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Abstract 
 
NAM, ATAF1/2, and CUC2 (NAC) proteins are plant-specific transcription factors playing essential roles in plant 
development and various abiotic stress responses. In the present study, we identified 173 full-length NAC genes in 
soybean, which were phylogenetically clustered into 15 groups (NACa - NACo). The soybean NAC genes (GmNACs) 
were non-randomly located across the 20 chromosomes, and 128 genes (86.5 %) were preferentially located in 
duplicated regions of chromosome arms, which implied long segmental duplication and contributed to evolution of the 
GmNAC gene family. Most GmNACs genes showed a distinct tissue-specific expression pattern and the redundant 
expression patterns of active duplicate genes suggested that GmNACs have been retained by substantial 
subfunctionalization during soybean evolution. Furthermore, active GmNACs genes that had undergone strong artificial 
selection during soybean domestication were identified based on selection analysis. After low nitrogen treatment, 
enhanced expression of some selected GmNAC genes were noticed in soybean shoot and root, which implied that 
GmNACs might play an important role in nitrogen metabolism. Here, we summarize the sequence and expression 
analysis of the NAC gene family in the soybean.  
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Introduction 
 
Transcription factors (TFs) refer to a group of proteins 
controlling the rate of transcription of the target genes by 
binding to specific regulatory promoter elements in the 
genome (Tucker et al. 2002, Chuck et al. 2014). 
Identification and functional characterization of TFs are 
essential for understanding the regulation of gene 
expression and the reconstruction of intricate trans-
criptional regulatory networks (Udvardi et al. 2007). The 
plant-specific NAC [no apical meristem (NAM), 
Arabidopsis transcription activation factor (ATAF1/2), 
and cup-shaped cotyledons (CUC2)] proteins, one of the 
largest plant-specific TFs, play crucial roles in several 

biological processes, such as plant growth, development, 
and abiotic stress-responsive networks (Fang et al. 2008, 
Jensen et al. 2008, Gao et al. 2010, Han et al. 2012, 
Huang et al. 2012, Fan et al. 2015). These proteins 
commonly have a conserved NAC domain at the  
N-terminus, which has been implicated in nuclear 
localization, DNA binding, and the formation of dimers 
(Duval et al. 2002, Ernst et al. 2004, Olsen et al. 2005). 
NAC domain contained a unique TF fold consisting of a 
twisted β-sheet bounded by a few helical elements rather 
than a classical helix-turn-helix motif (Ernst et al. 2004). 
Moreover, some studies indicated that most of the NAC 
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proteins are dependent on the C-terminal region for 
transactivational activity (Xie et al. 2000, Duval et al. 
2002,  Taoka et al. 2004, Olsen et al. 2005). 
 The extensive studies have been performed on the 
identification analysis of the NAC gene family in plant 
species including Arabidopsis (Ooka et al., 2003), rice 
(Nuruzzaman et al. 2010), poplar (Hu et al. 2010), 
soybean (Le et al. 2011), grapevine (Wang et al. 2013), 
pigeon pea (Satheesh et al. 2014), foxtail millet (Puranik 
et al. 2013), Chinese cabbage (Liu et al. 2014), physic 
nut (Wu et al. 2015), and banana (Cenci et al. 2014). 
NAC proteins have been implicated to participate in 
diverse processes in plants, including root development 
(Hao et al. 2011), leaf and fruit senescence (Guo and Gan 
2006, Kou et al. 2012), flower morphogenesis 
(Hendelman et al. 2013), hormone signalling (Bu et al. 
2008, Dong et al. 2014), secondary wall formation 
(Mitsuda and Ohme-Takagi 2008, Dong et al. 2014), and 
biotic/abiotic stress responses (Chen et al. 2013, Li et al. 
2014, Movahedi et al. 2015). According to the previous 
studies (Sakuraba et al. 2015, Wang et al. 2015), the NAC 
gene is considered as a negative factor in plant stress 
response and regulation. For example, in Arabidopsis, 
NAC016-overexpressing (NAC016-OX) plants show low 
drought tolerance, while the NAC016 mutants show a 
very high drought tolerance (Sakuraba et al. 2015). For 
the mechanism, NAC016 could repress ABRE binding 
protein 1 (AREB1) transcription by binding directly to the 
NAC16BM in the AREB1 promoter that encoded a central 
TF in the stress-responsive abscisic acid signalling 
pathway (Sakuraba et al. 2015). The soybean NAC29 is 
also a negative factor of stress tolerance as indicated by 
the performance of transgenic soybean hairy roots under 
drought stress (Wang et al. 2015). Herein, the interaction 
between GmWRKY27 and GmMYB174 could suppress 
GmNAC29 expression and enhance drought stress 
tolerance. The authors explained that GmWRKY27 and 
GmMYB174 may have evolved to bind to neighbouring 
cis elements in the GmNAC29 promoter to co-reduce 
promoter activity and gene expression. 
 Nowadays, there are only limited studies on the 
functional characterization of NAC TFs in soybean. 
Pinheiro et al (2009) reported three GmNAC genes (i.e. 

