2008), and M. domestica (Zhao et al. 2012)  
(Table 2). This may be because sequenced M. notabilis is 
diploid and has not undergone any genome-wide 
duplications (He et al. 2013). 
 According to the bootstrap phylogenetic tree 
constructed with the AP2 domains of DREBs from 
A. thaliana, P. trichocarpa, V. vinifera, M. domestica, 
and M. notabilis, MnDREBs were classified into six 
groups: A-1 to A-6 (Fig. 2) as suggested by Sakuma  
et al. (2002). The analysis of the gene structure of 
MnDREBs shows that only three genes in the A-2 
subgroup contained two or more exons (Table 1) as found 
in previous reports (Sakuma et al. 2002, Egawa et al. 
2006, Agarwal et al. 2007). Genes in the A-1 and A-2 
subgroups are mainly involved in cold and osmotic 
stress-responsive gene expressions, respectively, and 
there is crosstalk between them (Akhtar et al. 2012). 
MnDREB1B of the subgroup A-1 was significantly 
induced by the heat and cold treatments in leaves and 
roots (Table 3). MnDREB2A, MnDREB2B, MnDREB2C, 
and MnDREB2F of the subgroup A-2 exhibited changes 
induced by salinity (Table 3). However, these genes can 
also respond to other stresses in this study indicating that 
they may have other functions. The characteristics and 
functions of members of the A-3, A-4, and A-5 
subgroups remain to be studied (Akhtar et al. 2012). The 
expression patterns of some genes in roots and leaves 
were complementary (Fig. 1 Suppl.). This result was also 
verified by the transcriptome data of various organs 
which show that the genes of one subgroup were 
distributed in different clusters (Fig. 4). In the present 
study, we found that the cis-elements on the promoters 
could help to a certain extent in gaining an insight into 
gene functions. Therefore, we speculate that some genes 

might be regulated by other MnDREB factors because 
they contained a C-repeat/DRE upstream element (Table 
4 Suppl.). In addition, some MnDREBs might respond to 
biotic stresses because they contained elements related to 
biotic stresses (Table 4 Suppl.). However, the expression 
patterns of some genes were not consistent with the cis-
element within the upstream sequences when exposed to 
the abiotic stresses. A recent research showed that the 
DREB1A/CBF3, DREB2A, and DREB2C proteins 
interact physically with AREB/ABF proteins (Lee et al. 
2010). These data suggest crosstalk between elements of 
the ABA-dependent and ABA-independent response 
pathways. So, we speculate that some proteins for 
regulating the mulberry DREB gene expression, such as 
MnDREB4F, can also interact with other proteins in 
response to related stresses. Taken together, MnDREBs 
respond to environmental conditions and may improve 
stress resistance, but future studies are necessary to 
understand the regulatory function of the MnDREB 
members. 
 In conclusion, we performed the first genome-wide 
analysis of the DREB TFs family in mulberry and 
conducted a detailed investigation of their structure 
characterization and expression profiles under various 
abiotic stresses. To the best of our knowledge, this report 
is the first genome-wide analysis of DREB genes in 
mulberry, and our data provide some insights into 
potential functions of mulberry DREBs. The results will 
provide a useful basis for the further understanding of the 
structure-function relationship of these gene family 
members. This will help in obtaining one or more 
excellent candidate genes for genetic engineering to 
improve stress tolerance of mulberry and other valuable 
plants. 
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