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Awnness is a key trait in rice domestication, yet no studies have been conducted on fine mapping or association mapping of the
rice awn gene. In this study, we investigated the awnness and genotype of a core collection of 303 cultivated rice varieties and a
BC;F, segregating population of 200 individuals. Combining association and linkage analyses, we mapped the awnness related
genes to chromosome 4. Primary association analysis using 24 SSR markers revealed five loci significantly associated with awn-
ness on chromosome 4. The associated markers cover previously identified regions. Fine association mapping was conducted
using another 29 markers within a 4-Mb region, covering the associated marker in34, which is close to the awn gene Awn4.1.
Seven associated markers were revealed, distributed over an 870-kb region. Combining the fine association mapping and linkage
analysis of awnness in the 200 BCsF, segregating population, we finally identified a 330-kb region as the candidate region for
Awnd.1. The results indicate that combining association mapping and linkage mapping provides an efficient and precise approach

to both genome-wide mapping and fine mapping of rice genes.
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Awn is an important trait in rice evolution and production.
For example, wild rice has long awns, which are beneficial
to seed dispersal and protect rice grains from animal attack.
By contrast, most cultivated rice varieties do not have long
awns for convenience of harvesting. Efforts to uncover the
genetic mechanisms underlying the development of rice
awnness began in the 1960s—1970s [1-3]. The results sug-
gest that rice awnness is a complicated trait regulated by
multiple genes, and that their expressions are affected by the
environment. The first quantitative trait loci (QTLs) for the
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awn gene were reported in 1963 [2]. Three genes, An-1,
An-2 and An-3 mapped to Chr 3, Chr 4 and Chr 5, respec-
tively, were reported to control various degrees of awning
via additive effects [2,4]. It was not until 1999 that the first
molecularly mapped awn gene, an-5(f), was mapped to a
33.70-75.70 cM region of Chr 4 by Xiong et al. [5], using
an F, population derived from a cross between wild rice P16
and indica Var. Aijiaonante. Thomson et al. [6] mapped an
awn gene, Awn4.1, in the 0-14.6 cM region of Chr 4. Fur-
ther major genes/QTLs have been mapped using cross
populations. A total of 31 loci were found to be associated
with awn presence or awn length in rice (http://www.gra-
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mene. org/), and seven of these loci were mapped to chro-
mosome 4 (Table 1). However, none of these QTLs were
fine mapped nor identified via association analysis.

Linkage analysis (LA) can only detect recombination
events of a few relevant loci with two alleles in a segregat-
ing population produced by bi-parental crossing. By con-
trast, association mapping can detect recombination events
accumulated in natural populations during long-term evolu-
tion and domestication, and has the advantage of higher
mapping resolution, and even using a smaller sample popu-
lation can be equally as effective [10-13]. Moreover, asso-
ciation mapping can detect the majority of loci controlling
the same complex traits and multiple alleles of the same
locus. Association mapping was first used to detect alleles
in human disease and has now been widely applied to gene
mapping in plants [14-21].

In this study, the population used for association map-
ping consisted of 303 cultivated rice varieties in a rice mini
core collection (including 204 Chinese varieties [22] and 99
varieties from other countries, Table S1). The awnness of
each variety was evaluated in Sanya (18°09'N) and Hang-
zhou (29°44'N) in 2006 and in Beijing (39°56'N) in 2009. If
over 30% of the florets for any variety had awn in any of
the experimental locations, the variety was considered as an
awned variety. Eighty awned varieties were observed (Table
S1) and 40% of these showed awn in all 3 locations.

Population structure can produce stronger linkage dis-
equilibrium (LD) between non-linked loci, because of geo-
graphical origins, local adaptation and breeding history;
therefore, association mapping has a higher probability of
type I errors than linkage analysis. Thus, we incorporated
the individual’s membership (the Q value of the subpopula-
tions) as the covariate in the association analysis. The
model-based (Bayesian) cluster software STRUCTURE 2.2
[23] was used to estimate the population structure of the 303
rice varieties with 60 unlinked polymorphic markers dis-
tributed across all the rice chromosomes. Using a burn-in of
10000 and a run length of 100000, with an admixture model
and correlated allele frequencies, each K (the inferred num-
ber of subpopulations), from K=1 to K=10, was run inde-
pendently ten times. We selected the value of K by investi-
gating the value of LnP(D) and the value of 4K [24] (4K =
m(|L(k+1) —2L(k)+L(k-1)])/s[L(k)]). Our results [25] indicated
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that there were two distinctly divergent subpopulations, for
which the membership coefficient of each variety, i.e. the Q
value, was estimated.