GmNAC1, GmNAC5, and GmNAC6) involved in cell 
death program, based on the transient expression in 
tobacco leaves (Pinheiro et al. 2009). Besides, Le et al. 
(2011) found the expression of some soybean NACs 
genes was closely related to the response to drought stress 
in roots and shoots. Recently, a NAC gene (SHAT1-5), 
that underwent a strong artificial selection during soybean 
domestication, was proved to activate secondary wall 
biosynthesis and contribute to the significant thickening 
of secondary walls in fiber cap cells (Dong et al. 2014). 
SHAT1-5 is functionally similar to two AtNAC TFs 
(NST1 and NST3) that are involved in regulating pod 
shattering in Arabidopsis (Mitsuda and Ohme-Takagi 
2008). Completion of the soybean genome, RNA-seq and 
resequencing data greatly contributed to the identification 
of gene families and tracing gene domestication history at 
the whole-genome level (Lam et al. 2010, Schmutz et al. 
2010, Li et al. 2013). However, no detailed analysis 
including genome organization, evolutionary analysis of 
GmNAC TFs has been conducted up to now.  
 The cultivars of soybean containing abundant proteins 
beneficial to human health are highly dependent on the 
nitrogen nutrition. They could obtain N through N 
fixation process with rhizobia, but also take up residual 
and mineralized N from the soil. Traditionally, soybean 
has been grown without addition of N fertilizer, and N is 
the limiting factor for soybean yield in today’s 
agricultural production systems especially in developing 
countries (Salvagiotti et al. 2008). In this study, a 
genome-wide identification of soybean NAC domain was 
carried out to gain a comprehensive understanding of 
soybean NAC gene family and its role in soybean growth, 
development, and evolution. In addition, we analyzed the 
GmNAC gene sequence phylogeny, chromosomal 
location, tissue-specific expression patterns, and the 
expression compendium under low nitrogen stress. 
Moreover, the evolutionary and selective effects of 
GmNAC genes during soybean domestication and some 
of the active GmNAC genes undergone strong artificial 
selection were also investigated. Our genome-wide 
systematic analysis of GmNAC TFs contributes to the 
further evolutionary and nitrogen use efficiency analysis 
of the NAC gene family in soybean.  

 
 

Materials and methods 
 
Database search, sequence retrieval, and phylogenetic 
analysis: The NAC gene was retrieved from soybean 
genome annotation database at Phytozome (http://www. 
phytozome.net/) (Goodstein et al. 2012) and SoyKB 
(http://soykb.org/) (Joshi et al. 2014). For the incorrectly 
predicted genes, manual reannotation was then performed 
using FGENESH (http://linux1.softberry.com/) (Salamov 
and Solovyev 2000). To confirm the full-length of a 
NAM/NAC domain, the reannotated sequences were 
further manually analyzed using NCBI (http:// 

