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expanding of tobacco expansins. Cis-Acting element analy-
sis revealed that each expansin gene was regulated or sev-
eral expansin genes were co-regulated by both internal and 
environmental factors. 35 of these genes were identified as 
being expressed according to a microarray analysis. In con-
trast to most NtEXPAs which had higher expression levels 
in young organs, NtEXLAs and NtEXLBs were preferen-
tially expressed in mature or senescent tissues, suggesting 
that they might play different roles in different organs or 
at different developmental stages. As the first step towards 
genome-wide analysis of the tobacco expansin gene family, 
our work provides solid background information related to 
structure, evolution and expression as well as regulatory 
cis-acting elements of the tobacco expansins. This informa-
tion will provide a strong foundation for cloning and func-
tional exploration of expansin genes in tobacco.

Keywords  Expansin · Tobacco · Gene structure ·  
Cis-Acting element · Gene expression

Introduction

Expansins comprise a group of proteins that can induce a 
rapid pH-dependent cell wall extension (acid growth) and 
stress relaxation (McQueen-Mason et  al. 1992; Cosgrove 
2000a, b). They are considered to bind to glucan-coated 
cellulose in the cell wall causing a reversible disrup-
tion of hydrogen bonding between cellulose microfibrils 
and glucan matrix and thus loosening the cell wall in a  
pH-dependent manner (Sampedro and Cosgrove 2005; 
Cosgrove 2015). Expansins are commonly found in plants 
and are well known to play important roles in diverse 
biological processes related to cell wall modification, 
including seed germination (Yan et al. 2014), root growth 

Abstract  Expansins are pH-dependent cell wall loosen-
ing proteins which form a large family in plants. They have 
been shown to be involved in various developmental pro-
cesses and been implicated in enabling plants’ ability to 
absorb nutrients from the soil as well as conferring biotic 
and abiotic stress resistances. It is therefore clear that they 
can be potential targets in genetic engineering for crop 
improvement. Tobacco (Nicotiana tabacum) is a major crop 
species as well as a model organism. Considering that only 
a few tobacco expansins have been studied, a genome-wide 
analysis of the tobacco expansin gene family is necessary. 
In this study, we identified 52 expansins in tobacco, which 
were classified into four subfamilies: 36 NtEXPAs, 6 NtEX-
PBs, 3 NtEXLAs and 7 NtEXLBs. Compared to other spe-
cies, the NtEXLB subfamily size was relatively larger. Phy-
logenetic analysis showed that the 52 tobacco expansins 
were divided into 13 subgroups. Gene structure analysis 
revealed that genes within subfamilies/subgroups exhibited 
similar characteristics such as gene structure and protein 
motif arrangement. Whole-genome duplication and tandem 
duplication events may have played important roles in the 
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and development (Guo et  al. 2011; Yu et  al. 2011), stem 
growth and internode elongation (Cho and Kende 1997; 
Kuluev et al. 2014), leaf initiation and expansion (Fleming 
et al. 1997; Kuluev et al. 2013), flowering and flower size 
(Kuluev et  al. 2012), pollen germination and fertilization 
(Cosgrove 2000a), fruit growth and/or ripening (Rose et al. 
1997; Brummell et al. 1999; Civello et al. 1999; Ishimaru 
et al. 2007). They have also been associated with nutrient 
uptake and efficiency (Zhou et al. 2014), abiotic and biotic 
stress tolerance (Li et al. 2011; Zhao et al. 2011; Lü et al. 
2013). After looking closely at the various roles played by 
expansins in plants, Marowa et al. (2016) have concluded 
that inclusion of expansins in plant breeding programs pre-
sents an opportunity to improve crops in various aspects. 
These include but are not limited to improving germina-
tion, leaf size, fruit growth and ripening and tolerance to 
abiotic and biotic stresses (Marowa et al. 2016).

Expansins which are encoded by a multi-gene fam-
ily have been reported in many plant species and organs, 
including Arabidopsis and rice (Lee et  al. 2001), maize 
(Zhang et al. 2014a, b), soybean (Zhu et al. 2014), tomato 
(Lu et al. 2016), apple (Zhang et al. 2014a, b) to mention 
but a few. They have also been reported in bacteria and 
fungi, most of which colonize plant surfaces (Georgelis 
et  al. 2015). Genome-wide analysis has revealed a large 
expansin superfamily (EXP) in plants comprising of four 
subfamilies defined as α-expansin (EXPA), β-expansin 
(EXPB), expansin-like A (EXLA) and expansin-like B 
(EXLB) according to phylogenetic sequence analysis and 
a standardized nomenclature (Kende et al. 2004; Sampedro 
and Cosgrove 2005). EXPA was the first group of expansins 
to be identified as cell wall loosening proteins with their 
enigmatic effects on cell wall rheology (Cosgrove 2000a), 
which can rapidly induce creep and stress relaxation of 
primary cell walls without any lytic activity but are acid-
dependent. EXPB contain two subgroups, group-1 grass 
pollen allergens which are known to facilitate pollen tube 
invasion of the stigma by dissolving the middle lamella 
(Sampedro et  al. 2015) and a group we know very little 
(Cosgrove 2015). Both EXPA and EXPB are the two major 
subfamilies of the plant expansin gene family which are 
involved in cell expansion and other developmental pro-
cesses without detectable enzymatic activities (Li and Cos-
grove 2001; Yennawar et  al. 2006; Cosgrove 2015). Even 
though there is no direct evidence to show that the other 
two smaller subfamilies, EXLA and EXLB, could have cell 
wall loosening function as well, the ectopic expression of 
AtEXLA2 increased the length of root and hypocotyls of 
Arabidopsis plants (Boron et al. 2015).

Canonical plant expansins have been defined as small 
proteins, about 250–275 amino acids in size, which are 
considered to typically contain two conserved domains, 
DPBB_1 and Pollen_allerg_1, that are preceded by a signal 

peptide of 20–30 amino acids in length (Sampedro and 
Cosgrove 2005; Yennawar et al. 2006). The first domain is 
a six-stranded double-psi beta-barrel, which has a distant 
homology to the catalytic domain of a glycoside hydro-
lase GH45, but lack its β-1, 4-glucanase activity (Yenna-
war et al. 2006). It also contains several conserved cysteine 
(Cys) residues. The second domain, also classified as a 
family-63 carbohydrate binding module (CBM63), con-
tains a β-sandwich fold and is homologous to a group-1 
grass pollen allergen, which might be a polysaccharide 
binding domain because it has the conserved aromatic and 
polar residues-tryptophan (Trp) on its surface (Georgelis 
et al. 2012; Cosgrove 2015).

Although genome-wide studies on expansins have been 
reported in many plant species, a systematic analysis of 
this gene family in tobacco (Nicotiana tabacum) has not 
yet been published to date, except expression studies for 
a few tobacco expansin genes (Kuluev et al. 2013, 2014). 
The completion of high-quality draft genomes of tobacco 
(Sierro et al. 2014) provides us the opportunity to uncover 
the expansin gene family and its characteristics in this 
allotetraploid crop. In this study, we identified the expan-
sin genes in the tobacco genome, analyzed their structure 
and evolution relationships, and detected the cis-acting ele-
ments involved in their expression regulation under internal 
and environmental conditions. We also detected the expres-
sion patterns of the tobacco expansin genes with both the 
Tobacco Expression Atlas (TobEA) and quantitative real 
time PCR (qRT-PCR). Our results are expected to pave the 
way for further functional researches on this gene family in 
tobacco.

