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Abstract

Key message Diachronic analysis showed no signifi-
cant changes in the level of genetic diversity occurred
over the past 27 years’ domestication, which indicated
genetic diversity was successfully maintained under on-
farm conservation.

Abstract Rice (Oryza sativa L.) is one of the earliest
domesticated crop species. Its genetic diversity has been
declining as a result of natural and artificial selection. In
this study, we performed the first analysis of the levels and
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patterns of nucleotide variation in rice genomes under on-
farm conservation in Yunnan during a 27-year period of
domestication. We performed large-scale sequencing of
600 rice accessions with high diversity, which were col-
lected in 1980 and 2007, using ten unlinked nuclear loci.
Diachronic analysis showed no significant changes in the
level of genetic diversity occurring over the past 27 years’
domestication, which indicated genetic diversity was suc-
cessfully maintained under on-farm conservation. Popu-
lation structure revealed that the rice landraces could be
grouped into two subpopulations, namely the indica and
japonica groups. Interestingly, the alternate distribution of
indica and japonica rice landraces could be found in each
ecological zone. The results of AMOVA showed that on-
farm conservation provides opportunities for continued
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differentiation and variation of landraces. Therefore,
dynamic conservation measures such as on-farm conserva-
tion (which is a backup, complementary strategy to ex situ
conservation) should be encouraged and enhanced, espe-
cially in crop genetic diversity centers. The results of this
study offered accurate insights into short-term evolutionary
processes and provided a scientific basis for on-farm man-
agement practices.

Introduction

Rice (Oryza sativa L.) is one of the earliest domesticated
crop species. Its genetic diversity declined during domes-
tication and artificial selection processes (Londo et al.
2006). The most extreme loss of diversity occurred in
modern, high yield rice cultivars, which are often invari-
ant for many genetic makers (Pusadee et al. 2009). By con-
trast, traditional rice landraces that have been preserved by
indigenous farmers have retained rich genetic variation.
This variation can be used in breeding for improved yield
and increased resistance to pests, diseases, alkali, and salt;
therefore, these germplasms are extremely important for
enriching the gene pool. Rice landraces were successfully
employed in many rice-breeding projects in China (Dai
et al. 1999; Zhu et al. 2003; Liu et al. 2007). However, with
the development of modern agriculture, local rice landraces
were largely replaced by genetically uniform modern vari-
eties, which led to an erosion of the rice gene pool. Rice
landraces are no longer planted in most provinces in China,
with the exception of some ethnic minority regions in areas
such as Yunnan and Guizhou.

Yunnan Province in southwest China is characterized
by an alternate distribution of mountains, plateaus, and
basins. These features provide diverse geographic and cli-
matic types, which help make this region one of the larg-
est centers of genetic diversity for rice in China and indeed
the world (Zeng et al. 2001, 2007; Zhang et al. 2006). Rice
landraces in Yunnan are widely distributed in a region from
21°8’32"N to 29°11’18"N and 97°31’39"E to 106°11'47"E
and are planted at different altitudes and under diverse cli-
mate conditions (Zeng et al. 2007). Such wide geographic
distribution and diverse growing conditions contribute to
the high genetic diversity of rice landraces in Yunnan. A
remarkably diverse set of rice landraces, including upland
and lowland, glutinous and non-glutinous, and indica and
japonica varieties are all found in Yunnan (Zeng et al.
2003). Therefore, the strategic conservation and use of rice
landraces in Yunnan are of great importance.
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Since the 1970s, large numbers of landraces have been
sampled and stored in ex situ gene banks. However, the
storage of genetic resources in collections as backup seed
stocks for ex situ conservation does not substitute for
the evolution of crop plants in the field. Another form of
conservation, on-farm (in situ), is best viewed as a com-
plementary strategy to ex situ conservation. Plant genetic
resources grown using on-farm conservation strategies con-
tinue to evolve in the agro-ecosystem and are influenced by
natural selection in addition to selection pressures imposed
by farmers, thus providing opportunities for continuous
differentiation and variation (Bellon et al. 1997). Plant
populations on farms have the capacity to support a greater
number of rare alleles and different genotypes compared to
accessions maintained in gene banks (Brown 2000). There-
fore, on-farm conservation received a great deal of atten-
tion (Altieri and Merrick 1987; Brush 1991; Brush and
Meng 1998; Maxted et al. 2002; Hammera et al. 2003),
although farmers have been using this technique for centu-
ries. It is essential to develop a dynamic view of the diver-
sity that exists on farms, which would enable us to accu-
rately pinpoint suitable areas for conservation and to design
effective, targeted intervention strategies. Several studies
examined the dynamics of genetic diversity over time in
rice landraces under on-farm conservation in Yunnan; these
studies were based on morphological traits or SSR markers
(Xu et al. 2010a, 2011; Yan et al. 2012; Sun et al. 2012).
Unfortunately, the results of these studies are controver-
sial, which may be due to the limited number of accessions/
locations sampled or the different marker systems used.

Recently, the development of DNA sequencing technol-
ogy allowed multi-locus DNA sequences to be successfully
used to address the genetic diversity and domestication
history of crop species (Wright and Gaut 2005; Zhu et al.
2007; Zheng and Ge 2010; Li et al. 2011a, b; Wei et al.
2012). Differences in DNA sequences can directly reflect
genetic differences, making direct sequencing an ideal
method for revealing genetic diversity.