www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and 
InterProScan program (http://www.ebi.ac.uk/Tools/ 
InterProScan/) (Quevillon et al. 2005). Multiple sequence 
alignments of the full-length GmNAC protein sequences 
were performed using Clustal X software (v. 1.83) 
(Thompson et al. 1997). The unrooted phylogenetic trees 
were constructed with MEGA 5.0 using the neighbour-
joining (NJ) method and the bootstrap test carried out with 
1 000 iterations (Tamura et al. 2011). The evolutionary 
distances were computed using the p-distance method.  
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Chromosome location of GmNAC genes: The 
chromosome visualization tool (CViT) genome search 
and Synteny viewer (http://comparative-legumes.org/) 
(Cannon and Cannon 2011) were used to locate the 
GmNACs on soybean genome and identify the 
homologous chromosome segments resulting from 
whole-genome duplication events (Schmutz et al. 2010). 
Blocks of the same colour represented the homologous 
chromosome segments, while GmNAC genes separated in 
a range of less than 100 kb distance were considered to be 
tandem duplicates (Hu et al. 2010). 

 
Expression analysis of GmNAC genes: Genome-wide 
transcriptome data were obtained from the Soybase 
database (http://soybase.org/), which includes vegetative 
tissues (e.g., young leaf, root, and nodule), reproductive 
tissues (e.g., flower, 1-cm pod, pod shell at 10 and 14 d 
after flowering), and seed at seven developmental stages 
(i.e., 10, 14, 21, 25, 28, 35, and 42 d after flowering). All 
transcriptome data were analyzed with Heatmapper Plus 
(http://bar.utoronto.ca/welcome.htm), Cluster 3.0  
(De Hoon et al. 2004), and the heat map was viewed in 
Java Treeview (1996). 

 
Calculation of Ka/Ks values and evolutionary analysis 
of GmNAC genes: Pairwise alignments of the paralogous 
nucleotide sequences were performed using Clustal X 
(v. 2.0) (Larkin et al. 2007) and EMBOSS Needle 
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleoti
de.html). Ka (non-synonymous substitution per non-
synonymous site) and Ks (synonymous /silent 
substitution rate substitutions per synonymous site) were 
estimated using the DnaSp v.5 program (Librado and 
Rozas 2009). The Ka/Ks ratio was used to measure the 
selective pressure on protein-coding genes (Hurst 2002). 
Divergence time (T) was calculated using the formula  
T = Ks/2λ, where the synonymous mutation rate λ is 6.1 
× 10-9 for soybean (Lavin et al. 2005, Lynch and Conery 
2000, Schmutz et al. 2010). 

Single nucleotide polymorphisms (SNPs) of the 
GmNAC genes were downloaded from the SoyKB 
database (http://soykb.org/) based on the resequencing of 
seventeen wild and fourteen cultivated soybean genomes 
(Lam et al. 2010). The ratio of each SNP in wild and 
cultivated soybean populations was analyzed. The reverse 
distribution of SNPs in a different evolutionary type of 
soybeans was defined as selected sites, and the ratio of 
selected sites with total SNPs was used to evaluate the 
extent of artificial selection that GmNAC genes had 
undergone during soybean domestication (Wang et al. 
2014a). 

 
Cis-regulatory element analysis: For the promoter  

analysis, 1000-bp sequences upstream from the start 
codon of the twelve flower specific expression GmNAC 
genes and NAC-o subfamily genes were retrieved. These 
sequences were then subjected to search in the 
PlantCARE database (http://bioinformatics.psb.ugent.be/ 
webtools/plantcare/html/) (Lescot et al. 2002) to predict 
cis-regulatory elements.  
 
