
Introduction

In the past, it was supposed that hormone-sensitive

lipase (HSL) was the only lipase for triglyceride

hydrolysis. The loss of obese phenotype in

HSL-knockout mice suggested that another lipase

existed, which seemed to substitute for HSL

(Wang et al. 2001; Okazaki et al. 2002). This was

confirmed soon by the discovery of the adipose

triglyceride lipase (ATGL) gene in the mouse and

humans (Zimmermann et al. 2004). The ATGL

gene is the second member of patatin-like

phospholipases (PNPLAs) gene family, and is

therefore termed as PNPLA2 (Saarela et al. 2008;

Kienesberger et al. 2009). With the conservative

structure of lipase, i.e., the “GXSXG”

(“Gly-X-Ser-X-Gly”) motif and a/b hydrolase

folds, ATGL is a key enzyme that catalyses the ini-

tial step of triglyceride degradation, as proved in

mammals (Zimmermann et al. 2004; Jenkins et al.

2004; Villena et al. 2004).
Until now, the ATGL gene was identified and

characterized in a variety of mammals. The en-
coded ATGL peptide is composed of 486 amino
acids (aa) in the mouse and pig, but 506 aa in hu-
mans (Zimmermann et al. 2004; Deiuliis et al.
2008; Shan et al. 2008). Located on chromosome
11p15.5, the pig ATGL gene is expressed predomi-
nantly in fat and muscle tissue, like its homologues
in other mammals (Chen et al. 2006; Deiuliis et al.
2008). Now the ATGL gene cDNA of the rat, dog,
sheep, goose and Russian dwarf hamster is also
available in the NCBI nucleotide database.

The cDNA of the ATGL gene has recently been

cloned and sequenced in some avian species, in-
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cluding the chicken, turkey, and quail. The

chicken ATGL gene encodes a peptide of 483 aa,

and is expressed predominantly in adipose tissue,

including subcutaneous and abdominal fat

(Saarela et al. 2008; Lee et al. 2009; Nie et al.

2009). As the activation gene for ATGL, the com-

parative gene identification 58" (CGI-58, also

known as ABHD5) also is expressed predomi-

nantly in chicken adipose tissue, and then muscle

tissue (Lass et al. 2006; Saarela et al. 2008). As far

as the chicken, turkey and quail are considered, the

avian ATGL proteins have 2 conserved domains:

the patatin domain and hydrophobic domain (Lee

et al. 2009). Located on GGA5, the chicken ATGL

gene spans over 30 kb and contains 9 exons and

8 introns (Nie et al. 2009).

The variations in the chicken ATGL gene, as a

key gene for fat deposition, could be genetic mark-

ers for growth and fat traits. Even though a total of

15 single-nucleotide polymorphisms (SNPs) were

found in cDNA of the chicken ATGL gene (Nie

et al. 2009), their genetic effects remained un-

known. In this study, some reported SNPs were

genotyped in an F2 population to investigate the

genetic effects of these SNPs on chicken growth

and fat traits.

Materials and methods

Chicken populations

An F2 population, resulting from a cross of White

Recessive Rock (WRR) and Chinese Xinghua

(CX), was used for marker trait association analy-

ses. As described by Lei et al. (2005), the cross of

9 WRR cocks and 9 CX hens and their reciprocal

cross of 6 WRR hens and 6 CX cocks produced 17

F1 families and 454 F2 individuals. All chickens

were raised in floor pens and fed with commercial

corn-soybean-based diet. They birds were slaugh-

tered at 90 days of age to test a number of fat traits.
A total of 13 growth traits and 21 fat traits were

used for association analyses in this study. The
growth traits included: hatch weight (HW) and
body weight (BW) on days 7, 14, 21, 28, 35, 42,
49, 56, 63, 70, 77 and 84 (BW7, BW14, BW21,
BW28, BW35, BW42, BW49, BW56, BW63,
BW70, BW77, BW84, respectively). The fat traits
included subcutaneous fat thickness (SFT),
cingulated fat width (CFW), abdominal fat pad
weight (AFW), abdominal fat rate (AFR), leg
muscle colour (LMC), breast muscle colour
(BMC), shear force of leg muscle (SFLM), shear
force of breast muscle (SFBM), pH value of leg

muscle (LMPH), pH value of breast muscle
(BMPH), leg muscle conductivity (LMCD), breast
muscle conductivity (BMCD), water loss rate of
muscle (WLRM), cross-sectional fibre area of leg
muscle (CFLM), cross-sectional fibre area of
breast muscle (CFBM), dry matter content of leg
muscle (DCLM), dry matter content of breast
muscle (DCBM), crude protein content of leg
muscle (CPLM), crude protein content of breast
muscle (CPBM), crude fat (ether extract) content
of leg muscle (EELM), and crude fat (ether ex-
tract) content of breast muscle (EEBM).