In this study, we performed the first analysis of the lev-
els and patterns of nucleotide variation in Yunnan rice lan-
draces under on-farm conservation conditions; this analysis
was based on the sequences of ten unlinked nuclear loci.
Furthermore, we performed large-scale sequencing of 600
rice accessions with high diversity, which were collected in
1980 and 2007. The aim of this study was to explore the
dynamics of genetic diversity over a 27-year period in rice
landraces under on-farm conservation in Yunnan through
multi-locus analysis of nucleotide variation. The results of
this study provide a scientific basis for the conservation and
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Fig. 1 Geographical distribu-
tion of five rice ecological
zones and the localities of the
rice landraces sampled in this
study. I, Indica/Japonica rice
ecological zone at the middle
of Yunnan; II, Single/double-
season rice ecological zone of
southern Yunnan; III, Lowland/
upland-rice ecological zone at
the edge of southern Yunnan;
1V, Japonica-rice ecological
zone on the plateau of northeast
Yunnan; V, Cold Japonica-rice
ecological zone of northwest
Yunnan. Solid circles and trian-
gles represent the rice landraces
in 1980 and 2007, respectively

huangbanna
oA ]I

use of rice landrace germplasms, particularly for on-farm
management practices.

Materials and methods
Plant materials

This study was performed at a large scale using 600 on-
farm conserved rice landraces from Yunnan Province,
China. These included 332 accessions collected in 1980,
and 268 accessions collected in 2007 (Supplementary
Table 1). According to documenting Ting’s taxonomic
system of rice, the catalogue identified the counties, in
which the accessions were collected; on the basis of this,
accessions were grouped into five ecological zones (EZI,
EZII, EZIIl, EZIV, and EZV; Zhou 1988) (Supplemen-
tary Table 2), covering a wide geographic distribution and
diverse growing conditions; these represent most of the
diversity of rice landraces in Yunnan. The geographic local-
ities of the rice landraces sampled in this study are shown
in Fig. 1.

DNA extraction, SSR genotyping, and sequencing

Total genomic DNA was extracted from fresh young leaves
using a modified CTAB procedure (Doyle and Dickson
1987). A set of 48 SSRs (Supplementary Table 3), evenly
distributed throughout the rice genome, was used to ana-
lyze population structure. SSRs were amplified using a
polymerase chain reaction (PCR) with fluorescently labeled
primers in a 10-pL reaction volume containing 20 ng
genomic DNA, 10 x PCR reaction buffer, 10 mM Mix-
ture ANTP, 2 wM primers, and 0.5 unit of Taq polymerase.
The PCR profile was as follows: pre-denature at 94 °C for
5 min; 36 cycles of denaturation at 94 °C for 30 s; anneal-
ing at 55-60 °C (dependent on primers) for 30 s; and exten-
sion at 72 °C for 40 s, followed by a final extension at
72 °C for 10 min. PCR products were size separated on a
3730XL DNA Sequencer equipped with GENESCAN soft-
ware (ABI, USA). Fragment size was recorded using Gene
Marker V1.6 (SoftGene, State College, PA, USA) and man-
ually re-checked.

Genes used in this study represent 10 unlinked nuclear
loci across the rice chromosomes. Five of these genes
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(CatA, GBSSII, Os1977, STS22, and STS90) were used in a
previous study on the nucleotide diversity of rice (Caicedo
et al. 2007; Li et al. 2011a). In addition, five genes (Ehdl,
S5, Pid3, GS3, and GS5) associated with important agro-
nomic traits of rice were also chosen (Doi et al. 2004,
Chen et al. 2008; Shang et al. 2009; Mao et al. 2010; Li
et al. 2011b). The schematic diagrams of all ten nuclear
loci are shown in Supplementary Fig. 1. Information on
the genomic location and putative gene functions of these
genes and the primer sequences of their amplified regions
is given in Supplementary Table 4.

For the detection of genes, PCR was performed in a 25-p.1
volume consisting of 0.2 uM of each primer, 200 WM of
each dNTP, 10 mM Tris—HCI (pH 8.3), 50 mM KCl, 1.5 mM
MgCl,, 0.5 U HiFi DNA polymerase (Transgen, China), and
30 ng genomic DNA. For GC-rich sequences, 10 % DMSO
was added to the reaction mixture to facilitate denatura-
tion during the PCR. The PCR profile was as follows: pre-
denature at 94 °C for 5 min; 36 cycles of run, each followed
by denaturation at 94 °C for 30 s, annealing at 55-60 °C
(dependent on primers) for 30 s, extension at 72 °C for
1.5 min; and a final extension at 72 °C for 10 min. The PCR
products were electrophoresed in 1 % agarose gels, and then
DNA fragments were cut from the gel and purified using a
Tiangen Gel Extraction kit (Tiangen, China).

Sequencing reactions were performed using an ABI
3730 automated sequencer (Applied Biosystems, USA).
Initially, all samples were directly sequenced. However, if
haplotypes could not be readily inferred because of hete-
rozygosity, the PCR product was ligated into an EASY vec-
tor (Transgen, China), and at least four clones sequenced.
When singletons (polymorphisms that occurred in only one
sequence relative to all remainder sequences) were found,
repeated PCR amplification and sequencing was conducted
(to exclude singletons resulting from Taq polymerase
errors).