Stress treatments and real-time quantitative PCR: 
Seeds of soybean (Glycine max L.) cv. WS01-15 were 
germinated in the Vermiculite moistened with Hoagland 
nutrient solution in a chamber under a 16-h photoperiod, 
an irradiance of 200 mol m-2 s-1, day/night temperatures 
of 25/22 °C, and a relative humidity of 60 - 70 %. The 
seedlings were cultivated for about one week until the 
first trifoliate leaves were fully developed. For low 
nitrogen treatment, the plants were transferred to a 
solution containing nitrogen decreased to 15 % of the 
original amount and cultivated for 3 d. The root and shoot 
were harvested separately, frozen in liquid nitrogen, and 
stored at -80 °C for further analysis. The data were 
presented as mean ± standard deviation (SD) and were 
obtained from at least three independent replicates. 
 Total RNA was isolated from the root and shoot using 
RNAiso Plus (TaKaRa, Toyoto, Japan) according to the 
manufacture’s handbook. The cDNA synthesis and real-
time qPCR were performed with SYBR Premix ExTaq 
Taq™II (TaKaRa) on an ABI Prism 7000 according to 
the manufacturer’s protocols (Applied Biosystem, Foster 
City, CA, USA). The GmNAC gene primers for real time 
qPCR were designed using the Primer Premier 5.0 
software (Table 1 Suppl.). The amplification efficiency of 
a qPCR reaction was analyzed based on the slope of the 
standard curve, and the amplification efficiency of more 
than 90 % was chosen for final analysis. The mRNA level 
was normalized by ACT11 (Table 1 Suppl.). Reactions 
were performed in a total volume of 20 mm3 containing: 
10 mm3 of 2× SYBRPremix, 0.4 mm3 of each GmNAC 
gene specific primer to a final concentration of 200 nM, 
and 1 mm3 of cDNA template. The PCR conditions 
consisted of denaturation at 95 °C for 3 min, followed by 
40 cycles of denaturation at 95 °C for 30s, annealing at 
58 °C for 30 s, and extension at 72 °C for 30 s. For each 
sample, three technical replicates were conducted to 
calculate the averaged Ct values. Relative expression was 
calculated by the 2-ΔΔCt method (Livak and Schmittgen, 
2001). The expression patterns were analyzed with an 
ABI Prism 7000 sequence detection system (Applied 
Biosystems). Statistical analyses were performed using 
SPSS 17.0 software. Student’s t-test was used for the 
comparison and P < 0.05 was considered as statistically 
significant. 
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Results and discussion 
 
A total of 208 putative NAC gene sequences were 
downloaded from soybean annotation databases 
(Phytozome and SoyKB). Among these genes, 173 full-
length genes (83.2 %) with a complete NAM/NAC 
domain were used for further analysis (Table 2 Suppl.). 
Most genes (162/173) had a NAM domain. These 
GmNAC genes were numbered from GmNAC01.1 to 
GmNAC 20.5 according to their localization on 
chromosomes. Genome-wide analyses identified a large 
number of NAC family members in other species, 
including 117 NAC genes in the Arabidopsis thaliana 
(Ooka et al. 2003), 151 NAC genes in Oryza sativa 
(Nuruzzaman et al. 2010), 124 NAC genes in Zea mays 
(Fan et al. 2014), 163 NAC genes in Populus trichocarpa 
(Hu et al. 2010), 147 putative NAC genes in Setaria 
italica (Puranik et al. 2013), and 145 NAC genes in 
Gossypium raimondii (Shang et al. 2013). To test the 
phylogenetic relationships among soybean GmNAC 
genes, an unrooted tree was constructed using alignments 
of the full-length amino acid sequences in all GmNAC 
proteins (Fig. 1 Suppl.). The GmNAC gene family was 
classified into fifteen subgroups (NACa - NACo) with 2 - 
30 members in each subgroup, which was similar to other 
plants with 13 distinct subfamilies in Zea mays (Fan et al. 