SFT was measured in the back near the tail,
while CFW between the leg and breast muscles.
SFT and CFW were both measured with a vernier
caliper after dressing. AFR was calculated as
AFW divided by carcass weight. LMC and BMC
were measured with an Opto-Star muscle colour
analyser (Matthaus SFK, Germany), SFLM and
SFBM with “C-LM3” Digital Display Apparatus
of the Meat Tenderness (Haerbing, China), LMPH
and BMPH with a pH-Star muscle pH analyser
(Matthaus SFK, Germany), while LMCD and
BMCD with an LF-Star muscle conductivity
analyser (Matthaus SFK, Germany). WLRM was
measured by using filter paper. CFLM and CFBM
were measured by preparation of muscle with a
microtome. DCLM, DCBM, CPLM, CPBM,
EELM and EEBM were measured according to
authorization granted by the Chinese Ministry of
Agriculture. The phenotypic mean and standard
deviation for each trait are shown in Table 1.

SNP and primers

Among the 15 SNPs in the open reading frame of

the chicken ATGL gene, as reported by Nie et al.

(2009), 3 SNPs located in exon 4 (c.523G>A or

G575A; c.531G>A or G582A; c.690G>A or

G741A), 3 in exon 6 (c.782G>A or G833A;

c.785C>T or C836T; c.903C>T or C954T) and 3

in exon 8 (c.1069T>C or T1120C; c.1102A>C or

A1153C; c.1164G>A or G1215A) were chosen

for genotyping in this study (Figure 1)

(http://www.hgvs.org/mutnomen/examplesDNA.

html). Exons 1–9 of the gene are 238, 233, 66, 210,

61, 174, 133, 123 and 290 bp long, respectively

(Nie et al. 2009). The accurate size of intron 1 is

not clear due to gaps. Among 9 SNPs at exons 4, 6,

and 8, as reported by Nie et al. (2009), only 5 SNPs

were confirmed to be polymorphic in the F2 popu-

lation: c.531G>A, c.782G>A, c.903C>T,

c.1120T>C and c.1164G>A. Three SNPs of

c.523G>A (p.R175Q), c.782G>A (p.S261N) and

c.785C>T (p.P262L) are missense mutations, and

the rest are all synonymous (Nie et al. 2009).
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Three primer pairs (P021F and P021R, P022F
and P022R, as well as P023F and P023R) were de-
signed to amplify the complete fragments of exons
4, 6 and 8, respectively (Figure 1, Table 2). All the
primers were designed with GeneTool Lite soft-
ware (http://www.BioTools.com/) and then syn-
thesized by Biosune Co. Ltd (Shanghai, China) as
a commercial service.

Genotyping by PCR and sequencing

PCR was performed in 25 µL of a mixture contain-

ing about 50 ng of chicken genomic DNA, 1 ×

PCR buffer, 12.5 pmol of each primer, 100 µM of

each dNTP, 1.5 mM Mg2+, and 1.0 units of Taq

DNA polymerase (Sangon Biological Engineering

Technology Company, Shanghai, China). The

PCR conditions were: initial melting at 94°C for 3

min, followed by 35 cycles of 94°C for 30 s, 62°C

for 45 s, 72°C for 1 min, and a final extension at

72°C for 5 min in a Mastercycler gradient

(Eppendorf Limited, Hamburg, Germany).

PCR products of each F2 individual were sent

to a commercial sequencing company (Biosune,

Shanghai, China) for purification and sequencing

with both forward and reverse primers. The re-

turned sequencing profiles were analysed with

SeqMan procedure of DNAStar soft package

(http://www.dnastar.com), to determine geno-

types for each SNP.