Awnness is a binomial trait; therefore, in the association
analysis of awnness, we employed a logistic model:
Ln(P/1-P) = [o+O0+AM, where P is the probability of
awned varieties, Q is the individual’s membership in the
first subpopulation, M is the marker’s indicative function,
and f, fi,and S are unknown parameters, estimated by the
maximum likelihood method provided by Proc Logistic in
SAS. Most of our SSR markers are multiple alleles; there-
fore, we transformed the multi-allelic data into biallelic data
using Plink (http://pngu.mgh.harvard.edu/~purcell/plink/
index.shtml). Meanwhile, we excluded the rare alleles (fre-
quency less than 5%). To control the false positives, we
calculated the false discovery rate (FDR) [26] and the ad-
justed P-value (P,q) using Proc Multtest in SAS and se-
lected the loci with P,g;<0.05 as significant associated loci.
In addition, we investigated the collinearity of the popula-
tion structure and the markers using Proc REG in SAS. The
results show that the tolerances between population struc-
ture and the markers were all above 0.42, much higher than
the maximum tolerance (0.2) for multicollinearity to exist
[27]. This indicates that the association excludes the influ-
ence of multicollinearity.

To reduce the workload, we implemented the association
analysis step by step. First we conducted a preliminary as-
sociation using 24 markers distributed evenly on Chr 4
(Figure 1), and then we increased the marker density around
the significantly associated loci obtained in the preliminary
scan and carried out a further fine association mapping. In
the preliminary association, six loci were significantly asso-
ciated with rice awnness (P<0.01) and five of these exhib-
ited a false discovery rate of less than 0.05 after multiple
testing (Figure 1 and Table 2). Our association analysis de-
tected the majority of the QTLs previously reported on Chr
4 (Figure 1). For example, marker in34 was located in the
region of Awn4.1 and close to gAl4-1; Rm5320 was mapped
in the region of An5 and close to Anl and gAL4-2. In addi-
tion, we found three new loci associated with awnness on
Chr 4. This suggests that we can achieve higher efficiency
in gene mapping using association mapping than linkage
analysis, which requires a segregating population.

Table 1 Loci on rice chromosome 4 associated with awnness (http://www.gramene.org)

Gene code/QTL Gene/QTL Alias Chromosome Genetic location (cM) Physical location (cM)
GR:0060048 AN1 Anl, Awn-1 4 65.6-78.4 (-) [2] 22.8-24.7
GR:0060052 ANS an5, awn-5 4 33.7-75.7 [5] 20.0-31.6
GR:0061161 Anl2 An8(t)", Awn-8 4 23.2-47.6 [7] 20.1-22.2

AQGD021 gAL4-2 4 71.1-95.3 [8] 26.8
AQFEI112 Awnd.1 4 0-14.6 [6] 6.5-18.5
AQGF014 gAL4-2 4 107.7-107.7 [9] 26.8
AQGD020 qAL4-1 4 16.8-71.1 [8] 18.8
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Figure 1 Preliminary association mapping of awnness on chromosome 4. Solid black bars indicate previously identified QTLs (http://www.gramene.org).
Physical distances (in 100-kb) between adjacent loci are shown below the chromosome. The diamond marks indicate the associated markers.

Table 2 Associated loci detected by logistic regression”

Marker genotype P FDR P, Tolerance QOdds ratio
in24_137 0.0001 0.00313 0.005 0.92032 3.307
in24_215 0.0001 0.00313 0.005 0.92177 0.262

RM1272_102 0.0001 0.00313 0.005 0.9773 0.359
RM1272_166 0.0001 0.00313 0.005 0.89652 0.252
in34_180 0.0002 0.00417 0.00455 0.96993 0.354
in34_200 0.0002 0.00417 0.00455 0.96993 2.823
in60_200 0.0006 0.01071 0.01071 0.90044 0.184
cmml1157_312 0.001 0.015 0.01563 0.87628 2.586
in60_183 0.0012 0.015 0.01579 0.89772 4.391
RM1153_184 0.0012 0.015 0.01579 0.65651 0.305
in33_172 0.0016 0.01667 0.01739 0.96391 0.412
in33_202 0.0016 0.01667 0.01739 0.96391 243
RM1112_108 0.0019 0.01827 0.01827 0.82792 0.321
indell14_136 0.0029 0.02417 0.025 0.42861 3.049
indel114_210 0.0029 0.02417 0.025 0.42861 0.328
in26_158 0.0042 0.02986 0.03182 0.97848 0.442
in26_212 0.0042 0.02986 0.03182 0.97848 2.264
RM5320_101 0.0043 0.02986 0.02986 0.80776 2.343
cmm1157_358 0.0078 0.05132 0.05132 0.96078 0.474
Rm127_500 0.0097 0.06063 0.06063 0.99112 0.239

a) Py, P-value of logistic regression; FDR, false discovery rate; P,qj, adjusted P-value; Tolerance, tolerance between variables; Odds ratio, point value of

odds ratio.