2014), 16 distinct subfamilies in rice (Nuruzzaman et al. 
2010), 11 distinct subfamilies in Setaria italica (Puranik 
et al. 2013), and 18 distinct subfamilies in Populus 
trichocarpa (Hu et al. 2010). Phylogenetic tree topology 
revealed that 74 GmNAC pairs located at the terminal 
nodes shared high similarities. Thus, they were assigned 
as paralogous pairs (homologous genes that diverged by 
gene duplication) (Xu et al. 2012).  
 In silico mapping revealed that 173 GmNAC genes 
were distributed across all 20 soybean chromosomes. The 
distribution of these GmNAC genes appeared to be non-
random, with 10 GmNAC genes (from 10 - 16) on 10 
chromosomes (i.e., 2, 4, 5, 6, 7, 8, 12, 13, 16, and 19) and 
4 - 7 GmNAC genes on the other 10 chromosomes (i.e,. 1, 
3, 9, 10, 11, 14, 15, 17, 18, and 20). Substantial clustering 
of GmNAC genes was evident on several chromosomes 
(Fig. 2 Suppl.). Interestingly, all GmNACs except two 
genes on chromosome 12 (NAC12.7 and NAC12.8) were 
tended to distribute far from pericentromeric regions 
which comprised 57 % of the soybean genome 
accounting for only 6.9 % of recombination (Du et al. 
2015). This indicated that the GmNAC genes were 
distributed in a region that might be apt to develop 
recombination.  

 
Table 1. Selected sites of NAC genes during soybean domestication. 
 