Statistical analyses of haplotypes

Genotypes and the pedigree of the F2 population
were used to infer the haplotypes among 5 poly-
morphic SNPs (c.531G>A, c.782G>A, c.903C>T,
c.1069T>C and c.1164G>A) by PHASE2.1 soft-
ware (http://en.wikipedia.org/wiki/Phase).
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Table 1. Phenotypic mean and standard deviation of 34 growth and fat traits in the F2 population

Trait Mean Standard deviation Trait Mean Standard deviation

HW (g) 29.92 2.7 LMC 63.93 8.89

BW7 (g) 59.15 8.45 BMC 54.20 10.03

BW14 (g) 123.51 18.72 SFLM 72.44 39.00

BW21 (g) 210.93 33.33 SFBM 32.53 10.19

BW28 (g) 311.32 50.02 LMPH 6.14 0.58

BW35 (g) 436.38 76.99 BMPH 6.14 0.85

BW42 (g) 572.21 107.45 LMCD 2.06 0.99

BW49 (g) 706.61 136.10 BMCD 6.38 3.35

BW56 (g) 858.84 158.84 WLRM 19.57 8.39

BW63 (g) 1020.08 191.58 CFLM (µm2) 19176.74 3964.02

BW70 (g) 1130.30 217.67 CFBM (µm2) 21010.23 4060.92

BW77 (g) 1320.65 253.91 DCLM (%) 25.49 1.01

BW84 (g) 1481.05 299.40 DCBM (%) 26.12 0.86

SFT (mm) 4.04 1.47 CPLM (%) 20.62 0.71

CFW (mm) 11.86 3.55 CPBM (%) 24.83 0.83

AFW (g) 26.68 17.17 EELM (%) 4.30 1.02

AFR (%) 1.78 1.13 EEBM (%) 1.00 0.36

HW = hatch weight; BW7, BW14, BW21, BW28, BW35, BW42, BW49, BW56, BW63, BW70, BW77, BW84, indicate body weights (BW)

on days 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, and 84 of age, respectively; SFT = subcutaneous fat thickness; CFW = cingulated fat width;

AFW = abdominal fat pad weight; AFR = abdominal fat rate; LMC = leg muscle colour; BMC = breast muscle colour; SFLM = shear force of

leg muscle; SFBM = shear force of breast muscle; LMPH = pH value of leg muscle; BMPH = pH value of breast muscle; LMCD = leg muscle

conductivity; BMCD = breast muscle conductivity; WLRM = water loss rate of muscle; CFLM = cross-sectional fibre area of leg muscle;

CFBM = cross-sectional fibre area of breast muscle; DCLM = dry matter content of leg muscle; DCBM = dry matter content of breast muscle;

CPLM = crude protein content of leg muscle; CPBM = crude protein content of breast muscle; EELM = crude fat (ether extract) content of leg

muscle; EEBM = crude fat (ether extract) content of breast muscle.

Figure 1. Distribution of SNPs used for genotyping analyses. I to IX = exons 1 to 9 of the chicken ATGL gene



Marker-trait association analyses

Marker-trait association analyses were performed

with the SAS GLM procedure (SAS Institute,

1996) and the genetic effects were analysed using

the following mixed model:

Y = µ + G + D + H + S + e,
where Y is a trait observation, µ is the overall pop-
ulation mean, G is the fixed effect of genotype for
each SNP or diplotype for all SNPs; D is the ran-
dom effect of dam; H is the fixed effect of hatch; S
is the fixed effect of sex (male or female); and e is
the residual random error. Multiple comparisons
were analysed with least squares means. Values

were considered significant at P � 0.05 and are
presented as least squares means ±standard error
means (Lei et al. 2005).

Growth curves

Growth curves of 3 genotypes were predicted with

the Gompertz growth curve model:

Y = A × exp (–B × exp (–K × t)),

where Y is prediction of the weight (in g) at age t;

A is asymptotic final weight (in g); B is integration

constant, related to hatch weight; K is the function

of the ratio of maximum growth rate to mature

size; and t is time (age).

Results

Genotypes and haplotypes

Among the 9 SNPs chosen for genotyping analy-

ses, only 5 were confirmed for polymorphisms in

the F2 population: c.531G>A (p.E177Syn),

c.782G>A (p.S261N), c.903C>T (p.F301Syn),

c.1069T>C (p.L357Syn), and c.1164G>A

(p.K388Syn). For each of these 5 SNPs, 3 geno-

types were easily determined by using sequencing

profiles (Figure 2).

There were 11 haplotypes present in 349 F2 in-

dividuals without missing data at each of 5 poly-

morphic SNPs (c.531G>A, c.782G>A, c.903C>T,

c.1069C>T, and c.1164G>A). Among these

haplotypes, H1 (336 or 48.14%) and H2 (118 or

16.9%) were predominant, while H3-H8 were mi-

nor (1.72–9.60%), and H9 to H11 were rare

(0.29–0.58%; Table 3).