Sequence analysis and neutrality test

DNA sequences were aligned using the ClustalX 1.83 pro-
gram (Thompson et al. 1997) and edited using BioEdit
7.0.9.0 (Hall 1999). Indels (insertions/deletions) were not
included in the analysis. Statistical analysis was conducted
using DnaSP version 5.0 (Rozas 2009); items analyzed
included the number of segregating sites (S), the number of
haplotypes (&), haplotype diversity (Hd), and two param-
eters of nucleotide diversity: mean pairwise differences ()
(Nei 1987), and Watterson’s estimator based on the number
of segregating sites (fw) (Watterson 1975). The minimum
number of recombination events (Rm) was estimated using
the four-gamete test (Hudson and Kaplan 1985). Consider-
ing the effects of sample size on estimating genetic diver-
sity, haplotype richness was estimated by a rarefaction
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method implemented in HP-RARE software (Kalinowski
2005).

Two neutrality tests, Tajima’s D value (Tajima 1989),
and Fu and Li’s D*/F* (Fu and Li 1993), were calculated
for all loci, to test the neutral mutation hypothesis. Tajima’s
D value is based on the discrepancy between 7w and 6w,
whereas Fu and Li’s D*/F* relies on differences between
the number of polymorphic sites in external and inter-
nal groups. In these two tests, negative values indicate an
excess of low-frequency polymorphisms, whereas positive
values indicate an excess of intermediate variants.

Phylogene network analysis

Haplotype networks were constructed by mutational steps
using Network 4.5 (Bandelt et al. 1999). These networks
represent the genetic distance of DNA sequences or alleles
and are mainly composed of circles of different size and
color, and lines linking the circles. The circle size is pro-
portional to the number of samples within a given haplo-
type, while the lines between haplotypes represent muta-
tional steps between the alleles. The numbers next to the
circle represent the haplotype number. Circle color repre-
sents different collection times of rice landraces. If more
than one nucleotide difference exists between linked haplo-
types, it is indicated by numbers next to the lines. Because
many haplotypes were obtained for the nuclear loci, only
major haplotypes, containing more than three individuals
each, were selected for construction of the networks.

Population structure and differentiation

The model-based program STRUCTURE 2.2 (Pritchard
et al. 2000; Falush et al. 2003) was used to determine pop-
ulation structure based on the 48 SSRs. Five independent
runs were performed for each k value (from 1 to 12), using
a burn-in length of 100,000, a run length of 100,000, and a
model for admixture and correlated allele frequencies. The
k value was determined by LnP(D) in STRUCTURE output
and an ad hoc statistical Ak (Evanno et al. 2005).

The overall distribution of nucleotide diversity among
periods was investigated using analysis of molecular variance
(AMOVA), as implemented in the Arlequin 3.01 program
(Excoffier et al. 1992). Sequence variation was hierarchically
partitioned between the two periods, among ecological zones
within periods, and within ecological zones. The significance
of all estimated fixation indices was tested using 10,000 per-
mutations, as described by Excoffier et al. (1992). Pairwise
Fgr, generally expressed as the proportion of genetic diversity
as a result of allele frequency differences among populations
(Holsinger and Weir 2009), was used to measure population
differentiation within and between periods, as implemented
in the Arlequin 3.01 program (Excoffier et al. 1992).
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Table1 Summary of Sample Locus S h Hd =« ow D p*  Fx Rm
nucleotide polymorphisms and
neutrality tests Rice landraces (in 1980) CarA 21 16  0.73 0.0157 0.0079 2.131* 0.824 1.646 4
GBSSII 6 0.525 0.0036 0.0023 1.125 —1.131 —-0411 0
0s1977 5 5 0.497 0.0047 0.0019 2.668* —0.248 0.9 1
STS22 4 6 0.74  0.0024 0.0011 1.837 0.848 141 1
STS90 8 12 0.677 0.0046 0.0027 1.525 1.173 156 3
S5 7 8 0.585 0.0021 0.0018 0.39 0.101 0244 1
Pid3 7 13 0.617 0.0035 0.0023 1.052 0.102  0.527 3
Ehdl 14 33 0.718 0.0099 0.0047 2.626* —0.537 0.823 6
GS3 8 15 0726 0.0035 0.0022 1.228 0247 072 3
GS5 18 24 0.792 0.0109 0.0051 2.412*  0.64 1.638 6
Average 9.8 13.9 0.6607 0.0061 0.0032 1.193 0.202  0.906 2.8
Rice landraces (in 2007) CatA 21 14 0.643 0.0135 0.0082 1.178 —0.026 0.563 3
GBSSII 4 4 0.501 0.0035 0.0016 2.168* —0.457  0.503 0
0s1977 5 0.508 0.0047 0.0020 2.549* —0.21 0.872 1
STS22 4 0.715 0.0020 0.0012 1.212 0.864 1.167 1
STS90 8 10 0.728 0.0045 0.0028 1.323 1.191 1482 2
S5 6 6 0.647 0.0028 0.0016 1.598 —0.024 0.645 1
Pid3 8§ 11 0549 0.0033 0.0027 0.444 —0.631 —0.295 2
Ehdl 16 17 0.638 0.0096 0.0056 1.782 —0.847 0.212 4
GS3 7 14 0.732 0.0032 0.0020 1.251 0.144  0.639 3
GS5 18 34 0.784 0.0107 0.0052 1.968 0225 1.118 3
Average 9.7 12.1 0.6445 0.0058 0.0033 1.345 0.023  0.691 2

S Number of segregating sites, 4 number of haplotypes, Hd haplotype diversity, = nucleotide diversity, 6w
Watterson’s parameter for silent sites, D Tajima’s D, D* and F* Fu and Li’s D* and Fu and Li’s F'*, respec-
tively, Rm minimum number of recombination events. * P < 0.05, ** P < 0.02

