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In this study, 11 novel NAM alleles were cloned from five species of Aegilops section sitopsis. These 
nucleotide sequences ranged from 1,540 to 1,555 bp with 3 exons and 2 introns. Their coding proteins 
contained both N-terminal nitrogen assimilation control (NAC) domain with 5 sub-domains and 
C-terminal transcriptional activation region (TAR). They have high identities and the closest homology 
with the NAM gene from Triticum dicoccoides Körn. and T. timopheevii Zhuk. indicating these NAM 
alleles of A. sect. sitopsis species probably having similar function to the NAM-B1 gene which control 
high grain protein content (GPC) in T. dicoccoides. Among these 11 alleles, there were 185 variation sites 
including 143 single nucleotide polymorphism sites (SNPs) and 42 insertion/deletion sites (InDels), 
despite high identity. Majority of SNPs occurred in coding domain with more non-synonymous 
mutations, resulting in 53 variation amino acids. These suggested NAM alleles in A. sect. sitopsis 
species having abundant polymorphism, which mainly existed in the TAR.  
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INTRODUCTION  
 
The genus Aegilops is one of greatly important resources 
to genetic improvement of cultivated wheat because of 
being involved in the evolution of polyploid wheats; of 
which, the species Aegilop tauschii Coss. (2n = 2x = 14, 
DD) provides the D genome in Triticum aestivum L. (2n = 
6x = 42, AABBDD) (McFadden and Sears, 1946; 
Lafiandra et al., 1992) and the species A. speltoides 
Tausch. (2n = 2x = 14, SS) is widely considered as the 
donor of B and G genomes of Triticum (Shands and 
Kimber, 1973;  Kimber, 1974; Kilian et al., 2007; Salse et 
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Abbreviations: GPC, Grain protein content; InDels, 
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al., 2008; Wang et al., 2011) despite having been in 
controversy (Huang et al., 2002; Liu et al., 2003; Petersen 
et al., 2006). A. speltoides with the four species A. 
longissima Schweinf. and Muschl., A. sharonensis Eig., A. 
bicornis (Forssk.) Jaub. and Sp, and A. searsii Feld. and 
Kis belongs to A. section sitopsis, possessing the genome 
S (Van Slageren, 1994).  

The gene NAM, is a member of the nitrogen 
assimilation control (NAC) family as plant-specific trans- 
criptional regulator, which was originally characterized 
from consensus sequences from petunia NAM and from 
Arabidopsis ATAF1, ATAF2, and CUC2 (Clark et al., 1996; 
Waters et al., 2009). Genes with the NAC domain (NAC 
family genes) are expressed in various developmental 
stages and tissues, and play many important roles in plant 
development regulation, as well as adaptation of abiotic 
and biotic stresses (Olsen et al., 2005; Guo and Gan, 
2006; Uauy et al., 2006; Mitsuda et al., 2007; Zhong et al., 
2007). The ancestral NAM-B1 gene was firstly located in a 
quantitative  trait  locus  (QTL) for grain protein content  
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Table 1. Plant materials used in this study. 
 

Species  Genome Accession GenBank No. 

Aegilops sharonensis S
sh

 CIae32 JQ085412 

Aegilops bicornis S
b
 

CIae47 JQ085413 

CIae70 JQ085414 
    

Aegilops speltoides S 

PI330488 JQ085415 

PI560529 JQ085416 

PI542274 JQ085417 
    

Aegilops searsii S
s
 

AS2630 JQ085418 

PI599121 JQ085419 

PI599130 JQ085420 
    

Aegilops longissima S
l
 

PI604106 JQ085421 

PI604109 JQ085422 
 

 
 

(GPC) (Joppa et al., 1997), and found in tetraploid wheats 
T. dicoccoides Körn. and T. dicoccum Schrank, with 
genome AABB (Uauy et al., 2006). However, the NAM-B1 
gene in cultivated durum varieties (T. durum Desf., AABB) 
and hexaploid bread wheat (T. aestivum) was 
non-functional, attributed to a frame-shift mutation 
resulted from 1 bp insertion within it (Uauy et al., 2006; 
Dubcovsky and Dovrak, 2007). It has been proved that 
the transgenic cultivated wheat Langdon (T. durum) with 
the NAM-B1 gene from T. dicoccoides expressed high 
GPC (Uauy et al., 2006). So, this gene is much interest to 
modern-day breeders because it was considered as a 
domestication gene affecting GPC in wheat (Dubcovsky 
and Dovrak, 2007).  