Materials and methods

Identification and sequence analysis of the tobacco 
expansin genes

The genome sequences of tobacco, tomato (Solanum lyco-
persicum; SL 2.40 ITAG2.3) and potato (Solanum tubero-
sum; PGSC_DM_v3.4) were all downloaded from sol 
genomics network (http://solgenomics.net/). The local 
genomes, coding sequences and protein sequences were 
constructed from these databases with the blast-2.2.9 pro-
grams, which were downloaded from the national center 
for biotechnology information (NCBI) (ftp://ftp.ncbi.nlm.
nih.gov/blast/executables/release/2.2.9/blast-2.2.9-ia32-
win32.exe). To identify the expansin gene family in these 
three species, BLASTN was performed against the local 
databases for each species using the 36 expansin gene 
sequences of Arabidopsis (AtEXPs) as queries.

Protein domain analysis for all the protein sequences was 
performed with Pfam 28.0 (http://pfam.xfam.org/) based 

http://solgenomics.net/
ftp://ftp.ncbi.nlm.nih.gov/blast/executables/release/2.2.9/blast-2.2.9-ia32-win32.exe
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on hidden Markov model. The online software SMART 
(http://smart.embl-heidelberg.de/) was used to confirm the 
presence of the two classical domains, DPBB_1 (PF03330) 
and Pollen_allerg_1 (PF01357) with default parameters. 
Only genes with integrated open reading frames (ORFs) 
and containing both DPBB_1 and Pollen_allerg_1 domains 
were reserved for further analysis. Redundant sequences 
were manually removed. The gene names were nominated 
according to Kende et al. (2004).

The DNAMAN v8.0 software (http://www.lynnon.com/) 
was used to calculate the number of amino acids, molecu-
lar weight (MW) and isoelectric point (pI) for each expan-
sin gene. The signal peptide cleavage sites were predicted 
with SignalP v4.1 server (http://www.cbs.dtu.dk/services/
SignalP/). To classify which subfamily the expansin genes 
belonged to, a phylogenetic tree was constructed together 
with the AtEXPs for each species with MEGA v5.0 using 
the neighbor-joining (NJ) method with 500 bootstrap rep-
licates (Tamura et  al. 2011). Before the phylogenetic tree 
construction, a multi-sequence alignment was performed 
with the clustalW program (Thompson et al. 1994).

Gene structures of the tobacco expansins were obtained 
by comparing the predicted CDS with their correspond-
ing genomic DNA sequences using online program GSDS 
(http://gsds.cbi.pku.edu.cn/). The online program MEME 
(http://meme-suite.org/) was used to detect other con-
served motifs contained for each gene besides the two well-
known conserved domains with optimum motif width ≥6 
and ≤200 and maximum of 20 motifs (Lin et al. 2011). To 
analyze gene locations, the start and end positions of each 
ORF were obtained from the tobacco genome database 
using the blast-2.2.9 programs. Based on the physical loca-
tions, contig regions containing two or more homologous 
genes within 200 kb were defined as gene clusters (Cheng 
et al. 2012).

We searched each tobacco and Arabidopsis expansin 
gene in InterproScan 5 for GO category annotations (http://
www.ebi.ac.uk/interpro/). With the InterproScan output file, 
BGI WEGO was used to draw the GO figures (http://wego.
genomics.org.cn/cgi-bin/wego/index.pl). According to the 
physical location on contigs of the tobacco expansin genes, 
the 1.5 kb upstream regions preceding the start codon were 
cut out with the blast-2.2.9 programs. Cis-Acting element 
analysis in the 1.5 kb upstream regions for each expansin 
gene was performed with PlantCARE (http://bioinformat-
ics.psb.ugent.be/webtools/plantcare/html/).

Expression analysis of the tobacco expansin genes

TobEA, a custom designed Affymetrix tobacco expression 
microarray was generated from a set of over 40,000 uni-
genes and used to measure gene expression in 19 different 

samples throughout the tobacco lifecycle from seed to 
senescence (Edwards et al. 2010), providing researchers the 
opportunity to acquaint the expression profiles for genes of 
interest. The 19 samples include different organs as well 
as the same organ but at different developmental stages. 
They are seed, young root and mature root, young shoot, 
cotyledons, vegetable shoot apex, lower stem and upper 
stem, floral shoot apex, closed bud and open bud, flower, 
young leaf, cauline leaf, mature leaf, early senescent leaf, 
mid/early senescent leaf, mid/late senescent leaf, and late 
senescent leaf. The microarray data of gene expression in 
tobacco were downloaded from the EMBL-EBI ArrayEx-
press with accession number E-MTAB-176 (http://www.
ebi.ac.uk/arrayexpress/experiments/E-MTAB-176/). The 
identified tobacco expansin gene sequences were used as 
queries against the tobacco SGN unigene databases to find 
out their corresponding Unigene IDs used in the microar-
ray data using BLASTN. With a Perl script, the microarray 
data were compiled into a database, which were then clus-
tered with Cluster 3.0 (http://rana.lbl.gov/eisenSoftware.
htm) using the Euclidean distance and the hierarchical clus-
tering method of complete linkage cluster. Finally, the clus-
tering tree was constructed and viewed with Java Treeview 
(http://jtreeview.sourceforge.net/).

Plant materials

The tobacco variety K326 was used as the plant materials 
to investigate the expression profiles of expansin genes. 
The tobacco K326 seeds were grown in a culturing room at 
23 ± 1 °C under a 16-h light/8-h dark cycle. The seedlings 
were then planted in pots in greenhouse under natural con-
ditions until flowering period. In total, six types of tissues 
were sampled at the following stages: germinating seeds, 
root (fast growing period), stem (fast growing period), leaf 
(fast growing period), blooming flowers and senescent 
leaf. The samples were frozen immediately in liquid nitro-
gen for at least 10 min and stored at −80 °C for total RNA 
extraction.

RNA isolation and qRT‑PCR analysis

Total RNA was isolated from each sample using the Trizol 
reagent (Roche), and treated with the DNase I (Fermentas). 
After quality and quantity analysis with gel electrophoresis 
and NanoDrop 2000, the first cDNA strand was synthesized 
from 3 μg total RNA using the Transcriptor First Strand 
cDNA Synthesis Kit version 6.0 (Roche) according to the 
user protocol. The cDNA was diluted five times before 
being used in downstream experiments. The ABI 7500 
Real-Time System (Applied biosystems) was used for qRT-
PCR experiments. The tobacco actin housekeeping gene 

http://smart.embl-heidelberg.de/
http://www.lynnon.com/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://gsds.cbi.pku.edu.cn/
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http://rana.lbl.gov/eisenSoftware.htm
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was used as an internal control. The gene-specific prim-
ers for qRT-PCR were designed with Primer premier 6.0. 
Reactions contained 2 μL of cDNA as template, 400 nM 
forward and reverse primers, 10 μL Roche FastStart Uni-
versal SYBR Green Master (ROX), and sterile water to a 
total volume of 20 μL. Thermal cycling for qRT-PCR was 
as follows: 50 °C for 2 min, 95 °C for 2 min, 40 cycles of 
95  °C for 15  s, and 60  °C for 34  s, with melting curves 
constructed by increasing the final temperature from 60 to 
95  °C for each gene to analyze their specificity. Relative 
expression levels were analyzed using ABI 7500 software 
v2.0.1.

Results

Identification of expansin gene family in tobacco

With the AtEXPs as quarries, through tobacco genome 
blast and protein motif identification, a total of 52 puta-
tive expansin gene sequences were identified in the 
tobacco genome (Table  1). All the 52 putative expansin 
genes (NtEXPs) had the two conserved domains, DPBB_1 
and Pollen_allerg_1, in their protein sequences. Protein 
sequences that contained only one of these domains or 
did not have integrated ORFs were excluded. The coding 
sequences (CDS, Additional file  1), genomic sequences 
(Additional file  2), protein sequences (Additional file  3) 
and 1.5  kb nucleotide sequences upstream of the initia-
tion codon for transcription (Additional file  4) for the 52 
NtEXPs were all downloaded from ftp://ftp.solgenomics.
net/genomes/Nicotiana_tabacum/.