Results
Nucleotide diversity and neutrality test

Ten unlinked gene regions, including CatA, GBSSII,
0s1977, STS22, STS90, S5, Pid3, Ehdl, GS3, and GSS,
were sequenced in 332 accessions of Yunnan rice lan-
draces collected in 1980, as well as 268 accessions col-
lected in 2007. The length of aligned sequence for each
locus ranged from 420 to 627 bp, with a total length of
4994 bp. Ten indel polymorphisms, ranging from 1 to 5 bp
in length, were identified; these were not considered in the
data analyses. The standard statistics of sequence polymor-
phisms for each locus are summarized in Table 1. The term
fw indicates the diversity of segregating sites, which was
calculated for each locus. This term ranged from 0.0011
(8TS22) to 0.0079 (CatA) in accessions from 1980, and
from 0.0012 (S7522) to 0.0082 (CatA) in accessions from
2007. The average silent nucleotide variation across loci
was not significantly different between rice landraces from
1980 (r = 0.0061, 6w = 0.0032) versus 2007 (r = 0.0058,
6w = 0.0033; P > 0.05 for both 7 and 6w). Furthermore,
there were no fixed polymorphisms; however, a much

Table 2 Polymorphisms between rice landraces in 1980 and 2007 at
all genes

Locus Fixed In 1980 In 2007 Shared
CatA 0 1 1 20
GBSSII 0 2 0 4
0s1977 0 0 0 5
STS22 0 0 0 4
STS90 0 0 0 8
S5 0 1 0 6
Pid3 0 1 2 6
Ehdl 0 0 2 14
GS3 0 2 1 6
GS5 0 2 2 16
Average 0 0.9 0.8 8.9

larger number of shared polymorphisms were detected
between rice landraces from 1980 versus 2007 (Table 2).
Four-gamete testing revealed that the Rm ranged from
0 to 6 in landraces from 1980, with an average of 2.8, and
from O to 4 in landraces from 2007, with an average of 2.0,
indicating that there was low heterozygosity in the rice
landraces due to high levels of inbreeding. Neutrality test
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results for each locus, including Tajima’s D and Fu and Li’s
D* and F* values, are presented in Table 1. Neutrality test
values for most gene regions were not significant. In acces-
sions from 1980, significantly positive Tajima’s D values
were found for CatA (D = 2.131), Os1977 (D = 2.668),
Ehdl (D = 2.626), and GS5 (D = 2.412), while in acces-
sions from 2007, GBSSII (D = 2.168) and OsI977
(D = 2.549) were significantly positive. It is noteworthy
that these loci had significantly positive Tajima’s D values.
Such values indicate the occurrence of numerous moderate-
frequency polymorphisms in the rice landraces, which may
be a consequence of positive or balancing selection during
domestication.

Phylogenetic and geographic analyses with haplotypes

Figure 2 shows haplotype networks constructed based on
the major haplotypes for all ten loci. The total number of
haplotypes for CatA, GBSSII, Os1977, STS22, STS90, S5,
Pid3, Ehdl, GS3, and GS5 was 7,4,3,6,9, 5,7, 18, 10, and
11, respectively. The haplotype numbers of rice landraces
from 1980 and 2007 in these networks were 7, 7; 4, 4; 3, 3;
6,5;9,9;5,4;6,7; 16, 14; 10, 10; and 9, 10, respectively.
In total, rice landraces from 2007 had maintained 90.7 % of
the haplotypes found in 1980. But seven haplotypes were
lost (H_6 of STS22; H_4 of S5; H_10, 12, 14 and H_16 of
Ehdl; H_6 of GS5), with an average frequency of 1.38 %,
ranging from 0.90 to 3.59 %; five haplotypes (H_7 of Pid3;
H_17 and H_18 of Ehdl; H_10 and H_11 of GS5) were
new, with an average frequency of 1.90 %, ranging from
1.16 to 4.25 % (data not shown). Therefore, with the excep-
tion of a few lost and new haplotypes, rice landraces grown
under on-farm conservation conditions in 2007 maintained
almost all of the haplotypes found in 1980 after 27 years of
domestication. In addition, there were some distinct differ-
ences in haplotype frequency between rice landraces from
1980 versus 2007. Six haplotypes (H_S of S7S22; H_2 of
S§5; H_3 of Pid3; H_5 of Ehdl; and H_2 and H_7 of CatA)
were common in rice landraces from 1980, with an aver-
age frequency of 8.02 %, ranging from 5.31 to 12.65 %,
but rare in those from 2007, with an average frequency of
3.85 %, ranging from 1.54 to 4.92 %, whereas two hap-
lotypes (H_5 of S5 and H_5 of STS90) were rare in rice
from 1980, with an average frequency of 1.88 %, ranging
from 0.92 to 2.84 %, but more frequent in those from 2007,
with an average frequency of 9.59 %, ranging from 5.93 to
13.26 % (data not shown).