It is highly worthwhile to explore further the NAM gene 
resources. The objectives of this study were to isolate 
NAM alleles from A. sect. sitopsis species, and to analyze 
their sequence characteristics and relationships with the 
known NAM alleles from tetraploid wheats, for prelimi- 
narily investigating the potential value in quality improve- 
ment of cultivated wheat and polymorphism of these NAM 
genes.  
 

 
MATERIALS AND METHODS  
 
Plant materials 
 

In this study, 11 accessions of A. sect. sitopsis, including the five 
species A. speltoides, A. bicornis, A. longissima, A. searsii, and A. 
sharonensis were used (Table 1), of which, the accession AS2630 
was from Triticeae Research Institute, Sichuan Agricultural 
University, China, and the others were kindly provided by American 
National Plant Germplasm System (Pullmam, Washington, USA).  

 
 
DNA extraction, amplification and sequence analysis of NAM 
gene  

 

Genomic DNA was extracted from young leaves by CTAB method 
(Yan et al., 2002). To obtain  the  complete nucleotide sequence of 

NAM gene, a set of primers (P1: AGATCTGATGAGGTCCATGGG 
and P2: ATGCCCGTATGTGGTGTTCATAT) was designed, flanking 
the coding regions (Figure 1). Polymerase chain reaction (PCR) 
amplification was performed with Mastercycler proS (eppendorf) in 
50 μl volume which consisted of 150 ng of genomic DNA, 0.2 mM of 
dNTPs, 0.5 μM of each primers, 0.2 mM Mg

2+
, 5 μl 5× ExTaq buffer 

and 1.5 U of ExTaq DNA polymerase with high fidelity (TaKaRa, 
Dalian, China). The cycling parameters were 95ºC for 5 min to 

pre-denature, followed by 35 cycles of 95ºC for 50 s, 65ºC for 60 s 
and 72ºC for 2 min, with a final extension at 72ºC for 7 min. The 
desired PCR products were recovered from gels and ligated into 
pMD19-T vector (TaKaRa, Dalian, China) according to the 
manufacture’s instruction. The cloned PCR products were 
sequenced in both directions by a commercial company (BGI, 
Shenzhen, China). All sequences were derived from at least five 
independent clones to exclude sequencing errors.  
 
 
Data analysis 
 

Sequence multiple alignments were carried out with the software 
DNAMAN version 6.0.3.48. Polymorphism sites were analyzed with 
DnaSP 5.10.01. Phylogenetic tree based on complete nucleotide 
sequence of NAM gene was constructed using MEGA 5.05 program 
by the neighbor joining method (NJ). The bootstrap values were 

estimated based on 1000 replications.  
 
 

RESULTS AND DISCUSSION  
 

Molecular characterization and comparison analysis 
 

Using the primers P1 and P2, one desired DNA band was 
detected in genomic amplifications from each accession 
of A. sect. sitopsis, and 11 sequences were obtained with 
the GenBank No. JQ085412-JQ085422 (Table 1). Their 
full lengths were ranged from 1,540 to 1,555 bp, with 3 
exons and 2 introns (Figure 2), similar to the results in 
Triticum and Hordeum (Uauy et al., 2006; Jamar et al., 
2010). They had high identities and the closest homology 
with NAM-B1 gene from T. dicoccoides (Uauy et al., 2006) 
and NAM-G1 gene (HQ843865-HQ843876) from T. 
timopheevii  Zhuk.  (GenBank, www.ncbi.nlm.nih.gov)    
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Figure 1. Schematic structure of NAM gene. A set of primer P1 and P2 was located in its 

flanking regions.  
 