The expansin gene family is a large family with four 
subfamilies namely EXPA, EXPB, EXLA and EXLB. To 
group these 52 tobacco expansins into their respective sub-
families, we performed a phylogenetic analysis based on 
their full length protein sequences. To achieve the desired 
results, we included expansins from Arabidopsis (36 
AtEXPs) and rice (Oryza sativa; 58 OsEXPs) which have 
already been classified. Basing on the phylogenetic tree, we 
could classify the NtEXPs according to the clusters exhib-
ited on the tree (Additional file  5). The tobacco expansin 
gene family was accordingly classified into the four sub-
families: NtEXPA, NtEXPB, NtEXLA and NtEXLB, each 
containing 36, 6, 3 and 7 members, respectively (Table 2). 
Since the chromosome loci of the 52 NtEXPs are still 
unclear, we nominated the genes sequentially according to 
the subfamily they belonged to on the basis of the nomen-
clature rules proposed by Kende et al. (2004).

The isolated NtEXPs encode proteins ranging from 240 
to 332 amino acids in size with an average length of 260 
amino acids. The molecular weight of the 52 expansins 

proteins ranges from 26.2 to 35.6  kDa. Forty two of the 
52 expansins contain signal peptides ranging from 19 to 
29 amino acids in length. The pI value ranges from 4.47 to 
10.19 for the NtEXPs. Interestingly, all of the members in 
the NtEXPA (except NtEXPA25), NtEXPB, and NtEXLA 
subfamilies have pI values above 7.0, while the pI values of 
most members in NtEXLB are below 7.0. All the tobacco 
expansin genes have orthologous in Arabidopsis (Table 1).

To gain insights into the size characteristics of the four 
subfamilies, expansin genes from seven species, Arabidop-
sis, soybean (Glycine max), rice, maize (Zea mays), tobacco 
and two other solanum plants, tomato and potato, were 
compared. Expansin data for Arabidopsis, soybean, rice 
and maize were obtained from published results (Lee et al. 
2001; Zhang et  al. 2014a, b; Zhu et  al. 2014). Genome-
wide identification of expansin gene family was executed 
in tomato and potato following the same way we used to 
identify the tobacco expansin genes. A total of 38 and 39 
putative expansin gene sequences were identified in the 
tomato and potato genomes, respectively, which were also 
grouped into the four subfamilies (Table 2). The number of 
genes contained in each subfamily of the seven species is 
rather uneven. In most cases, EXLA has the smallest sub-
family size, whereas EXPA has the largest subfamily size 
except in maize. In monocotyledons, rice and maize, EXLB 
has the smallest subfamily size and the size of their EXPB 
subfamily is much larger than in dicotyledons, whereas in 
Arabidopsis EXLB also has a smallest subfamily size. In 
solanum plants, the sizes of EXPB and EXLB subfamilies 
are almost equal. In addition, soybean has a much larger 
EXLB subfamily size than other species.

Phylogenetic and structural analysis of NtEXPs

Phylogenetic analysis showed that members of the 
NtEXPA, NtEXPB, NtEXLA and NtEXLB subfamilies 
were clustered together according to their evolutionary 
relationships (Fig. 1). In the unrooted tree, all the bootstrap 
values were above 50  %. Eighteen sister pairs of genes 
were supported by bootstrap values of 100  %. Basing on 
the grouping methods used for Arabidopsis and rice expan-
sin gene family (Sampedro et  al. 2005), we found that 
the tobacco expansin gene family contained 8 subgroups 
for NtEXPA, 2 subgroups for NtEXPB, 1 subgroup for 
NtEXLA and 2 subgroups for NtEXLB (Additional file 5). 
Among these subgroups, EXPA-IV constituted the largest 
clade with 9 NtEXPAs. In contrast, EXPA-V, EXPA-VIII, 
EXPA-XI and EXPA-XII subgroups which were identi-
fied in rice and/or Arabidopsis did not contain any tobacco 
expansin genes.

Gene structures of the NtEXPs were obtained by com-
paring the predicted CDS with their corresponding genomic 

ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/
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Table 1   The expansin genes in tobacco

Gene name Gene code Contig code Orthologous in  
Arabidopsis

Protein length Signal position No. of introns MW pI

NtEXPA1 mRNA_9773 Ntab-K326_AWOJ-
SS11235

AT2G03090 248 1–20 2 26.6 7.35

NtEXPA2 mRNA_97437 Ntab-K326_AWOJ-
SS3924

AT1G20190 257 1–22 2 27.4 9.07

NtEXPA3 mRNA_92919 Ntab-K326_AWOJ-
SS3537

AT3G15370 254 1–27 2 28.6 10.15

NtEXPA4 mRNA_91941 Ntab-K326_AWOJ-
SS3464

AT2G40610 266 2 28.5 8.13

NtEXPA5 mRNA_87442 Ntab-K326_AWOJ-
SS30859

AT2G39700 257 1–20 2 27.9 9.72

NtEXPA6 mRNA_82120 Ntab-K326_AWOJ-
SS267

AT1G12560 266 1–27 2 29.1 8.7

NtEXPA7 mRNA_79562 Ntab-K326_AWOJ-
SS2416

AT2G39700 261 1–22 2 28.4 9.97

NtEXPA8 mRNA_66467 Ntab-K326_AWOJ-
SS19373

AT2G37640 257 1–21 2 27.9 9.21

NtEXPA9 mRNA_62961 Ntab-K326_AWOJ-
SS1880

AT1G20190 259 2 28.0 9.79

NtEXPA10 mRNA_62939 Ntab-K326_AWOJ-
SS1880

AT1G20190 257 2 27.9 9.68

NtEXPA11 mRNA_60749 Ntab-K326_AWOJ-
SS18592

AT2G40610 263 1–29 2 28.5 8.67

NtEXPA12 mRNA_60615 Ntab-K326_AWOJ-
SS18580

AT1G12560 264 1–26 2 29.2 9.52

NtEXPA13 mRNA_60605 Ntab-K326_AWOJ-
SS18580

AT1G12560 264 1–26 2 29.2 9.54

NtEXPA14 mRNA_55711 Ntab-K326_AWOJ-
SS18158

AT1G69530 249 1–20 2 26.6 9.07

NtEXPA15 mRNA_53697 Ntab-K326_AWOJ-
SS18017

AT2G37640 259 1–22 2 27.9 9.32

NtEXPA16 mRNA_52749 Ntab-K326_AWOJ-
SS17954

AT1G12560 264 1–26 2 29.3 9.64

NtEXPA17 mRNA_50242 Ntab-K326_AWOJ-
SS17703

AT2G37640 259 1–22 2 28.0 9.49

NtEXPA18 mRNA_49064 Ntab-K326_AWOJ-
SS175052

AT2G39700 260 1–23 2 28.5 9.46

NtEXPA19 mRNA_48424 Ntab-K326_AWOJ-
SS1739

AT1G20190 256 1–22 2 27.7 8.8

NtEXPA20 mRNA_4645 Ntab-K326_AWOJ-
SS10563

AT2G39700 261 1–22 2 28.4 9.98

NtEXPA21 mRNA_45512 Ntab-K326_AWOJ-
SS16854

AT1G69530 249 1–20 2 26.5 9.23

NtEXPA22 mRNA_45184 Ntab-K326_AWOJ-
SS16762

AT1G69530 332 3 35.6 9.88

NtEXPA23 mRNA_36257 Ntab-K326_AWOJ-
SS15000

AT2G40610 253 1–26 2 27.1 8.14

NtEXPA24 mRNA_3364 Ntab-K326_AWOJ-
SS1041

AT3G03220 266 1–21 1 28.9 8.19

NtEXPA25 mRNA_31264 Ntab-K326_AWOJ-
SS14100

AT2G03090 248 1–20 2 26.4 6.86

NtEXPA26 mRNA_28519 Ntab-K326_AWOJ-
SS1361

AT2G39700 260 1–23 2 28.3 9.58

NtEXPA27 mRNA_18137 Ntab-K326_AWOJ-
SS1231

AT1G20190 257 1–24 2 27.5 8.95
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Table 1   continued