Name Chromosome Position Wild Cultivar Name Chromosome Position Wild Cultivar 

GmNAC19.4 Gm19 36057148 5T/10C 13T/0C GmNAC17.5 Gm17 23913975 14T/2C 3T/11C 
GmNAC16.5 Gm16 3992171 9T/8C 14T/0C  Gm17 23914036 11A/2G 3A/9G 
 Gm16 3992342 9G/7C 14G/0C  Gm17 23914159 2A/15G 9A/2G 
GmNAC20.4 Gm20 41983148 7T/8C 10T/4C  Gm17 23914181 2T/15C 9T/3C 
 Gm20 41984019 1G/16C 8G/6C GmNAC11.5 Gm11 8695502 7A/8G 0A/13G 
 Gm20 41984098 4A/13G 8A/6G  Gm11 8695967 8A/8C 0A/14C 
 Gm20 41984535 1A/16C 7A/6C  Gm11 8696471 9T/6C 14T/0C 
 Gm20 41985716 8G/8C 3G/10C  Gm11 8696481 8A/7T 14A/0T 
 Gm20 41985780 8T/7G 4T/9G  Gm11 8696536 8A/9T 0A/14T 
GmNAC08.12 Gm08 46359664 6A/10C 14A/0C GmNAC11.4 Gm11 8688340 8A/6G 0A/14G 
 Gm08 46360262 6T/8C 14T/0C  Gm11 8688667 10A/6G 0A/14G 
GmNAC02.7 Gm02 27361899 9T/3G 2T/6G  Gm11 8688927 6A/10T 14A/0T 
GmNAC13.7 Gm13 36983661 9A/6G 0A/14G  Gm11 8689219 7T/9C 0T/14C 
 Gm13 36984750 9T/6G 0T/14G  Gm11 8689726 9A/6G 0A/13G 
GmNAC12.15 Gm12 38104886 4A/13C 12A/3C  Gm11 8690317 6T/8G 14T/0G 
 Gm12 38104958 10T/6G 3T/12C  Gm11 8690516 6A/9G 14A/0G 
 Gm12 38104991 11T/6C 3T/12C  Gm11 8690724 6A/7T 0A/13T 
 Gm12 38105103 9A/6G 2A/11G  Gm11 8690768 8T/6G 0T/14G 
 Gm12 38105342 6T/11C 12T/3C  Gm11 8690912 10G/6C 0G/14C 
 Gm12 38106325 3T/9C 12T/3C  Gm11 8691076 10T/6G 0T/14G 
GmNAC17.5 Gm17 23912265 12A/1G 3A/11G GmNAC04.10 Gm04 46565321 6A/8C 8A/5C 
 Gm17 23912266 12A/1T 3A/11T GmNAC03.1 Gm03 35304422 7T/10G 14T/0G 
 Gm17 23912924 14T/2C 3T/11C  Gm03 35306021 7A/7G 14A/0G 
 Gm17 23913055 12A/2G 3A/9G GmNAC03.2 Gm03 35309231 12A/4T 6A/7T 
 Gm17 23913065 11A/5G 3A/10G GmNAC19.5 Gm19 38159634 14A/2G 5A/9G 
 Gm17 23913208 2G/7C 10G/2C  Gm19 38161439 1T/15C 6T/5C 
 Gm17 23913924 2A/15T 11A/3T      
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 It has been well documented that the soybean genome 
has undergone two rounds of genome-wide duplication 
followed by multiple segmental duplication, tandem 
duplication, and transposition events, which are 
considered as the major forces for soybean gene-family 
expansion (Schlueter et al. 2007). In the sequence of the 
1.1 Gb soybean genome, 15 632 gene pairs (almost 67.34 
% of total 46 430 genes) exist as “recent” paralogs, which 
are believed to have been duplicated and retained after 
the 13-Mya tetraploidy event (Schmutz et al. 2010). 
Segmental duplications have been shown to contribute to 
the expansion of other gene families in soybean (Guo and 
Qiu 2013, Wang et al. 2014b). To determine the possible 
relationship between the paralogous pairs of GmNAC 
genes and potential segmental duplications, we mapped 
GmNACs to the duplicated blocks (Fig. 2 Suppl.). Within 
the identified duplicated blocks associated with a 
duplication event, about 86.5 % (128/148) of GmNACs 
were preferentially retained duplicates that located in 
duplicated regions, with 52 putative paralogous pairs 
located in a segmental duplication of a long fragment  
(> 1 Mb) and 12 located in a segmental duplication of a 
short fragment (< 1 Mb, Table 3 Suppl.). Meanwhile, 
other two putative paralogous pairs (GmNAC19.5/ 
GmNAC19.6 and GmNAC19.9/GmNAC19.10) were 
formed, which were supposed to be possibly due to 
tandem duplication in the same orientation. In contrast, 
only 16 GmNAC genes were located outside of duplicated 
blocks. Based primarily on the genomic organization of 
GmNAC genes, we implied that long segmental 
duplication exclusively contributed to the evolution of 
GmNAC gene family, which may be associated with the 
short segment and tandem duplication.  
 A central problem in evolutionary and molecular 
biology is to identify factors that determine the rate of 
protein evolution. Proteins with rigorous function are 
subject to strong purifying selective pressure, which tend 
to evolve more slowly than proteins with weaker 
constraints (Liu et al. 2008). A classic measure for 
selective pressure on protein-coding genes is the Ka/Ks 
ratio (Hurst 2002). Ka/Ks of 66 GmNAC paralogous pairs 
are calculated and Ks was used to calculate the 
approximate dates of duplication events. There, two 
tandem duplication GmNAC gene pairs, both of which 
were distributed on chromosome 19, with the dating 
duplication event at 11.62 Mya (Ks = 0.1418) for 
GmNAC19.5 and GmNAC19.6 and 3.04 Mya (Ks = 
0.0371) for GmNAC19.9 and GmNAC19.10 respectively. 
Meanwhile, the segmental duplications of the GmNAC 
genes in soybean was supposed to originate from  
4.76 Mya (Ks = 0.0581) to 19.48 Mya (Ks = 0.2377), 
with a mean value of 10.79 Mya (Ks = 0.1317, Table 3 
Suppl.). As the soybean genome has undergone two 
polyploidy events at 13 and 58 Mya, all the tandem and 
segmental duplications of the GmNAC genes occurred 
around 13 Mya when Glycine-specific duplication 
occurred in the soybean genome (Schmutz et al. 2010). 