 
 

 
 
Figure 2. Sequence variations of the 11 NAM alleles from Aegilops sect. sitopsis species. 

Dashed (-) and Dots (.), respectively indicate identical and deletion nucleotides. The 
corresponding three exon and two intron domains are indicated.  



 

 
 
 
 
 (Figure 4).  

Despite high identity (96.28%), many differences 
existed among the 11 nucleotide sequences. Among them, 
there were 185 variation sites containing 143 single 
nucleotide polymorphism sites (SNPs). Of which, 79 were 
transition of C-T for 42 and A-G for 37, including 65 in the 
exons and 14 in the introns. And, 59 were transversions of 
G-C for 23, A-C for 17, A-T for 11 and G-T for 8, including 
43 in the exons and only 16 in the introns. In addition, 
there were 5 triallelic SNPs involving the two sites 269, 
271 in intron I, and the three 1174, 1415 and 1426 in exon 
III, which were with both transition and transversion 
including G/C/T for 3, C/T/A and G/T/A for 1, respectively 
(Figure 2, Table 2). 111 SNPs occurred in coding 
sequences including 21 in exon I, 18 in exon II and 72 in 
exon III, and 32 in non-coding sequences including 25 in 
intron I and 7 in intron II. These results showed that the 
coding domain had higher proportion of SNPs than the 
non-coding region in the NAM gene of S. sect. sitopsis 
species, which was in agreement with the results by 
Jamar et al. (2010).  

There were 42 insertion/deletion sites (InDels) among 
the 11 allelic sequences, of which, some were charac- 
teristic of certain species. For example, the insertions at 
positions 61 to 63, 277 to 279 and 1396 to 1398, as well 
as the deletions at positions 842 to 845, 915 to 917 and 
1507 to 1512 were only presented in A. speltoides and the 
insertions at positions 277 to 279 and 821 to 822 were 
only in A. searsii. The other InDels sites were discovered 
in two or more species (Figure 2). These indicated that 
NAM gene of A. sect. sitopsis species possessed 
abundance polymorphism in comparison with that of 
Hordeum (Jamar et al., 2010; Madhavan, 2011).  
 
 

Deduced amino acid analysis  
 

The amino acid sequences deduced from these 11 NAM 
alleles of A. sect. sitopsis shared the typical structural 
characteristics of NAC protein (Aida et al., 1997; Ooka et 
al., 2003). They had both the N-terminal NAC domain 
containing A, B, C, D and E sub-domains, and the 
C-terminal TAR, which was similar to the structure of 
group I of NAC genes (Ooka et al., 2003).  

Comparing these protein sequences with their coding 
nucleotide sequences, we found that non-synonymous 
mutations were more than synonymous mutations in 
coding region, which were derived from 61 and 50 SNPs, 
respectively. The 21 InDels at the positions 61 to 63, 763 
to 771, 1396 to 1398 and 1507 to 1512 resulted in 7 
amino acid InDels. And, 53 sites of amino acid variation 
were detected in the 11 protein sequences, of which, 
more variations existed in the C-terminal TAR with 31, 
than those in the N-terminal NAC domain (Figure 3), 
according to the characteristics of NAC protein (Ren et al., 
2000; Xie et al., 2000; Duval et al., 2002; Ernst et al., 
2004). The highly divergent TAR was considered as 
affecting function of NAC protein (Ooka et al., 2003; Olsen 
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et al., 2005).  