Gene name Gene code Contig code Orthologous in  
Arabidopsis

Protein length Signal position No. of introns MW pI

NtEXPA28 mRNA_17608 Ntab-K326_AWOJ-
SS12244

AT1G69530 240 1–20 2 26.2 9.49

NtEXPA29 mRNA_135374 Ntab-K326_AWOJ-
SS874

AT1G12560 266 1–27 2 29.1 8.85

NtEXPA30 mRNA_128791 Ntab-K326_AWOJ-
SS7966

AT1G69530 240 1–20 2 26.2 9.63

NtEXPA31 mRNA_12695 Ntab-K326_AWOJ-
SS11608

AT2G40610 265 2 28.3 9.11

NtEXPA32 mRNA_118599 Ntab-K326_AWOJ-
SS6644

AT1G12560 264 1–26 2 29.1 9.54

NtEXPA33 mRNA_109391 Ntab-K326_AWOJ-
SS5463

AT2G40610 255 1–26 2 27.3 8.32

NtEXPA34 mRNA_105815 Ntab-K326_AWOJ-
SS4986

AT2G03090 248 1–20 2 26.4 8.27

NtEXPA35 mRNA_105336 Ntab-K326_AWOJ-
SS4925

AT2G37640 257 1–21 2 27.9 9.21

NtEXPA36 mRNA_100013 Ntab-K326_AWOJ-
SS4270

AT2G40610 254 1–27 2 27.4 7.66

NtEXPB1 mRNA_98121 Ntab-K326_AWOJ-
SS4012

AT1G65680 278 1–28 3 29.9 8.55

NtEXPB2 mRNA_53766 Ntab-K326_AWOJ-
SS18021

AT4G28250 268 3 29.0 8.26

NtEXPB3 mRNA_27134 Ntab-K326_AWOJ-
SS1345

AT4G28250 269 3 29.2 10.19

NtEXPB4 mRNA_23002 Ntab-K326_AWOJ-
SS12863

AT4G28250 268 3 29.0 8.26

NtEXPB5 mRNA_121959 Ntab-K326_AWOJ-
SS71

AT4G28250 268 3 29.0 9.96

NtEXPB6 mRNA_107050 Ntab-K326_AWOJ-
SS5130

AT1G65680 278 1–28 3 30.1 8.1

NtEXLA1 mRNA_103001 Ntab-K326_AWOJ-
SS4678

AT3G45970 263 1–19 4 28.4 9.06

NtEXLA2 mRNA_102268 Ntab-K326_AWOJ-
SS460

AT3G45970 266 1–22 4 29.0 8.4

NtEXLA3 mRNA_101462 Ntab-K326_AWOJ-
SS4470

AT3G45970 264 1–10 4 28.7 8.88

NtEXLB1 mRNA_97783 Ntab-K326_AWOJ-
SS3963

AT4G17030 254 1–25 3 28.6 6.34

NtEXLB2 mRNA_82245 Ntab-K326_AWOJ-
SS268

AT4G17030 255 1–21 4 27.7 4.75

NtEXLB3 mRNA_74355 Ntab-K326_AWOJ-
SS20481

AT4G17030 256 4 28.1 4.6

NtEXLB4 mRNA_36191 Ntab-K326_AWOJ-
SS15

AT4G17030 255 1–21 4 27.8 4.47

NtEXLB5 mRNA_23969 Ntab-K326_AWOJ-
SS13

AT4G17030 251 1–25 3 27.6 8.81

NtEXLB6 mRNA_23955 Ntab-K326_AWOJ-
SS13

AT4G17030 252 1–25 3 28.1 6.34

NtEXLB7 mRNA_1672 Ntab-K326_AWOJ-
SS10232

AT4G17030 251 1–25 3 27.8 8.51

Gene name was assigned by the authors. Gene code and contig code were downloaded from ftp://ftp.solgenomics.net/genomes/Nicotiana_taba-
cum/. Protein length and signal position were shown in amino acids number

MW molecular weight with the unit of kDa, pI isoelectric point

ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/
ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/
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DNA sequences using GSDS. Gene structure analysis 
showed that members within each subfamily/subgroup had 
similar exon–intron organizations (Fig.  1). In most cases, 

NtEXPAs contained two introns, except NtEXPA22 and 
NtEXPA24, which contained three introns and only one 
intron, respectively. All the NtEXPB and NtEXLA sub-
family members contained three and four introns, respec-
tively (Table 1). Like NtEXLA, one subgroup of NtEXLB 
had four introns, whereas the other two subgroups had 
three which were consistent with NtEXPB. These results 
showed that NtEXPB and NtEXLA are more conserved 
in exon–intron structure than NtEXPA and NtEXLB, and 
reflected the gene structure divergence of different subfam-
ilies during evolution. NtEXLB subfamily has seemingly 
a transitional type of gene structure between NtEXPB and 
NtEXLA.

Each of the tobacco expansin proteins detected car-
ried five to eight other motifs besides the two well-known 

Table 2   No. of putative expansin genes and sizes of the four subfam-
ilies in different species

Species EXPA EXPB EXLA EXLB Total

Arabidopsis 26 6 3 1 36

Soybean 49 9 2 15 75

Rice 34 19 4 1 58

Maize 36 48 4 0 88

Tobacco 36 6 3 7 52

Tomato 25 8 1 4 38

Potato 22 6 3 8 39

Fig. 1   a Phylogenetic relationships of the tobacco expansins; b 
exon–intron organizations of tobacco expansion genes; c motif 
location in the protein sequences of tobacco expansins. In the phy-
logenetic tree constructed with MEGA v5.0, NtEXPA, NtEXPB, 
NtEXLA and NtEXLB subfamilies were marked in red, blue, pink 
and green lines, respectively. In the expansin gene structures, exons 

were represented by yellow boxes, whereas introns were shown in 
black lines. The motif compositions were detected with MEME, in 
which 11 different colored boxes were found in the 52 NtEXPs, with 
each gene containing six to eight motifs. The scale underneath was to 
measure nucleotides or amino acids length (color figure online)
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conserved domains, DPPB_1 and Pollen_allerg_1. 
In total, eleven motifs were identified in the NtEXPs 
(Fig. 1), and the schematic diagrams of these motifs were 
listed in Additional file  6. The types and distribution 
of motifs for expansins belonging to the same subfam-
ily were conserved, and were more conserved within the 
subgroups. The numbers and types of protein motifs were 
the same among members within NtEXLA and NtEXLB 
subfamilies, respectively, while within NtEXPA and 
NtEXPB subfamilies the types and distribution of protein 
motifs varied among subgroups. In most cases, members 
of NtEXPA subfamily contained seven motifs in the same 
order, except NtEXPA28 and NtEXPA30 which lacked 
motif 3, and nine genes which harbored motif 8 in addi-
tion to the seven motifs. Each of the two subgroups of 
NtEXPB contained one or two additional motifs which 
were different from each other. They had motifs 3, 4 and 
6 which were only found in NtEXPA, as well as motifs 9 
and 11 which were only found in NtEXLA and NtEXLB. 
Motifs 3, 4 and 5 were mainly detected in NtEXPA sub-
family as well as in several NtEXPB genes, whereas 
motifs 9, 10 and 11 were only identified in NtEXPB, 
NtEXLA and NtEXLB subfamilies. Motifs 1, 2 and 7 
existed in all the NtEXPs except NtEXLA genes which 
lacked motif 1.

