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Introduction
Identifying the processes that maintain genetic diversity
within and among populations is a central goal of modern evolutionary genetics. So far, the studies on genetic
diversity have mainly focussed on neutral DNA markers,
such as mtDNA and microsatellites (Xu et al. 2010). While
these markers are very informative in molecular clocks, to
examine dispersal patterns of individuals (gene ﬂow) and
to classify them by relatedness and paternity analyses. The
variation at neutral loci cannot provide direct information on
selective processes involving the interaction of individuals
with their environment or on the capacity for future adaptive
changes (Sommer 2005). With the developments in molecular biology, researchers can directly examine selection at
genes that underlie functional traits. Therefore, adaptive nonneutral markers have become especially valuable (Koskinen
et al. 2002). One important example comes from the genes of
the major histocompatibility complex (MHC). These genes
are found in all jawed vertebrates and play a critical role
in an organism’s immune response (Karaiskou et al. 2010).
High levels of variation in MHC alleles are believed to confer the ability to recognize a wide range of antigens and
thus increase resistance to a greater number of environmental
pathogens.
Chinese alligator (Alligator sinensis) is one of the 23 critically endangered crocodile species in the world. The wild
population has been close to extinct during the past decades
due to habitat loss and illegal hunting. The investigation
indicated that the number of wild Chinese alligators has
decreased from 500 individuals in the 1980s to currently less
than 120 or 150 individuals (Thorbjarnarson et al. 2002).
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To prevent extinction of the species, Chinese government
has performed a series of efforts including ofﬁcially listing
Chinese alligators as the ﬁrst class protected animal,
and established two breeding farms in Xuanzhou (Anhui
Research Center of Chinese Alligator Reproduction (ARCCAR)) and Changxing (Zhejiang province) in the early
1980s.
Genetic variability in this relict species is obviously essential for the genetic management of the captive alligator; thus
much research on this species has been performed. For neutral DNA, there are RAPD (Wu et al. 2002), mtDNA D-loop
sequencing (Wang et al. 2003), AFLP (Wang et al. 2006) and
microsatellite (Jing et al. 2009) studies. For nonneutral markers, there are two reports based on MHC genes. Shi et al.
(2004) analysed 166 bp of the exon 2 fragments of MHC
class IIb genes in three Chinese alligators from ARCCAR,
and Liu et al. (2007) searched 260 bp of the exon 3 partial
sequences in 14 Chinese alligators. They found that there was
a higher polymorphism of MHC class IIb genes in Chinese
alligators.
To understand better the polymorphism of MHC and population structure of this species, more individuals and MHC
IIb gene intron 2 partial sequences were analysed in this
study. Our speciﬁc goals were to (i) investigate the variation
of the MHC class IIb gene; and (ii) to provide more detailed
genetic information for conservation and management strategies for this endangered population.

Materials and methods
Samples and DNA extraction

A total of 21 individuals were sampled (table 1). Sample
collection, transportation and storage are same as previously
described (Wu et al. 2002). DNA extraction followed a conventional phenol/chloroform method (Sambrook and Russel
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Table 1. Samples for MHC sequence analysis.
Population
Wild population (WP)
Captive population
in Xuanzhou (XZ)
Captive population
in Changxing (CX)

Cloning and sequencing

Source

Number

Type

Xuanzhou, Anhui

7

Blood

ARCCAR

7

Blood

Changxing, Zhejiang

7

Blood

2001), and genomic DNA dissolved with double distilled
water. The extracted DNA was examined on 1% agarose gels
stained with 10 mg/mL ethidium bromide, stored at −20◦ C
for further use.

Since MHC complex is a group of genes, one individual
may include many different MHC sequences; in order to
sequence accurately the PCR products, the PCR products
should be cloned. PCR products puriﬁed by AxyPrepTM PCR
Cleanup kit (AXYGEN Biotechnology, Hangzhou, China)
were cloned into pMD18-T vectors (Takara, Dalian, China)
and transformed into DH5a competent cells following the
manufacturer’s instruction. After incubation at 37◦ C on LB
agar–ampicillin plates overnight, at least 15 clones per individual were checked for an insert by PCR. Between 8 and 11
insert-positive clones per individual were sequenced using
the M13 forward and reverse primer (Genscript, Nanjing,
China).