Of the associated loci depicted above, in34 falls in the
region of a QTL that was identified in the segregating
population BCsF,, whose donor and recurrent parents were,
respectively, awned Gaoli upland rice and awnless Nippon-
bare. We conducted fine association mapping in this region
by designing 29 additional markers within the 4-Mb region
around in34 using the same approach as in the preliminary
association mapping. In addition to in34, 6 markers were
detected to be significantly associated with awnness
(P<0.01, P,3<0.05) (Table 2, Figure 2). These awnness-
associated markers (in60, indell14, cmm1157, in34, in33,
in26, and in24; Table 2 and Figure 2) covered an 870-kb
fragment, which made it impossible to confirm further
which of these seven markers were closest to the awn gene

or to narrow the mapping region via association analysis
alone. Consequently, we turned to linkage analysis on a
specific segregation population.

In the BCsF, population, the awnness was segregated in
the ratio 3 (148 awned plants): 1 (52 awnless plants)
(#=0.054). This suggests that the awnness in this BCsF,
population is controlled by a dominant gene (Figure 3). Us-
ing bulked segregant analysis (BSA) [28], 5 (Rm1236,
cmm1061, cmm1304, in60, and in34) of the 53 markers on
Chr 4 displayed polymorphism between the awned group
and the awnless group. Utilizing MapMaker/EXP3.0 [29],
we mapped the awn gene to a 4.5-cM region between in60
and in34, with map distances of 1.2 cM from the former
marker and 3.3 cM from the latter (Figure 4). In this region,
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Figure 2 Fine association mapping in the 4-Mb region centered around in34 on Chr 4. Physical distances (in 100-kb) between adjacent loci are shown at

the bottom. The number following the “-”

in the marker name denotes its genotype. —10g(Pr.w), -10g(Prar), and —log(P.q;) are, respectively, the negative loga-

rithms to base 10 of Py, Prar and P,qj. The black rectangle shows the final candidate region in which Awn4.1 is located.

Figure 3 The panicle phenotype of Nipponbare (middle), near isogenic
awned (left) and awnless (right) lines.

4 markers, including in60, indell114, cmm1157, and in34 are
significantly associated with the awnness of rice grains
(Figure 2). Linkage and association mapping (illustrated in
Figures 2 and 4, respectively) show that indell14 and
cmml1157 are closer to the mapped gene than in60 and in34.
Thus the candidate gene region could be narrowed down to
a 330-kb region between indell14 and cmm1157.

How do we explain the occurrence of significantly asso-
ciated loci outside the 330-kb candidate region? Is this a
false positive association caused by linkage disequilibrium

cmm1061

in60
Awn4.1

3.9 1.2 3.3

Chr.4 (

between markers rather than association with the awn gene?
Or does it indicate the existence of other awn-related genes?
To address these issues, we analyzed the linkage disequilib-
rium of seven significantly associated loci (in60, indell 14,
cmml157, in34, in33, in26 and in24) using Tassel
(http://www.maizegenetics.net/tassel/). Significant pairwise
LDs among markers (R>0.1, P<0.01) were observed in
both indica and japonica subpopulations (Table 3). This
suggests that the association significance of the loci (in60,
in34, in33, in24 and in26) outside the candidate region is
caused by linkage disequilibrium of neighboring loci and
does not imply the existence of further awn genes.

In summary, the logistic regression model, based on
population structure, has been shown to be reliable and
highly efficient in association analysis of genes regulating
complex traits. However, a combination of association and
linkage analyses can increase mapping efficiency and accu-
racy. Association mapping using a natural population can be
applied to fine mapping of the results obtained by linkage
analysis when a QTL region is large, e.g. 5 cM, and no seg-
regating population or polymorphic markers are available.
Additionally, fine association mapping combined with
linkage mapping can exclude false positive associated loci
caused by high linkage disequilibrium. Our preliminary
association analysis detected five loci (in34, RM5320,
RM1153, RM1112 and Rm1272) associated with awnness
on Chr 4. Further fine mapping combining association and
linkage analysis located Awn4.1 within a 330-kb fragment.
In addition, multicollinearity analysis of the population

in34
cmm1304

8.2 cM

n=200

Figure 4 Linkage mapping of Awn4.1. Genetic distances (in cM) are shown by the numbers between the markers.
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Table 3 Linkage disequilibrium between significantly associated loci
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Locus 1 Locus 2 R’ P Subpopulation
cmm1157 in34 0.38150726 0 indica
cmm1157 in26 0.39275635 0 indica
cmm1157 in33 0.40080162 0 indica
in26 in24 0.31988456 0.000001 indica
in34 in24 0.47181408 0 indica
in33 in24 0.53060596 0 indica
in33 in26 0.74835585 0 indica
in34 in26 0.76392140 0 indica
in34 in33 0.96517857 0 indica
indell14 in26 0.13799918 0.01580254 Jjaponica
indell14 in34 0.18148148 0.00258702 Japonica
in34 in26 0.92410714 0 Jjaponica
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