The Ka/Ks ratios of 33 segmental duplication pairs and 
one tandem duplication pair (GmNAC19.5/ GmNAC19.6) 
were less than 0.3, while the ratios of the other 31 
segmental duplication pairs and another tandem 
duplication pair (GmNAC19.9/GmNAC19.10) were more 
than 0.3, which demonstrated a possibility of significant 
functional divergence of some GmNAC genes after the 
duplication events. The Ka/Ks ratios of seven paralogous 
gene pair were slightly larger than 0.5 (Table 3 Suppl.). 
This suggests that they experienced relatively rapid 
evolution following duplication. It could be concluded 
that GmNAC genes have been subjected to strong 
purifying selection pressure with limited functional 
divergence after segmental duplications.  
 The previously publicly-available RNA-Seq data was 
considered as a useful means of highlight the expression 
profiles of GmNAC genes. From the Soybase database 
(http://soybase.org/), most of GmNAC genes showed a 
very low expression (Fig. 3 Suppl.). For example, thirteen 
GmNACs genes had no expression at 14 soybean 
tissues/developmental stages and 74 GmNACs 
represented by less than one read on average. The low 
expression of GmNAC genes might either transcribe at 
relatively low abundance to be detected or had special 
temporal and spatial expression patterns which cannot be 
easy examined in the libraries. This is consistent with the 
commonly low transcript abundance feature of 
transcription factor genes (Wilkins et al. 2009). Some of 
GmNACs showed a distinct tissue-specific expression 
pattern. For example, twelve genes (GmNAC13.2, 
GmNAC1.3, GmNAC2.2, GmNAC2.6, GmNAC8.12, 
GmNAC16.6, GmNAC16.9, GmNAC6.12, GmNAC6.13, 
GmNAC12.8, GmNAC12.15, and GmNAC13.7) were 
specifically expressed in soybean flower. Two genes 
(GmNAC19.4 and GmNAC16.5) had a significantly 
higher transcript accumulation in the nodules. It is 
noteworthy that compared with the other 13 subfamily, 
the expression of most genes in subfamily NAC-h and 
NAC-o was relatively high and genes in subfamily NAC-o 
were the most active GmNAC genes of family (Fig. 3 
Suppl.).  
 In this study, the promoter regions of 12 NAC-flower 
genes and NAC-o subfamily genes were analyzed using 
the PlantCARE database to establish the relationship 
between the expression pattern of gene families with the 
putative cis-elements distribution in the gene promoters. 
According to the PlantCARE results, 21 high ratio  
cis-acting regulatory elements were identified in the 
promoter regions of this two groups (Fig. 1). The basal 
regulatory elements, CAAT-box and TATA-box elements 
were the most abundant motifs in both gene groups. Half 
of these cis-elements (10/21) were development related, 
such as Box4, Box1, circadian, G-Box, GA-motif, 
GCN4_motif, I-box, Skn-1_motif, Sp1, and TCT-motif 
(Lescot et al. 2002). Five were abiotic stress related, such 
as ARE, TCA-element, HSE, MBS, and TC-rich repeats 
(Lescot et al. 2002). Four were hormone response related, 
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such as ABRE, CGTCA-motif, TGACG-motif, and 
TGA-element. As expected, most of the closely-related 
members in the phylogenetic tree had common motif 
compositions. For example, three cis-elements (ABRE, 

GCN4_motif and TGA-element) were present in most 
NAC-flower genes but not in NAC-o subfamily, while the 
ratio of GA-motif in NAC-o subfamily was significantly 
higher than that in NAC-flower genes (Fig. 1).  

 

 
Fig. 1. The distribution of motifs in the promoter region of NAC-o subfamily and NAC-flower genes 
 
 We also investigated the functional redundancy of 
GmNAC genes with high proportion of segmental/tandem 
duplications with genes in subfamilies NAC-h and NAC-
o. Four paralogous pairs (GmNAC04.11/06.3, 
GmNAC04.5/06.9, GmNAC12.15/13.7 and GmNAC06.12/ 
12.8) in subfamily NAC-h from segmental duplications, 
three paralogous pairs (GmNAC11.5/12.4, GmNAC04.9/ 
06.5 and GmNAC04.10/06.4) derived from segmental 
duplications and one paralogous pair (GmNAC19.5/19.6) 
derived from tandem duplications in subfamily NAC-o 
shared almost identical expression patterns. A paralogous 
pair (GmNAC16.5/19.4) belonging to subfamily NAC-a, 
which was specifically expressed in soybean nodule, had 
the same expression in roots and nodules. Therefore, 
GmNAC genes might have been retained by functional 
redundancy during soybean evolutionary processes. 
 Many agronomically important traits in soybean are 
associated with the domestication (Tian et al. 2010, Li 
et al. 2013, Dong et al. 2014, Zhou et al. 2015). Based on 
the expression profile, 28 genes with relatively high 
expression (more than 100 reads in the expression 
profile) were defined as active GmNAC genes. The 
variations of these genes in 17 wild soybeans and 
14 cultivated soybeans were analyzed to identify the 
selective effects during the domestication of soybean 
cultivars. Half of these active GmNAC genes (14/28) had 
selected site(s), among which more than 50 % SNP sites 
were selected in GmNAC11.5 (5/8) and GmNAC17.5 