PCR procedure

The MHC were ampliﬁed using the primers designed by the
sequence of Caiman crocodilus (AF256651, AF256652 and
AF277661) through Primer premier 5.0. Ampliﬁcation reactions (30 μL) containing 30 ng genome DNA, 3 μL 10×
PCR buffer, 2 μL 25 mM MgCl2 , 1 μL 25 mM dNTP (Sangon, Shanghai, China), 2 μL 10 mM primer (Genscript, Nanjing, China), 1 U Taq DNA polymerase (Sangon). PCR was
performed in a Mastercycler gradient (Eppendorf, Hamburg,
Germany). Initial denaturation of 95◦ C for 5 min was followed by 35 cycles of 94◦ C for 30 s, 47◦ C for 30 s, and
72◦ C for 1 min. A ﬁnal extension of 72◦ C for 10 min was
incorporated, followed by cooling to 4◦ C until recovery of
the samples. PCR products were visualized using UV light
and separated on a 1.5% agarose gel following staining with
10 mg/mL ethidium bromide.

Statistical analysis

After splicing with the ContigExpress software and correcting using peak Chromas, all sequences were compared
(using the algorithm BLASTn) with those available via
the NCBI database (http://www.ncbi.nlm.nih.gov) (Altschul
et al. 1997). Nucleotide multiple alignments were performed
with ClustalX (Thompson et al. 1997).
Nucleotide polymorphism and diversity were calculated
using DnaSP v5 (Librado and Rozas 2009). Analysis
of molecular variance (AMOVA) was performed using
Arlequin v3.l (Exeofﬁer et al. 2005) to assess genotypic
variations across all the populations studied. Relationships
of populations were estimated using the neighbour-joining
(NJ) method on the basis of Nei’s unbiased genetic diversity
(Tamura et al. 2007).

Figure 1. The variation index at per site numbering entropy measures the variation index at per base site. Hi = −sum [Pi ·log2
(Pi )]; Hi , 0-2; Pi , the substitution frequencies of different nucleotides per site within the allelic sequences sampled.
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Computation of DNA entropy was performed using the
program DAMBE (Xia and Xie 2001). To see how the alleles were related, we reconstructed a nucleotide phylogeny by
the NJ method with Kimura’s two-parameter model, using
MEGA v4 (Tamura et al. 2007). Bootstrap values were calculated by 1000 replicates, and branches corresponding to
partitions reproduced in less than 50% of bootstrap replicates were collapsed. Network relationship of the alleles was
estimated by TCS1.21 (Clement et al. 2000).

Results and discussion
Nucleotide and amino acid variation

An average of 10 clones per individual were sequenced, the
same sequence which obtained from at least two clones or
had different length in the same individual would be accepted
in the subsequent data analysis. This strategy should allow
for the removal of potential artiﬁcial polymorphisms because
of the use of Taq DNA polymerase by which misincorporation could occasionally occur. By sequencing, sequences of
three length types were obtained in Chinese alligators. Similar search of the sequences using the NCBI database showed
86%–94% similarity with Caiman crocodilus.
In total, 206 clones from 21 Chinese alligators were
sequenced. The sequencing results of 191 clones were the
target fragments. We obtained 20 sequences in seven individuals from wild population (WP), 15 in seven individuals from
captive population in Xuanzhou (XZ), 18 in seven individuals from captive population in Changxing (CX): thus, there
were 53 sequences for subsequent research. For simplicity,
different sequences are tentatively referred to as alleles even
though they may be from different loci (Miller and Lambert 2004). In 53 sequences, we indentiﬁed 43 alleles from
21 individuals. These 43 sequences have been deposited in
GenBank (accession nos. JQ048623–JQ048665).
According to the intron–exon boundary GT–AG rules, and
by aligning with the sequence of C. crocodilus (AF256651,
AF256652 and AF277661), 37 alleles were identiﬁed and
three length types in intron 2 partial sequences, namely
596 bp, 611 bp, 626 bp, suggesting that Chinese alligator has
at least three class IIb loci (Kiemnec-Tyburczy et al. 2010).
In previous studies, 38 variable sites among 10 nucleotide
sequences and 23 variable sites among amino acid sequences

Figure 2. The cluster of three populations in Chinese alligator.

were detected in MHC IIb gene exon 2 partial sequences,
which were 166-bp long (except one 160 bp) (Shi et al.
2004); 34 sequence haplotypes of exon 3 were detected
in the sampled Chinese alligators, and 83 polymorphic
(variable) sites were found within MHC IIb gene exon 3 partial sequences (260 bp) (Liu et al. 2007). About the genetic
diversity of Chinese alligator, the relatively good molecular
marker, is mtDNA control region and microsatellites. Huang
and Wang (2004) ampliﬁed 5 end of control region, they
distinguished 10 haplotypes from the obtained sequences.
Studies based on microsatellite markers (Jing et al. 2009)
revealed a limited allelic polymorphism (2–7 alleles per
locus) in the Chinese alligator.
In this study, 183 polymorphic (gaps were included) sites
in 634 sites were obtained. Relatively good genetic diversity was seen, suggesting that the research based on MHC
IIb gene intron 2 was more powerful method for genetic
diversity of Chinese alligator. The variation index at per site
numbering are given (ﬁgure 1), this analysis computed an
entropy-based measure of variability over sites and plotted
the variability along the sequences. Nucleotide diversity in
WP was higher than that in two captive populations; in two
captive populations, nucleotide diversity in XZ was higher
than that of CX. About haplotype diversity, WP was highest,
followed by CX and XZ (table 2).
Population structure