The above analysis showed that NtEXPA was apparently 
different from the other three subfamilies in gene structure, 
motif type and distribution, whereas NtEXPB and NtEXLB 
were like transitional type either in motif composition or 
exon–intron organizations, suggesting a progressively 
closer evolutionary and phylogenetic relationship between 
NtEXLA, NtEXLB, NtEXPB and NtEXPA.

Gene duplication events are considered to be one of the 
evolutionary forces in genome evolution, providing mate-
rials for generation of new genes and development of new 
functions (Kong et al. 2007). Segmental and tandem dupli-
cations are considered to be the two main causes of gene 
family expansion in plants (Cannon et al. 2004; Sampedro 
et al. 2005; Xue et al. 2008), the impacts of which on the 
expansion of tobacco expansin gene family were focused 
in our study. The genome of allotetraploid tobacco (sstt, 
2n =  48) is believed to have undergone polyploidization 
from a crossed progeny of Nicotiana tomentosiformis (tt, 
2n =  24) and Nicotiana sylvestris (ss, 2n =  24) during 
evolution (Sierro et al. 2014). The tobacco expansin genes 
must have experienced duplication along with the whole 
genome duplication event. Although the physical positions 
on chromosomes of the tobacco expansin genes are still 
unclear, some genes were found closely adjacent to each 
other on the same contigs, such as NtEXPA9/NtEXPA10, 
NtEXPA12/NtEXPA13 and NtEXLB5/NtEXLB6 (Table  1). 
These three pairs of genes might be tandem repeats, 

accounting for 11.5 % of the tobacco expansin gene fam-
ily. However, because the tobacco chromosomes have not 
yet been built and its genomic evolution is less under-
stood, we could not identify genes involved in segmental 
duplication.

GO analysis

The GO figures were drawn using BGI WEGO with the 
InterproScan output file for each tobacco and Arabidop-
sis expansin gene based on their GO category annotations 
(Additional file  7, Additional file  8). The results showed 
that all the NtEXPs and AtEXPs were annotated with 
GO:0005576, which in the figures was displayed in “cel-
lular component” and defined as “extracellular region”, 
suggesting that all the mature expansin proteins are located 
outside of the plasma membrane, which is the cell wall in 
plants. All the tobacco and Arabidopsis expansins mainly 
participated in three kinds of “biological process” as was 
shown in Additional file  7. However, the processes they 
participated in varied from different subfamilies. In both 
tobacco and Arabidopsis, the EXPA subfamily was anno-
tated with biological process GO term “plant-type cell wall 
organization” (GO:0009664), indicating their involvement 
in a process, carried out at the cellular level, that results in 
the assembly and arrangement of constituent parts of the 
cellulose and pectin-containing cell wall, or in the disas-
sembly of the cellulose and pectin-containing cell wall. 
This is in line with the suggested roles played by expansins 
on cell walls. As it was proved that EXPAs are cell wall 
loosening proteins with their enigmatic effects on cell wall 
rheology, which can rapidly induce creep and stress relaxa-
tion of primary cell walls (Cosgrove 2000a). The biologi-
cal process GO term “sexual reproduction” (GO:0019953) 
was also enriched for the expansin genes. In tobacco, all 
the NtEXPB and NtEXLA subfamily members were anno-
tated with GO:0019953, which suggested that they might 
participate in the tobacco sexual reproduction process. 
However, in Arabidopsis, all the members of AtEXPB sub-
family, as well as AtEXLA2 and AtEXLB1 might participate 
in the sexual reproduction process. The group-1 grass pol-
len allergens of EXPB subfamily are known to facilitate 
pollen tube invasion of the stigma by dissolving the middle 
lamella (Sampedro et al. 2015). Here, we conjectured that 
some EXLA and EXLB subfamily members might also 
participate in this process in cell wall-dependent manners. 
The other two AtEXLA subfamily members, AtEXLA1 and 
AtEXLA3, and all the NtEXLB subfamily members were 
not annotated with any other GO terms except “cellular 
component”, suggesting that they might have unknown new 
functions in consideration of the relatively larger EXLB 
subfamily size in tobacco.
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Cis‑Acting elements detection in the promoter regions 
of tobacco expansin genes

Cis-Acting elements in the upstream region of genes play 
important roles in regulating gene expression in response to 
the changing environment as well as during different devel-
opmental stages. By employing PlantCARE, we found that 
in the 1.5 kb upstream regions of the NtEXPs seven kinds 
of cis-acting elements were apparently abundant, which 
may provide useful information about the regulatory mech-
anism of these expansin genes. They were light responsive 
elements, hormone responsive elements, environmental 
stress-related elements, development related elements, pro-
moter related elements, site-binding related elements and 
other elements of unknown function (Additional file 9). A 
large number of these cis-elements have two or more cop-
ies with some being located at adjacent sites in the 1.5 kb 
upstream region of one tobacco expansin gene, which 
might enhance their binding effects to their corresponding 
trans-acting factors (Fig. 2).

The most abundant cis-acting elements in the upstream 
regions of tobacco expansin genes are light-responsive ele-
ments which have up to 40 members. Eight of the 40 ele-
ments, AE-box, Box 4, Box I, G-box, G-Box, GT1-motif, 
I-box and Sp1, are more abundant than others and distrib-
ute in the promoter regions of over half of the 52 expansin 
genes. Box  4 and G-box appear to be the most abundant 
light-responsive elements, locating in the promoter regions 
of 49 and 41 tobacco expansin genes, respectively. Box 4 
element is part of a conserved DNA module involved in 
light responsiveness in which it needs to form a complex 
with other light-responsive elements to perform its func-
tion. In fact, it is always located closely to other light-
responsive elements, such as Box I, GT1-motif and AE-box 
(Fig. 2). In most cases, G-box and G-Box are adjacent to 
each other, and sometimes they share the same positions 
(Fig. 2). Moreover, both G-box and G-Box are less abun-
dant in NtEXPB and NtEXLB subfamilies. About half of 
the 40 light-responsive elements are rarely appearing cis-
acting regulatory elements (appearing in less than five 
genes), such as 4cl-CMA2b (only one copy in NtEXPA17), 
H-box (only one copy in NtEXPA10), CG-motif (only one 

Fig. 2   The distribution of main cis-acting elements and their puta-
tive regulating factors in the 1.5  kb upstream promoter regions of 
tobacco expansin genes. The same types of cis-acting elements or 
their putative regulating factors are represented using the same shape 
but in different colors, e.g. 14 colored ellipses represents 14 types of 
cis-acting elements responsive to 6 kinds of plant hormones which 
were displayed in cross stars with six different colors, which in the 
figure were put together. See legend for details. The scale above was 
to measure nucleotides length (color figure online)

▸
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copy in NtEXLA3) and chs-CMA2a (only one copy in 
NtEXLB2), etc. NtEXPA subfamily has the largest num-
ber of light-responsive element types of 37, and 9 elements 
are NtEXPA-specific, whereas the number of light-respon-
sive element types contained in NtEXPB, NtEXLA and 
NtEXLB subfamilies is 23, 18 and 22, respectively.