To compare the geographic distribution of haplotypes
between the two periods, we employed the Ehdl (Early
heading date 1) gene, which carried the most polymor-
phisms, for geographic analysis. Figure 3 shows that hap-
lotypes H_1 and H_3 were widely distributed in Yunnan
in both 1980 and 2007, which indicates that these two
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haplotypes were favored in local planting systems. How-
ever, with the exception of Yuanyang (EZII), Jiangcheng
(EZIII), Lancang (EZIII), Menghai (EZIII), and Mengla
(EZIII), the number of haplotypes in rice landraces in each
county within various ecological zones was sharply lower
in 2007 than in 1980, with the average number decreas-
ing from 5.1 in 1980 to 2.8 in 2007 (data not shown). This
result indicates that the geographic distribution of haplo-
types have been changed by natural or artificial selection,
during the 27 years of domestication.

Genetic variations in various ecological zones

We calculated haplotype richness for rice landraces grown
in each ecological zone from 1980 and 2007 (Supplemen-
tary Table 5). Haplotype richness represents the genetic
diversity of a sample. Therefore, rice landraces from EZIII
had the richest diversity in both 1980 and 2007, with an
average haplotype richness of 6.29 and 6.39, ranging from
2.84 to 13.30 and 3.00 to 12.99, respectively. In fact, EZIII
not only contains a larger number of rice landraces, but
also harbors three species of wild rice (O. granulata, O.
rufipogon, and O. officinalis) (Zeng et al. 2007). Addition-
ally, regression analysis indicated that the genetic diversity
of rice landraces in Yunnan exhibited a geographic decline
from south to north (Supplementary Fig. 2). This result
provides clear-cut molecular evidence that southwest Yun-
nan is the center of genetic diversity of rice landraces in
Yunnan, which is in agreement with the results of previous
studies (Zeng et al. 2001, 2007; Zhang et al. 2000).

Table 3 summarizes the private haplotype richness of
rice landraces in each ecological zone from 1980 and 2007,
respectively. The average private haplotype richness of rice
landraces in all ecological zones was 1.25 and 0.95, ranging
from 0.67 (EZIV) to 1.68 (EZI) in 1980 and 0.52 (EZIV) to
1.26 (EZII) in 2007. Among all ecological zones, rice lan-
draces from EZI in 1980 had the highest percentage of pri-
vate haplotype richness (33.1 %) and the lowest percentage
of private haplotype richness (16.5 %) in 2007, whereas
rice landraces in EZIII had the lowest percentage of private
haplotype richness (18.3 %) in 1980. This result revealed
that rice landraces grown in the ecological zone with the
richest genetic diversity (EZIII) lost less haplotype richness
than those grown in the other ecological zones, and they
better maintained the genetic diversity during 27 years of
domestication.

Genetic structure and differentiation

To infer population structure, we performed model-based
simulations for rice from both 1980 and 2007 using 48
SSRs. The LnP(D) value increased with increasing k, but
there was a sharp peak of Ak at k = 2 (Supplementary
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CatAd

GBSSII

GS3

H3

Fig. 2 Haplotype networks of the ten loci. The circle size is propor-
tional to the quantity of the samples within a given haplotype, and
the numbers next to the circle represent the haplotype number. Lines
between haplotypes represent mutational steps between alleles. When
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H1
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r—2 3

mv?
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‘ s ‘
B 4
more than one nucleotide difference existed between linked haplo-
types, it is indicated by the numbers next to the lines. Colours for rice

landraces collected from different periods: yellow, from 1980; blue,
from 2007 (color figure online)
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® H7

® H2

H3
® Hi4

Fig. 3 A map showing the sampled populations of rice landraces and on the NJ analysis is indicated below the map. Pie charts show the
the distribution of haplotypes. a, b Show rice landraces in 1980 and proportions of the haplotypes within each county. Haplotypes are
2007, respectively. Phylogenetic relationship of the haplotype based indicated by different colors (color figure online)

Table 3 Summary of private haplotype richness in each ecological zone from 1980 and 2007

Ecological zone Year CatA GBSSII 081977  STS22 STS90 S5 Pid3 Ehdl GS3 GS5 Average

I 1980  2.38 0.74 0.00 1.43 1.67 0.03  0.80 8.34 142 0.00 1.68 (33.1 %)
2007  0.01 0.00 1.00 0.29 1.02 0.38  0.08 1.97 0.96 1.01 0.67 (16.5 %)
II 1980  3.05 1.00 0.00 1.00 1.00 0.00 211 5.12 1.07  2.00 1.63 (29.6 %)
2007  0.00 0.00 0.94 0.00 0.00 1.93  0.94 2.88 3.79 1.91 1.24 (24.3 %)
111 1980  0.00 0.01 0.00 0.00 1.00 097 098 4.74 1.84 1.97 1.15 (18.3 %)
2007 0.00 0.15 0.16 0.00 2.98 0.19  0.18 443 233 2.16 1.26 (19.7 %)
v 1980  0.67 0.02 0.02 0.02 1.01 0.02 090 0.02 2.30 1.69  0.67 (27.7 %)
2007  0.00 0.00 0.00 0.00 2.03 1.00  0.98 0.10 1.10  0.00  0.52(22.9 %)
v 1980  0.00 0.01 0.00 0.00 0.35 0.93 1.23 5.96 1.84 1.01 1.13 (26.7 %)
2007  0.00 0.00 0.75 1.58 1.47 0.00 1.02 0.68 2.13 2.75 1.04 (25.1 %)

Fig. 3) in both 1980 and 2007. These results suggest that  all are indica or indica-like. P2 contains 155 accessions; all
rice landraces from both 1980 and 2007 could be grouped  are japonica or japonica-like. Similarly, for rice from 2007,
into two subpopulations, including P1 and P2, respectively =~ most accessions in P1 and P2 are indica or indica-like and
(Fig. 4). For rice from 1980, P1 includes 177 accessions;  japonica or japonica-like, respectively (Supplementary
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(a) (b)
P1 P2 P1 P2
(c) (d)
[ II III IV Vv I II Il IV vV