(11/21). Soybean had undergone several genetic 
bottlenecks and most of rare sequence variants were lost 
as numerous allele frequency changes during its 
domestication (Hyten et al. 2006). The genetic diversity 
of most GmNAC genes in cultivars was declined notably 
compared with that of wild soybeans. We found that 
GmNAC11.4 and GmNAC11.5 belonging to subfamily o 
and GmNAC19.4 belonging to subfamily a had only one 
haplotype in cultivar soybean, and the selected 
haplotypes are now the main genotype of cultivated 
soybean (Table 1). All these facts suggest that these 
GmNAC genes may have undergone a strong artificial 
selection during soybean domestication, which may 
contributed to the cultivation of soybeans. 
 Nitrogen is an essential nutrient for plant growth, 
development, and reproduction. Soybean has a higher 
demand for N than other crops such as rice, wheat, and 
maize. Although soybean could fix most of the N from 
atmosphere, a half of the total N is also taken from the 
soil (Salvagiotti et al. 2008). To understand the role of 
GmNAC genes in soybean development, evolution, and 
the improvement of the soybean nitrogen use efficiency, 
the expression of active GmNAC genes that had 
undergone artificial selection were analyzed under low 
nitrogen supply by real time qPCR. In soybean shoots, a 
significant up-regulation was noticed in three GmNAC 
genes, such as GmNAC12.15, GmNAC13.7, and 
GmNAC17.5, while a remarkable down-regulation was 
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noticed in GmNAC11.4 (Fig. 2). Compared with the 
baseline level, a 3-fold increase was noticed in the 
expression of GmNAC12.15 and GmNAC17.5. In soybean 
root, GmNAC16.5 showed the highest transcription, 
which was consistent with the tissue specific analysis 
(Fig. 3 Suppl.), and a remarkable down-regulation was 
noticed in GmNAC08.12, while the expression of 
GmNAC12.15 was increased 2.0-fold compared with the 
baseline levels. GmNAC12.15 gene was significantly 
induced in soybean shoots and roots under low nitrogen 
stress. Expression of several NAC genes induced by 
abiotic stresses has been reported to play crucial roles in 
the regulation of tolerance to abiotic stresses. For 

instance, three Arabidopsis NAC genes (ANAC019, 
ANAC055, and ANAC072) were up-regulated at 
transcription levels after drought, salinity, and abscisic 
acid treatment, which resulted in increased tolerance to 
drought (Tran et al. 2004). With the extensive 
fertilization, N content in fields increased significantly. 
Wild plants growing in nature are considered to be 
superior than cultivated species in resistance to low 
nitrogen stress. In future, further studies are needed to 
discover whether GmNAC genes (GmNAC12.15, 
GmNAC13.7 and GmNAC17.5) contribute to 
improvement of soybean resistance to low nitrogen stress 
during soybean domestication.  

 

 
Fig. 2. Expression analysis of GmNAC genes in soybean shoots and roots under low nitrogen (LN) supply. Real time qPCR data were 
normalized using soybean ACT11 gene. X-axis shows GmNAC genes that underwent strong artificial selection during soybean 
domestication and y-axis shows relative expression (means  SDs, n = 3, * - indicates significant difference at P < 0.05 between the 
LN and control plants). 
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