It has been proved that the functional NAM gene was 
correlated to high GPC (Uauy et al., 2006; Jamar et al., 
2010), since the QTL of GPC was found to co-map with it 
in wheat and barley (Joppa et al., 1997; Distelfeld and 
Fahima, 2007; Distelfeld et al., 2008). Recent researches 
discovered that polymorphism among functional NAM 
alleles seems also to affect the protein content (Jamar et 
al., 2010; Madhavan, 2011). As a result, the variations in 
TAR might result in certain differences of GPC among the 
11 accessions of A. sect. stopsis, which needs to be 
further studied.  

Of the 22 variation sites in the N-terminal NAC domain, 
18 occurred in the outer of the 5 sub-domains, only 4 in 
the three sub-domains A, B and D, while none was in the 
two sub-domains C and E (Figure 3). The NAC domain 
was associated with DNA-binding ability (Ooka et al., 
2003; Olsen et al., 2005), and the three sub-domains B, C 
and E were responsible for maintaining the correct 
structure of NAC domain in dimerization or DNA attach- 
ment (Duval et al., 2002; Xue et al., 2006). It was obvious 
that the N-terminal NAC domain of the present NAM gene 
of A. sect. sitopsis species was highly conserved, 
especially the C and E sub-domains. This suggested that 
NAM alleles from A. sect. sitopsis species might correctly 
express their functions.  
 

 

Phylogenetic analysis 
 

In this study, the NAM-H1 gene (EU368851) from 
Hordeum vulgare ssp. vulgare (Lewis) (Distelfeld et al., 
2008) was used as out group, and a phylogenetic tree 
was constructed based on the complete nucleotide 
sequences from these 11 cloned NAM alleles of A. sect. 
sitopsis species, 2 NAM-B1 alleles (DQ871219, 
DQ869673) from T. dicoccoides (Uauy et al., 2006), and 
12 NAM-G1 alleles (HQ843865-HQ843876) from T. 
timopheevii (Figure 4). The result showed that the NAM 
alleles from tetraploid wheats of both T. dicoccoides and T. 
timopheevii were more closely related to those from A. 
speltoides, than those from A. sharonensis, A. searsii, A. 
bicornis and A. longissima in A. sect. sitopsis, showing the 
closer relationships among the B, G and S genomes 
(Kilian et al., 2007; Wang et al., 2011). This further 
supported the results that the B and G genomes could be 
related to A. speltoides but not to other species in A. sect. 
sitopsis (Shands and Kimber, 1973; Kimber, 1974; Salina 
et al., 2006; Kilian et al., 2007; Salse et al., 2008; Wang et 
al., 2011). These implied that the novel NAM alleles in A. 
sect. sitopsis species might have similar function to the 
NAM-B1 gene affecting GPC in T. dicoccoides (Uauy et al., 
2006).  
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Figure 3. Comparison of the deduced amino acid sequences from the 11 NAM alleles from Aegilops sect. sitopsis 

species. Dashed (-) and Dots (.) respectively indicate identical and deletion amino acid residues. The NAC domain, 
transcriptional activation region (TAR), and the five sub-domains A, B, C, D and E are, respectively indicated with 

arrows and rectangle frames.  
 
 
 

 
 
Figure 4. Phylogenetic relationship among 26 NAM alleles from Aegilops sect. 

sitopsis species, tetraploid wheats T. dicoccoides and T. timopheevii, and 
Hordeum vulgare ssp. vulgare.  
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Table 2. Single nucleotide polymorphism sites (SNPs) among 11 new NAM alleles from Aegilops sect. sitopsis species. 
  

Domains 

SNPs 

No. 
Transitions  Transversions  Transitions/Transversions 

T-C A-G  G-C A-C G-T A-T  G/T/C C/T/A G/T/A 

Exon I 21 8 3  4 2 3 1  0 0 0 

Exon II 18 6 6  4 2 0 0  0 0 0 

Exon III 72 20 22  9 10 3 5  1 1 1 

Exons 111 34 31  17 14 6 6  3 

Intron I 25 6 4  5 3 2 3  2 0 0 

Intron II 7 2 2  1 0 0 2  0 0 0 

Introns 32 8 6  6 3 2 5  2 
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