Fig. 4 Model-based ancestries and their distribution in ecological zones. a and b Show model-based ancestry of each accession in 1980 and
2007, respectively; ¢ and d show distribution of model-based populations in ecological zones

Table 4 Hierarchical analysis of molecular variance for five ecological zones of two periods (AMOVA)

Source of variation CatA GBSSII  Os1977 STS22  STS90 S5 Pid3 Ehdl GS3 GS5 Average
Considering only two periods
Between periods 1.24%  —-034 —0.28 1.82% 0.6 2.32%%  —0.17 0.98*%  1.46* 0.2 0.78
Within periods 98.76* 100.34* 100.28* 98.18*  99.40* 97.68* 100.17* 99.02* 98.54*  99.80* 99.22
Considering both ecological zones and periods
Between periods 0.08 -285 —-192 094 -0.79 1.66 —-1.04 —-0.31 022 —-128 —0.53
Among ecological zones within 3.40%*%  7.51%%  4.92%*% 2.50% 4.04*%*  1.96* 2.57*%  3.83%* 3770%F  430%* 3.88
periods
Within ecological zones within ~ 96.52*%*%  95.34%% 97.00%* 96.46%* 96.75%* 96.37** 98.46* 96.49*%* 96.08** 96.98** 96.65

periods

* P <0.05; ** P<0.01

Table 1). These results demonstrate that rice landraces
from Yunnan strongly differentiated into indica and japon-
ica groups. Figure 4c and d shows the distribution of rice
accessions from the two subpopulations in each ecological
zone. Interestingly, both indica and japonica were present
in each ecological zone, which may be the result of the
unique vertical three-dimensional climate in Yunnan.
Hierarchical AMOVA results are presented in Table 4.
When considering only the two periods, variance compo-
nents attributed between the periods were significant for
CatA, STS22, S5, Ehdl, and GS3; however, variance com-
ponents between periods comprised less than 3 % of the
total variation for each locus. Genetic differentiation within
periods was significant at all ten loci, with an average
value of 99.22 %. When considering both ecological zones
and periods, variance components attributed to between
periods were not significant for any loci. Interestingly,

genetic differentiation among ecological zones within peri-
ods and within ecological zones was significant at all ten
loci. Of the total variation, components among ecological
zones within periods ranged from 1.96 % (S5) to 7.51 %
(GBSSII), while within ecological zones, the variation
ranged from 95.34 % (GBSSII) to 98.46 % (Pid3). For all
gene loci, the average genetic variation among ecologi-
cal zones within periods (3.88 %), and within ecological
zones within periods (96.65 %), was greater than that found
between periods (—0.53 %).

The Fg; results reveal that genetic differentiation
between periods (—0.0139 to 0.0537) was lower than that
among ecological zones within periods (—0.0021 to 0.0644
for rice accessions from 1980, and —0.0138 to 0.1728 for
rice accessions from 2007; Table 5). This result, which
is fairly consistent with the results of AMOVA analysis,
reveals that there was little differentiation between periods.
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Table 5 Summary statistic of pairwise divergence (Fgp) between

ecological zones within periods and between periods

Locus F¢r Between ecological zones Fgr Between
periods
In 1980 In 2007 1980 vs 2007

CatA

Average 0.0018 0.0504 0.0006
Min/max  —0.0499/0.0557 —0.0228/0.2005 —0.0429/0.0726
GBSSII

Average 0.0290 0.1377 —0.0116
Min/max  —0.0296/0.1302 0.0042/0.2946  —0.0284/—0.0022
051977

Average 0.0454 0.0183 —0.0139
Min/max  —0.0491/0.2261 —0.0802/0.1596 —0.0938/0.0491
STS22

Average 0.0388 0.0426 0.0537
Min/max  —0.0263/0.1051 —0.0225/0.2327 —0.0215/0.1489
STS90

Average 0.0360 0.1104 0.0494
Min/max  —0.0084/0.1566 —0.0551/0.3409 —0.0066/0.1909
S5

Average —0.0021 0.0485 0.0187
Min/max  —0.0482/0.0604 —0.0116/0.2823 —0.0148/0.0512
Pid3

Average 0.0418 —0.0138 —0.0138
Min/max  —0.0201/0.0916 —0.1036/0.0572 —0.1155/0.0522
Ehdl

Average 0.0644 —0.0134 0.0257
Min/max  —0.0100/0.1957 —0.1104/0.0765 —0.1765/0.1972
GS3

Average 0.0232 0.1728 0.0247

Min/max  —0.003/0.0792 —0.0051/0.5205 —0.0114/0.0817
GS5

Average 0.0317 0.1100 0.0403
Min/max  —0.0164/0.1080 0.0046/0.2875 —0.0249/0.1367
Average 0.0310 0.0664 0.0174

The average Fgp value among ecological zones in 2007
(0.0664) was higher than in 1980 (0.0310), which dem-
onstrates that the effects of different selection events are
revealed by genetic differentiation among ecological zones
and that genetic differentiation became stronger among dif-
ferent ecological zones during 27 years of domestication.