Plant hormone responsive elements, including ABRE, 
GARE-motif, TCA-element and TGA-element, are another 
group of cis-acting regulatory elements enriched in the 
upstream promoter regions of tobacco expansin genes. A 
total of 14 types of hormone responsive related cis-acting 
elements were found (Additional file  9). TCA-element 
is the most abundant cis-acting hormone responsive ele-
ment in the promoter regions of 31 tobacco expansin genes 
which is involved in salicylic acid (SA) responsiveness. 
However, it is not present in NtEXLA subfamily, indicating 
that the expression of most tobacco expansin genes except 
NtEXLAs can be regulated by SA. The hormone responsive 
elements harbored in the promoter regions of each tobacco 
expansin gene reflect the possibility that it could be regu-
lated by the corresponding plant hormones, such as ABRE 
and motif IIb involved in abscisic acid (ABA) responsive-
ness, GARE, P-box and TATC-box in gibberellins (GA) 
responsiveness, TGA-element, TGA-box and AuxRR-core 
in auxin responsiveness, TGACG-motif and CGTCA-motif 
in the jasmonic acid (MeJA) responsiveness, etc. (Fig  2). 
NtEXPB subfamily does not contain any cis-acting ele-
ments responsive to ABA. We also found ERE, GCC-
motif and GCC box in the promoter regions of 24 expansin 
genes, which are ethylene-responsive elements, indicating 
their involvement in plant maturity and senility. Similarly, 
two or more copies of one cis-element, and different types 
of cis-elements responsive to the same plant hormones 
were found located at adjacent sites, such as TGACG-motif 
and CGTCA-motif, GARE and P-box, TGA-element and 
AuxRR-core, indicating that they might be concerted in 
response to the same plant hormones.

The third important type of cis-acting elements in the 
upstream regions of tobacco expansin genes are environ-
mental stress-related elements. In total, 12 types of ele-
ments were found in charge of about six kinds of exter-
nal environment stresses, which are HSE in heat stress 
responsiveness, LTR in low-temperature responsiveness, 
MBS and C-repeat/DRE in drought responsiveness, ARE 
and GC-motif in flooding or anaerobic responsiveness, 
box S, W box and WUN-motif in wounding and pathogen 
responsiveness, and box E and Box-W1 in fungal elicitor 
responsiveness (Additional file  9). In addition, Box-W1 
was always found beside W-box (Fig. 2). Over half of the 
52 tobacco expansin genes appear to contain HSE, MBS, 
ARE, TC-rich repeats (in defense and stress responsive-
ness) and W box elements. The low temperature responsive 

element LTR and fungal elicitor responsive elements Box-
W1were not detected in the NtEXLA and NtEXLB sub-
families, respectively. Again, two or more copies of one 
cis-element and cis-elements responsive to the same stress 
were found in the promoter region of one expansin gene, 
which might facilitate their responsiveness to environmen-
tal stresses. We conjectured that external environmental 
stresses could induce the expression of expansin genes con-
taining their responsive cis-acting elements, further con-
tributing to heightening plants’ resistances to environmen-
tal stresses.

The forth class of abundant cis-acting element type 
contains those responsive to development. Skn-1_motif 
is the most widespread regulatory element required for 
endosperm expression, which was located in the upstream 
regions of 44 tobacco expansin genes. 38 genes contain 
the circadian element, which is involved in circadian con-
trol, suggesting that these tobacco expansins might have a 
distinct diurnal expression pattern. What’s more, as-2-box 
was found in the promoter regions of 13 tobacco expansin 
genes which is involved in shoot-specific expression and 
light responsiveness, AC-I in 4 genes and AC-II in 2 genes 
which are involved in phloem and xylem vascular devel-
opment, and HD-Zip 1 and HD-Zip 2 in the same 3 genes 
which are involved in the differentiation of palisade meso-
phyll cells and leaf morphology development.

Differential expression profiles of the tobacco expansin 
genes

TobEA, an atlas of tobacco gene expression from seed to 
senescence, provides us the opportunity to acquaint the 
expression profiles of tobacco expansin genes (Edwards 
et al. 2010). The microarray data of expansin gene expres-
sion in tobacco were downloaded from EMBL-EBI Array-
Express with accession number E-MTAB-176. A heat map 
showing the hierarchical clustering of expression level of 
tobacco expansin genes in 19 different tissues from dif-
ferent developmental stages, corresponding to the peri-
ods from seed to flower and senescent leaf throughout the 
tobacco lifecycle, was built to analyze the expression pro-
files of each tobacco expansin gene (Fig. 3). The BLASTN 
search results showed that a total of 35 Unigene entries rep-
resenting 52 expansin genes were identified. With Cluster 
3.0 and TreeView softwares, the expression patterns of the 
tobacco expansin genes were divided into five groups (A, 
B, C, D and E), as it was shown in Fig. 3.

The expression patterns of the five groups were differ-
ent, and that of members within each group were similar. 
Groups A and B only contain genes from NtEXLA and 
NtEXLB subfamilies, while genes of the other three groups 
all belonged to NtEXPA subfamily except NtEXPB3 and 
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Fig. 3   Heat map showing 
the hierarchical clustering of 
expression level of tobacco 
expansin genes in 19 differ-
ent tissues across the tobacco 
lifecycle. Expression data were 
normalized based on the mean 
expression value of each gene 
in all tissues/organs. Different 
organs/tissues are displayed 
vertically above each column. 
Gene names are displayed to 
the right of each row. Samples 
were hierarchically clustered 
based on the average Pearson’s 
distance. For expression levels, 
see color legend (color figure 
online)
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NtEXLB5 which was from NtEXPB and NtEXLB sub-
families, respectively. NtEXLB2 and NtEXLB4 from Group 
A were mainly expressed in senescent leaf, as well as in 
mature leaf and flower, and they had similar expression pat-
terns, suggesting that they might have similar functions in 
the same space. The expression levels of the two NtEXLA 
genes from Group A were low, but were relatively higher 
in root, flower and mature leaf. All genes from group B 
had much higher expression levels in root and flower. 
NtEXLB6 also exhibited high expression values in lower 
stem and late senescent leaf, while NtEXLB7 showed high 
expression values in stem, seed, cotyledons and mid/late 
senescent leaf as well. In contrast, Groups C and D genes 
were seldom expressed in older organs such as mature and 
senescent leaf, but they showed higher expression levels in 
young tissues, including young leaf, bud, shoot apex and 
cotyledons. Genes such as NtEXPA9 and 19, 7 and 18, 28, 
30 and NtEXPB3 which were clustered together showed 
similar expression patterns, indicating their involvement in 
the same biological functions. Being different from other 
NtEXLB members, NtEXLB5 was mainly expressed in 
bud, root and flower. Besides showing a relatively higher 
expression level in bud and stem, Group E genes particu-
larly had high expression values in seed, indicating their 
important roles in seed development or germination. These 
results showed that the NtEXPs are expressed during the 
whole lifecycle of tobacco, with some genes having high 

expression levels at different developmental stages, sug-
gesting their involvement in a certain developmental period 
directly or indirectly.

Expression analysis of 10 expansin genes in six different 
tobacco tissues with qRT‑PCR

Based on the analysis above, it is clear that the tobacco 
expansin genes may be expressed differentially in differ-
ent tissues and/or at different developmental stages. On 
account of this consideration, qRT-PCR was conducted 
for ten genes randomly selected from the five groups in 
tobacco K326 under normal growth conditions to detect 
their expression pattern in six different tissues, including 
germinating seeds (GS), root (RT), stem (ST) and leaf (LF) 
of fast growing period, flower (FL), and mid/late senescent 
leaf (SL). Primers for the ten selected genes as well as the 
actin house-keeping gene were listed in Additional file 10.