The genetic distances between the WP and the two
captive populations were higher than that between the two
captive populations. The NJ tree (ﬁgure 2) revealed that populations XZ and CX were genetically closely related, while
population WP was the most distant from the others.
The difference among three populations was not signiﬁcant (P > 0.05) in AMOVA. The degree of differentiation
within a population accounted for 97.10% of variation,
while only 2.90% of the variation was among populations
(table 3), suggesting that the genetic differences mainly

Table 2. Analysis of genetic diversity of different populations.

Population
XZ
WP
CX
Total

Number of
specimens

Average number of
nucleotide differences
(k)

Haplotype
diversity
(Hd )

Nucleotide
diversity
(π )

Number of
haplotypes
(h)

7
7
7
21

36.162
37.811
29.438
33.845

0.9905
0.9789
0.9869
0.9746

0.06007
0.06281
0.04890
0.05622

14
17
16
37
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Table 3. Hierarchical analysis of molecular variance (AMOVA) within/among populations.
Source of
variation
Among populations
Within populations
Total

Degrees of
freedom (d.f.)

Sum of
squares

Variance
component

Percentage of
variation

2
50
52

19.498
964.882
984.381

0.54416 Va
18.20933 Vb
18.75349

2.90
97.10

Figure 3. Network relationship estimated by TCS 1.21.

Fixation
index (FST )

P value

0.02902

0.80743 ± 0.01221

Figure 4. NJ phylogeny of all alleles. A neighbour-joining phylogeny based on genetic distance of the Kimura two-parameter
model and bootstrap resampling 1000 times. The tree also includes
three alleles from Caiman crocodilus (AF256651, AF256652
and AF277661) (bootstrap values >50% are indicated above the
branches).
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occurred within populations. Population ﬁxation index (FST )
represents the genetic differentiation among populations; the
larger the FST values, the higher the degree of differentiation
among populations (López-Fanjul et al. 2007). In this study,
the result indicated a lack of isolation among three populations and there were no differentiation, the same as found by
Wu et al. (2002) and Liu et al. (2007).
Usually, gene ﬂow values (Nm) less than 1 indicate a limited group of gene ﬂow, Nm values higher than 1 may represent large levels of gene ﬂow and genetic exchange now or in
the past. In this study, Nm based on intron 2 partial sequence
was 13.31, suggesting that intergroup gene ﬂow may have
occurred.
Alleles phylogenetic analysis

Evolution of MHC genes in Chinese alligator is still poorly
understood, Shi et al. (2004) and Liu et al. (2007) had conducted a preliminary study on MHC IIb genes. Their study
was based on partial sequences of exons.
Two-component system (TCS) network are constructed
from entire sequences. Three parts are shown in the network
relationship diagram (ﬁgure 3), as exactly corresponded to
the three length types. In the nucleotide phylogenetic NJ tree
(ﬁgure 4), the 596 bp and 626 bp alleles groups were separated from 611 bp alleles group. We also found trans-species
polymorphism within the exon 3 regions, three alleles of
C. crocodilus were scattered in the alleles of Chinese alligator, suggesting that exon 3 had high variation in or between
species. We think the same study can be carried out in other
endangered animals.
Suggestion for conservation

In this study, altogether three types of MHC sequences were
found in all the individuals, however, only one or two types
of different sequences could be obtained in one individual. In addition, the sequences from the same and individual were mostly same and the sequences from the different individual were mostly different. This result showed that
there was large difference between individuals but little difference within individuals. To increase the genetic diversity
of Chinese alligator, we should increase the number of the
individual, especially wild individuals.
So we suggest that exchange between the two captive populations (XZ and CX) would be an important step to increase
the level of genetic diversity in both populations. Secondly,
the reintroduction of breeding population will be an important part of protecting Chinese alligator. To increase the
number of individuals of wild populations and genetic polymorphisms, we can let some individuals with relatively
high diversity reintroduced into the wild. Lastly, the results
showed the wild population provided major valuable information for population rejuvenation, so it should be strictly
protected; at the same time, we must strengthen the education
about alligator conservation.
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