Discussion
Diachronic analysis of genetic diversity
As Yunnan is a known diversity center for rice in China,

much research focused on genetic diversity and recent
dynamics in Yunnan rice landraces (Zhang et al. 2006;
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Zeng et al. 2007; Xu et al. 2011; Yan et al. 2012). However,
to date, such research focused exclusively on morphologi-
cal traits or SSR markers in a limited number of varieties
(Xu et al. 2010, 2011; Yan et al. 2012; Sun et al. 2012).
The DNA sequences used in the current study included
ten unlinked nuclear genes, which could directly be used
to reflect genetic variation (Zheng and Ge 2010; Li et al.
2011a; Wei et al. 2012). Furthermore, we employed sam-
ples covering a wide geographic distribution and diverse
growing conditions in Yunnan, which represent most of
the known diversity within Yunnan rice landraces. There-
fore, this study represents a thorough survey of changes in
genetic diversity in Yunnan rice landraces under on-farm
conservation across two different periods.

In this study, the average silent nucleotide variation
across loci was not significantly different between rice lan-
draces grown under on-farm conservation in 1980 versus
2007. Furthermore, no fixed polymorphisms, but a large
number of shared polymorphisms, were detected between
the two periods. This result provides clear-cut molecular
evidence that no significant temporal changes in the level
of genetic diversity occurred over the past 27 years. This
view is further supported by the results of haplotype analy-
ses, which indicate that, with the exception of a few lost
and new haplotypes, the rice landraces grown under on-
farm conservation in 2007 maintained almost all of the
haplotypes of rice landraces grown in 1980.

Globally, our results are in agreement with the results
of a temporal survey employing SSR markers to examine
genetic diversity of rice landraces from Hani’s terraced
fields in Yuanyang county, Yunnan (Xu et al. 2011). Similar
results were obtained in a study of agricultural areas linked
to 71 villages in Niger by Deu et al. using spatio-temporal
analysis of sorghum gene diversity (Deu et al. 2010). By
contrast, Tsegaye and Berg identified strong genetic ero-
sion (i.e., loss of landraces) in tetraploid wheat landraces in
central Ethiopia (Tsegaye and Berg 2007). It is clear from
our research that genetic diversity levels in rice landrace
germplasms grown under on-farm conservation conditions
remained largely unchanged during the period investigated
and were thus successfully maintained by local farmers in
Yunnan.

Dynamic changes in haplotype

Most haplotypes occurring in on-farm-conserved rice lan-
draces from 1980 were also found in landraces from 2007.
Only seven haplotypes were lost, while five were acquired.
Interestingly, all of the lost haplotypes were rare haplo-
types with frequencies of less than 0.05, indicating that rare
haplotypes were lost more easily than frequently occur-
ring ones. This phenomenon was observed in previous
studies (Fu et al. 2005). In addition, distinct differences in
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haplotype frequency were observed between rice landraces
grown under on-farm conservation in 1980 versus 2007. Six
haplotypes were common in rice landraces in 1980, with
an average of 8.02 %, but rare in 2007, with an average of
3.85 %, whereas two rare haplotypes in 1980 were more fre-
quent in 2007, with an average of 1.88 and 9.59 %, respec-
tively. Although this phenomenon may have been caused by
the sampling locations and scale, and in fact we carefully
employed samples from almost the same locations in two
periods. In each location, we selected samples which can
represent most of the diversity within Yunnan rice landraces
in order to reduce sampling error as much as possible. These
findings indicate that on-farm conservation enabled contin-
ued differentiation of conserved crop varieties in their origi-
nal habitats, generating new genetic variations (haplotypes)
through farmers’ cultivation and management; meanwhile,
the haplotype frequency also dynamically changed. As a
dynamic form of conservation, on-farm conservation, which
is presently used as a backup, complementary strategy to
ex situ conservation, should be encouraged and enhanced,
especially in genetic centers of crop diversity.

The private haplotype richness of rice landraces grown
under on-farm conservation conditions were detected in
each ecological zone during the period examined. Among
all ecological zones, rice landraces in EZI lost the most
haplotype richness (33.1 %), while rice landraces in EZIII
lost the least (18.3 %). This result indicates that EZIII,
which has the richest diversity, could better maintain
genetic diversity during the period of domestication. How-
ever, EZI has the most convenient transportation system
and a more developed economy, making it the most agri-
culturally developed ecological zone in Yunnan. There-
fore, local rice landraces in EZI were largely replaced by
improved varieties, leading to the loss of genetic diversity
in rice landraces in this zone.

Geographic analysis in this study revealed that the dis-
tribution of haplotypes changed during the 27-year period
under investigation. For the Ehdl gene (Fig. 3), with the
exception of a few counties, the number of haplotypes of
rice landraces in each county within ecological zones was
sharply lower in 2007 (2.8) than in 1980 (5.1). This result
indicates that the frequency of some haplotypes gradually
decreased (or they were even eliminated) during a 27-year
test period. Ehdl is an important photoperiod sensitiv-
ity gene in rice encoding a B-type response regulator that
confers short-day promotion of flowering and controls FT-
like gene expression (Doi et al. 2004). Indeed, the average
days to heading value of rice landraces in 2007 increased
by 3 days compared with that in 1980, which may have
resulted from changes in the cropping system. In the past,
double-season rice landraces were widely grown in most
regions of Yunnan, whereas single-season rice landraces
are currently planted in most regions. When we compared

the agronomic traits of rice landraces grown in 1980 ver-
sus 2007, we found that there was a significant decrease
in plant height and an increase in grains per panicle. This
indicated that under on-farm conversation, farmer selection
in combination with natural selection results in landraces
with high levels of adaptation to the environments and as
well as for agronomic traits (Pusadee et al. 2009). These
findings demonstrate that rice landraces under on-farm
conservation may provide a dynamic gene pool for favora-
ble traits, and on-farm, in situ conservation is an essential
strategy for future crop breeding efforts.