The expression levels of the ten genes were different in 
the six tobacco tissues, suggesting their importance in one 
or several developmental processes (Fig. 4). Our qRT-PCR 
results showed that NtEXPA4 was dominantly expressed in 
GS. This concurs with the results from microarray analy-
sis where it was shown that NtEXPA4 from Group E was 
highly expressed in seed thus suggesting the involvement of 
this gene in the seed development and/or germination pro-
cesses. NtEXPA21 and NtEXPA28 were mainly expressed 

Fig. 4   qRT-PCR analysis for ten expansin genes in six different 
tobacco tissues, GS (germinating seeds), RT (root), ST (stem), LF 
(leaf), FL (flower)and SL (senescent leaf). Data shown represent 

relative expression quantity (RQ) of an average of three independent 
experiments + SD. The error bars show the standard error. The one 
with lowest RQ was set as 1 for each gene in the six tissues
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in ST, which was again in line with results from microarray 
analysis, indicating their involvement in stem elongation 
and/or diameter enlargement. According to the qRT-PCR 
analysis, it is likely that NtEXPA28 might participate in the 
seed germination process and root development as well. 
In contrast, the results for NtEXPA11 from the two analy-
ses were different. In our qRT-PCR analysis NtEXPA11 
was highly expressed in LF while the microarray analysis 
showed that it had higher expression levels in seed and bud. 
This might suggest the involvement of NtEXPA11 in plant 
developmental processes such as seed and leaf develop-
ment rather than seed germination. In addition, NtEXPB3 
was also highly expressed in LF, GS and ST, indicating 
that this gene might belong to the group of EXPB that we 
do not know much rather than the group-1 grass pollen 
allergens which are known to facilitate pollen tube inva-
sion (Cosgrove 2015). NtEXPA20, NtEXPA23, NtEXLA1 
and NtEXLB1 were expressed in RT with relatively higher 
levels, indicating the possibility of their involvement in 
root growth and development. NtEXPA23 was expressed 
highly in LF and FL as well. Furthermore, it was noted 
that NtEXLA1 and NtEXLB2 were primarily expressed in 
SL in both qRT-PCR and microarray analysis, hence we 
can speculate that these genes play important roles during 
tobacco leaf senescence.

Discussion

Tobacco is one of the world’s most important economic 
crops, as well as an ideal model plant in scientific research. 
The tobacco industry collects tobacco leaves for cigarette 
production after a series of processes, such as flue-curing. 
The characteristics of flue-cured tobacco leaves, such as 
sponginess, flammability and harmfulness, are conjectured 
to be connected with the cell wall. Expansin is a kind of 
cell wall loosening protein, which might play impor-
tant role in this process (Cosgrove 2000a). What’s more, 
expansins have been proved to be involved in a lot of 
plant developmental stages, as well as in biotic and abiotic 
stress response (Zhao et al. 2011; Li et al. 2011; Guo et al. 
2011; Lü et  al. 2013). To date, a large number of expan-
sin gene families has been identified and characterized in 
both model and crop plants, including Arabidopsis, rice 
and maize, to mention but a few. However, no such kind 
of analysis has been done in tobacco, except expression 
studies for a few NtEXPs genes (Kuluev et al. 2013, 2014). 
Therefore, it is of great importance to identify the expan-
sin gene family in the tobacco genome and explore the 
characteristics and functions of each expansin gene. The 
draft genome of cultivated tobacco was published recently 
(Sierro et al. 2014), facilitating a genome-wide analysis of 
this huge gene family in tobacco.

In this study, a total of 52 expansin genes containing 
full length ORFs and the two conserved domains, DPBB_1 
and Pollen_allerg_1, were identified in the tobacco genome 
through genome-wide analysis. The length, molecular 
weight, isoelectric point and cleavage site of signal peptide 
for their corresponding proteins were also predicted with 
web-based tools and were listed in Table 1. Similar to other 
plants, the 52 tobacco expansins were divided into four 
subfamilies, NtEXPA, NtEXPB, NtEXLA and NtEXLB, 
and they clustered together with genes of the same subfam-
ily from other plants rather than genes of the same species 
from different subfamilies, suggesting that their ancestors 
differentiated before the divergence of different plant spe-
cies. Based on phylogenetic and syntenic analyses, Seader 
et al. (2016) estimated that there were 12–13 EXPA genes, 
2 EXPB genes, 1 EXLA gene, and 2 EXLB genes in the last 
common ancestor of all angiosperms. In our study the four 
tobacco expansin subfamilies NtEXPA, NtEXPB, NtEXLA 
and NtEXLB were accordingly divided into 8, 2, 1 and 2 
subgroups with each group of genes deriving from a com-
mon ancestor by frequent gene duplication. Attributing to 
the quality of the draft tobacco genome sequences, which 
represents about 80 % of the tobacco genome, the missing 
genes belonged to the other four subgroups in the NtEXPA 
subfamily might span different genome sequences that have 
not been scaffolded and therefore cannot be identified or be 
removed in our sequence analysis (Sierro et al. 2014). The 
disappearance of descendents from these ancestors could 
also attribute to gene deaths which were observed in Arabi-
dopsis and rice as well (Sampedro et  al. 2005). Expansin 
gene family from seven species, Arabidopsis, soybean, rice, 
maize, tobacco, tomato and potato were compared for the 
size of subfamily, results of which showed an uneven distri-
bution of genes for each subfamily, as well as for different 
species. The size of EXPB subfamily in monocot plants, 
rice and maize, is much larger than dicot plants, which is 
in accordance with the observation that EXPBs are particu-
larly numerous and abundantly expressed in grasses (Cos-
grove 2000b). We also found that soybean, tobacco, tomato 
and potato have a much larger EXLB subfamily size com-
pared to Arabidopsis, rice and maize. Different from other 
species, the size of EXPB and EXLB subfamilies was 
almost equal in Solanaceae. However, the EXPA subfamily 
has the largest size in all species except in maize. Previ-
ous studies reported that tandem and segmental duplication 
events are the main causes for gene family expansion and 
distribution (Cannon et al. 2004). A relatively much larger 
EXPB subfamily size in rice and maize, and a relatively 
much larger EXLB subfamily size in soybean and Solan-
aceae might be a result of higher degree of expansion and 
retention, whereas subfamilies of relatively smaller size, 
such as EXPB in soybean, might be due to large-scale gene 
loss after duplication events (Zhu et al. 2014). We can also 
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conjecture that plants retaining certain kind of genes with 
larger subfamily size during the long evolutionary time was 
to increase its adaption to certain functions and environ-
ments. Therefore, the additional NtEXLB genes might have 
special functions in tobacco, which need to be validated.

Gene expression pattern can provide important clues 
for gene function, which are believed to be associated with 
the divergence of the promoter regions (Xue et  al. 2008; 
Li et  al. 2014). Cis-Acting regulatory elements contained 
in the promoter region of genes play key roles in confer-
ring developmental and/or environmental regulation of 
gene expression. Using PlantCARE, a plant cis-acting reg-
ulatory element database, we could identify in the 1.5 kb 
DNA sequence upstream of the translation initiation codon 
the potential cis-acting elements for each tobacco expansin 
gene. Four types of cis-acting elements, light responsive 
elements, hormone responsive elements, environmental 
stress-related elements, and development related elements, 
were found to be apparently abundant for the NtEXPs. In 
plants, the expression of expansins are regulated by both 
internal and external factors, resulting in their involvement 
in a variety of developmental processes, such as seed ger-
mination (Yan et  al. 2014), fruit growth and/or ripening 
(Rose et  al. 1997; Brummell et  al. 1999; Ishimaru et  al. 
2007), as well as in nutrient uptake and efficiency (Zhou 
et al. 2014), and stress tolerance (Li et al. 2011; Zhao et al. 
2011; Lü et al. 2013), which are conjured to be regulated by 
the corresponding cis-acting elements they contain. Plant 
hormones can regulate the expression of expansin genes 
and the regulation of expansin activity by plant hormones is 
well documented (Zhao et al. 2012; Li et al. 2014; Lu et al. 
2016). For example, cytokinin and auxin act synergistically 
to induce the accumulation and proteolytic processing of 
Cim1/GmEXPB1, a cytokinin-inducible β-expansin from 
soybean (Downes et al. 2001; Li et al. 2014); the Arabidop-
sis LBD18 up-regulates a subset of expansin genes, includ-
ing EXPA4, EXPA14 and EXPA17, to enhance cell separa-
tion thus promoting lateral root emergence, the effects of 
which were promoted by exogenous application of auxin 
(Lee and Kim 2013); the rice OsMPS, whose expres-
sion is induced by ABA and cytokinin, but is repressed 
by auxin, GA and brassinolide (BR), is a direct negative 
upstream regulator of OsEXPA4/8 and OsEXPB2/3/6, illus-
trating an indirect regulation of these plant hormones to 
EXPs (Schmidt et al. 2013). Two tobacco expansin genes, 
NtEXPA1 and NtEXPA4, were induced by auxin in young 
leaves located near the terminal bud, whereas in the lower 
leaves BR could inhibit NtEXPA1 but up-regulate NtEXPA4 
expression (Kuluev et  al. 2014). The regulation of plant 
architecture by expansins to adapt to certain external envi-
ronmental changes, such as drought, heat, low phosphorus 
(P), is also well studied (Cosgrove 2015; Lu et  al. 2016). 
Some examples include the wheat (Triticum aestivum) 