Associations of single SNPs with chicken growth

and fat traits

Association analyses between single SNPs and the

traits showed that c.531G>A (p.E177Syn) was not

associated with any of the studied traits (P > 0.05).

The missense SNP of c.782G>A (p.S261N) was

associated with BW14, BW21, BW35, BW63,

BW70, BW77, cingulated fat width (CFW) and

abdominal fat pad weight (AFW) (P < 0.05), and it

was also significantly associated with BW42,

BW49, and BW56 (P < 0.01) (Table 4). As far as

3 genotypes were concerned, individuals with the

AG genotype had the highest value for all traits,

while the GG genotype was advantageous for

body weight gain and fat deposition, as compared

with the AA genotype (Figure 3; Table 4).

In addition, c.903C>T (p.F301Syn) was asso-

ciated with BW49, BW77, and CPBM (P < 0.05),

whereas c.1069T>C (p.L357Syn) was associated

with BMC (P < 0.05), and significantly associated

with crude fat (ether extract) content of breast

muscle (EEBM) (P < 0.01). Another synonymous

c.1164G>A (p.K388Syn) was associated only

with BW7 (P = 0.0437).

Discussion

Association analyses of single SNPs and of a
haplotype block both proved the great effects of
c.782G>A (p.S261N) on chicken growth and fat
traits. In humans the ATGL gene polymorphisms
are related to free fatty acid concentration, risk of
type 2 diabetes, glucose level, as well as neutral
lipid storage disease with myopathy (Schoenborn
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Table 2. Detailed information on primer pairs used in this study

Primer Site of GGA5 (–)1
Nucleotides (5'�3') Size (bp) Ta(

oC)

P021F 16843179–16843199 cgtcactgcttccaactctcc 441 58

P021R 16842759–16842779 gtgcctgcaatcttcttctcc

P022F 16841184–16841204 agcagtcggttttcttacacg 525 58

P022R 16840680–16840700 gtgcagaagggtcaaatgagg

P023F 16839701–16839721 atgaatggcagtgtaagtga 387 58

P023R 16839335–16839355 aggaagagggaagtagaccac
1based on the chicken genome, released in May 2006, using chicken BLAT search (http://ge-

nome.ucsc.edu/cgi-bin/hgBlat); Ta = annealing temperature



et al. 2006; Fischer et al. 2007). However, the as-
sociation of ATGL gene polymorphisms with pro-
duction traits remained unclear in animals. In this
study, this missense SNP was significantly associ-
ated with most of the growth traits (BW14, BW21,
BW35, BW42, BW49, BW56, BW63, BW70,
BW77) and some fat traits (CFW and AFW), and
its haplotype block (c.531G>A and c.782G>A)
was significantly associated with BW56, BW70,
BW77. The bias of association analyses could be
produced by genotyping errors, improper model,
and small sample size (Lettre et al. 2007; Ahn et al.
2009; Nemes et al. 2009). In this study, genotyp-
ing was performed by direct sequencing with 2 re-
actions, which was more accurate than other
methods, like PCR-RFLP and SSCP. The F2 popu-
lation used in this study included about 500 indi-
viduals (Table 4), and the model was appropriate
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Figure 2. Genotyping profiles of c.531G>A, c.782G>A, c.903C>T, c.1120T>C and c.1164G>A of the chicken ATGL

gene, detected by sequencing analyses. The boxed nucleotides refer to the variation sites for each SNP. The bold capital

letters in the right upper corner are the determined genotypes for each SNP, based on sequencing profiles. R =

heterozygote of A/G; Y = heterozygote of C/T.

Table 3. Haplotypes reconstructed using 5 SNPs of the

chicken ATGL gene

Haplotype Constitution1 N Frequency

H1 GACCA 336 0.4814

H2 GGTCA 118 0.1691

H3 GGCTA 67 0.0960

H4 AACCA 48 0.0688

H5 GGCCA 39 0.0559

H6 AACTG 36 0.0516

H7 GACTG 33 0.0473

H8 GATCA 12 0.0172

H9 AACTA 4 0.0058

H10 GACTA 3 0.0043

H11 GGTTA 2 0.0029

1For example, ‘GACCA’ indicates 5 alleles of G, A, C, C, and A at

c.531G>A, c.782G>A, c.903C>T, c.1120T>C, and c.1164G>A loci,

respectively; N = number of F2 individuals with the given haplotype



and generally used in former studies (Lei et al.
2005). These increased the confidence of effects
of c.782G>A on growth and fat traits.