TaEXPB23, Poa pratens PpEXPA1, soybean GmEXPB2 
and rose (Rosa hybrida) RhEXPA4, the transgenic plants 
with which gained tolerance to drought (Li et  al. 2011, 
2013), tolerance to heat (Xu et al. 2014), improved P effi-
ciency (Guo et al. 2011; Zhou et al. 2014) and tolerance to 
drought and salt (Lü et al. 2013; Yan et al. 2014), respec-
tively. In addition, we found that for many cis-elements 
two or more copies located at adjacent sites, which might 
enhance the effects of their binding to trans-acting factors 
such as transcription factors. What’s more, cis-elements in 
response to the same factors such as plant hormones and 
environmental stresses also tended to be neighbors, which 
might promote the efficiency of gene transcription regula-
tion and might be beneficial for plants to adapt to environ-
mental changes. However, we also found that some cis-ele-
ments in response to different factors appeared closely to 
each other, such as Box I (light responsiveness) and ERE 
(ethylene responsiveness), G-box (light responsiveness) 
and ABRE (ABA responsiveness), indicating that the tran-
scription regulation of these genes might be both light- and 
plant hormone-dependent. For example, ABA plays a major 
role in plant responses to abiotic environmental stresses, 
such as drought and salt (Leung and Giraudat 1998; Lü 
et  al. 2013). ABRE and G-box are cis-elements that have 
been proved to be involved in the activation of gene expres-
sion by ABA (Leung and Giraudat 1998), and G-box is 
also involved in response to blue light (Sun et  al. 2015). 
The close positions of G-box and ABRE in the promoter 
regions of some tobacco expansin genes suggested that 
these expansin genes might be components of blue light- 
and abiotic stress-responsive pathways. Overall, promoter 
analysis demonstrated the presence of a diversity of cis-act-
ing regulatory elements in the upstream regions of tobacco 
expansin genes. This finding indicates that the 52 NtEXPs 
might be regulated by different internal and/or external fac-
tors separately or synergistically, and further supports the 
various functional roles of expansins in a wide range of 
developmental processes related to cell wall modification.

TobEA, an atlas of tobacco gene expression from seed to 
senescence, allows the characterization and comparison of 
the expansin gene expression patterns in tobacco (Edwards 
et al. 2010). In this study, the tobacco expansin genes were 
identified expressed differently in the 19 tobacco tissues, 
indicating their different roles in tobacco development. 
However, about twenty expansin genes were not identi-
fied in the custom microarray design, which might attrib-
ute to the specificity of probes (about 81 % of the mapped 
SGN unigenes represented by a unique probe set, and 99 % 
by four probe sets or less. Edwards et al. 2010). We have 
revealed that the expression levels of the tobacco expan-
sin genes were closely associated with different tissues or 
organs as well as different developmental stages, and that 
the expression patterns differed among most expansin gene 
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members in each group, which might attribute to the func-
tional differentiation after gene duplication events. Groups 
A and B only contain genes from NtEXLA and NtEXLB 
subfamilies, with Group A genes being mainly expressed 
in senescent leaf and flower, while Group B genes in root 
and flower, as well as in senescent leaf. The cis-acting ele-
ments W-box and G-box were reported to play important 
roles in early senescence of rice flag leaf (Liu et al. 2016). 
In our study, in the promoter regions of both NtEXLA1 and 
NtEXLA2 were laden with these two cis-elements (Fig. 2). 
However, the NtEXLB subfamily members lacked the 
W-box and G-box, especially for NtEXLB2 and NtEXLB4, 
indicating that the involvement of these genes in tobacco 
leaf senescence was not W-box and/or G-box dependent. 
In contrast, group C and D genes, which contained mainly 
NtEXPA subfamily members, seldom expressed in older 
organs, but they showed higher expression in young tis-
sues, such as young leaf, bud, shoot apex and cotyledons. 
Group E genes particularly had high expression values in 
seed, indicating their involvement in seed development or 
germination. There were also genes clustered together in 
the heat map that had similar expression patterns, such as 
NtEXLB2/NtEXLB4 and NtEXPA28/NtEXPA30, indicat-
ing their similarity in gene function in the same tissues. 
To verify the expression profiles of the tobacco expansin 
genes, qRT-PCR analysis was performed in six different 
tissues for ten expansin genes uniformly distributed in the 
five groups. The results showed that the expression pattern 
for each gene detected by qRT-PCR was roughly in con-
sistency with the microarray analysis, which further con-
firm their preferential expression. However, there existed 
inconsistency, such as the expression patterns of NtEXPA11 
and NtEXPA28. In the microarray analysis, NtEXPA11 
had higher expression levels in seed and bud. Whereas 
NtEXPA28 was mainly expressed in upper stem, bud, 
young leaf and flower, and seldom expressed in seed. How-
ever, in our qRT-PCR analysis, NtEXPA11 and NtEXPA28 
were highly expressed in leaf, flower and stem and in stem 
and germinating seeds, respectively. We conjectured that 
the “seed” in the custom microarray was different from 
“geminating seeds” in our study. Therefore, NtEXPA11 
might participate in other seed developmental processes 
but not in seed germination. Similarly, NtEXPA28 might be 
involved in the seed germination process rather than seed 
development. To sum up, all the findings in this study indi-
cate that expansin genes are expressed during the whole life 
of tobacco, most of which exhibited preferential expression 
in different tissues and/or at different developmental stages. 
However, the factual temporal and spatial expression pat-
terns and the functions of the tobacco expansin genes need 
further experimental verifications.

In conclusion, in this study we presented a genome-wide 
analysis of expansin gene family in the tobacco genome 

and identified 36 NtEXPAs, 6 NtEXPBs, 3 NtEXLAs and 7 
NtEXLBs, respectively. The four subfamilies were further 
grouped into 8, 2, 1 and 2 clades which were derived from 
13 common ancestors by gene duplications. The NtEXPs 
exhibited specific characteristics in terms of exon–intron 
organization, amino acid sequences, or protein motif com-
position within subfamilies or subgroups. Whole-genome 
duplication and tandem duplication events might have 
contributed to the expansion of the NtEXPs. Each expan-
sin gene contained a number of cis-acting elements in its 
1.5 kb upstream region before the start codon for transcrip-
tion, suggesting that its expression was regulated by various 
internal or environmental factors, such as light, plant hor-
mones and stresses, thus participating in tobacco develop-
ment and its resistance to stresses. The expression patterns 
of the NtEXPs were also studied using a custom microarray 
design and qRT-PCR, which revealed that most NtEXPAs 
had higher expression levels in young organs, while some 
NtEXLAs and NtEXLBs were preferentially expressed in 
mature or senescent tissues. Taken together, our expansin 
gene family data analysis presents a comprehensive anal-
ysis which could benefit researchers in investigating the 
important roles that expansins play in tobacco develop-
ment. The results presented here may potentially advance 
our understanding of the biological roles of expansins in 
many agronomically important traits of tobacco, such as 
leaf development and senescence and other physiological 
processes.
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