Except for the c.531G>A, significant associa-
tions of other 3 synonymous SNPs with several
chicken growth and fat traits were also found in
this study. C.903C>T (p.F301Syn) was associated
with BW49, BW77 and CPBM (P < 0.05), while
c.1069T>C (p.L357Syn) was associated with
BMC (P < 0.05) and EEBM (P < 0.01). In con-
trast, c.1164G>A (p.K388Syn) was only associ-
ated with BW7 (P < 0.05). The theory of codon

usage bias could possibly explain the effect of
c.903C>T (p.F301Syn), c.1069T>C (p.L357Syn),
and c.1164G>A (p.K388Syn) on production traits
(Subramanian et al. 2008), or it was probably
caused by another QTL that was in close linkage
with these 3 SNPs. Further investigation is re-
quired to verify the 2 predictions mentioned
above.

The genetic structure of the chicken ATGL

gene is different from that of humans. The human

ATGL gene is located at an over 6-kb region of

chromosome 11(–), and contains 10 exons and

9 introns (http://mgc.ucsc.edu/cgi-bin/hgBlat)

(Zimmermann et al. 2004). However, even though

only 9 exons and 8 introns were included in the

chicken ATGL gene, it spanned over 30 kb at GGA

5(–) due to a much longer intron (over 21 kb for

intron 1) (Nie et al. 2009). Analyses on the human

ATGL gene with 12 SNPs in the coding region

showed that no haplotype block existed in exons

6–9 (Schoenborn et al. 2006). However, 3 adjacent

SNPs in exons 6 (c.903C>T) and 8 (c.1102A>C

and c.1164G>A) constituted one haplotype block

due to their close linkage in the F2 population for

this study (data not shown). Considering that dif-

ferent populations (random samples and full-sibs)

were used for the 2 studies, this difference of link-

age pattern between the human and chicken ATGL

gene needs to be confirmed in a future study.
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Figure 3. The influence of 3 genotypes of c.782G>A of

the chicken ATGL gene on growth curve parameters in

males and females

Table 4. Association of c.782G>A of the chicken ATGL gene with growth and fat traits

Trait P value Least squares mean (±SE) Additive effect
(mean±SD)

Dominant effect
(mean±SD)

AA (N = 293) AG (N = 57) GG (N = 94)

BW14(g) 0.033 121.18±1.26a 128.49±2.41B 125.66±2.13ab –2.24±0.76 5.07±1.12

BW21 0.0459 206.71±2.41a 219.26±4.53b 210.26±4.04ab –1.77±1.45 10.78±2.11

BW35 0.0377 429.45±6.02a 459.52±11.40b 432.32±10.09a –1.44±2.62 28.64±2.5

BW42 0.0089 557.93±7.87A 608.22±14.84b 570.21±13.27a –6.14±3.52 44.15±6.25

BW49 0.0074 685.45±9.31A 749.85±17.71b 712.42±15.71a –13.49±4.29 50.92±4.86

BW56 0.0029 835.04±10.82A 916.66±20.45b 869.41±18.26a –17.19±2.07 64.44±1.94

BW63 0.0192 997.67±16.92A 1084.03±32.54b 994.04±28.42a 1.82±3.66 88.15±3.53

BW70 0.0182 1091.76±15.84A 1185.25±28.19b 1125.49±25.92ab –16.87±2.93 76.63±4.01

BW77 0.0397 1285.58±17.42a 1376.63±31.14b 1313.39±28.47ab –13.91±3.84 77.15±3.61

CFW (mm) 0.0312 11.06±0.40a 13.08±0.80b 11.17±0.61a –0.05±0.23 1.97±0.36

AFW (g) 0.0286 30.56±1.41a 29.54±3.28a 26.30±2.49b 2.13±0.87 1.11±1.43

BW14, BW21, BW35, BW42, BW49, BW56, BW63, BW70, BW77 = body weights on days 14, 21, 35, 42, 49, 56, 63, 70, 77; CFW =

cingulated fat width; AFW = abdominal fat pad weight. N = number of F2 individuals with the given genotype. SD = standard deviation;

SE = standard error. Different superscripts in the same row indicate significant differences (capitals P � 0.01, small letters P � 0.05).
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