Genetic differentiation between and within periods

Model-based structure analysis revealed the presence of
two subpopulations of rice landraces in Yunnan in 1980 and
2007, which included indica and japonica groups, respec-
tively. Cultivated rice is classified into two major subspe-
cies of O. sativa (indica and japonica) and is further sub-
divided into genetically differentiated groups, including
Glaszmann’s six groups (I-VI) (Glaszmann 1987) and
Garris et al.’s five groups (indica, aus, aromatic, temper-
ate japonica, and tropical japonica) (Garris et al.2005). The
results of this study are in agreement with those of Zeng
et al. (2007), i.e., differences between indica and japonica
subspecies are very apparent at the DNA level. Interest-
ingly, both indica and japonica were found in each ecologi-
cal zone (Fig. 4c, d). It is generally recognized that indica—
japonica differentiation in O. sativa is largely attributable
to adaptation to very different environments, including
different temperature and water conditions (Second 1982;
Glaszmann 1987). In Yunnan, indica rice germplasm is
mainly distributed in areas below 1400 m, while japonica
rice germplasm is mostly grown in areas above 1800 m. An
interesting interaction distribution of indica and japonica
rice occurs between 1400 and 1800 m (Gao 2003). Yunnan
has a unique vertical three-dimensional climate, with wide-
ranging altitudes in each ecological zone. For example, the
altitudes of the counties examined in this study varied from
425 to 2041 m in EZII. Therefore, alternate distribution of
indica and japonica rice landraces occurred in each ecolog-
ical zone.

Notably, significant genetic differentiation between rice
landraces between the two periods occurred in half of the
loci sampled, with less than 3 % of total genetic variation
occurring for each locus when considering only the two
periods (Table 4). These results indicate that the domesti-
cation of rice landraces under on-farm conservation con-
ditions occurred by natural and artificial selection in the
agro-ecosystem, providing opportunities for continued
differentiation and variation of landraces. When consider-
ing both ecological zones and periods, AMOVA analysis
revealed significant gene differentiation among ecological
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zones within periods, as well as within ecological zones
within periods, at all ten loci, with an average of 3.88 and
96.65 % of total genetic variation, respectively. The Fgp
values were fairly consistent with the AMOVA analysis,
revealing little differentiation between periods. Further-
more, the average Fgp value among ecological zones was
higher in 2007 (0.0664) than in 1980 (0.0310). This result
indicates that the adaptation/domestication of rice lan-
draces continued in their original ecological zones, and
genetic differentiation gradually became stronger among
ecological zones.

An ideal location for on-farm conservation

As previously mentioned, genetic diversity in rice landraces
under on-farm conservation conditions was successfully
maintained by local farmers in Yunnan, and the domesti-
cation of rice landraces continues to occur by natural and
artificial selection in the agro-ecosystem. Thus, what are
the factors that maintain genetic diversity of rice landraces
under on-farm conservation in Yunnan?

Many conditions in a genetic diversity center accelerate
evolution and help maintain genetic variation in rice lan-
draces (Harlan 1975), such as the following:

1. A long history of cultivation in subsistence systems.
According to archaeological evidence, rice cultivation
has a long history in Yunnan (over 5000 years). Some of
the primitive, extensive cultivation approaches used by the
ancestors of some ethnic minorities are still used in these
areas today (Zhang et al. 2006).

2. Ecological diversity. The genetic diversity of rice
landraces in Yunnan is closely associated with the diverse
climatic ecotypes and environmental heterogeneity, which
brought about a comparatively diverse selection of rice.
The landscape and topography in Yunnan is extremely
complicated, and alternative distribution of rice is obvious
(the altitude difference is as high as 1500 m), especially
in the Hengduan Mountains, Gaoligong Mountains, West
Yunnan Great Gorge, and southern part of the Yun-Gui
Plateau (Zeng et al. 2007). According to the different eco-
logical environments, cropping systems, and cultivation
habits, there are five ecological zones for rice planting in
Yunnan. In this study, we analyzed the genetic differentia-
tion of rice landraces among ecological zones under on-
farm conservation and found that genetic differentiation
gradually became stronger during 27 years of domestica-
tion. These findings indicate that the diverse demands and
cultivation methods of rice landraces used by local farm-
ers in different ecological zones contributed to much of the
genetic variation and that continued on-farm conservation
will improve the genetic diversity of rice landraces within
agro-ecosystems.

@ Springer

3. Ethnological diversity. The abundant rice landraces in
Yunnan are partly a result of land use by diverse indigenous
minorities. For example, glutinous rice is the main food of the
Dai people (Xu et al. 2010b) and is also used as a food for rit-
ual sacrifice to ancestors and deities. Therefore, glutinous rice
is one of the most well-protected rice landraces in Yunnan.
Furthermore, numerous types of colored rice are preserved by
local farmers due to the dietary customs of the Blang people.
In this study, we found the genetic differentiation of landraces
used among ethnic groups to be significant (data not shown),
demonstrating that the genetic diversity of rice landraces at
the DNA level is closely related to the cultural customs and
cultivation methods of different ethnic groups.

4. Crop features. Rice landraces are defined as geo-
graphically or ecologically distinctive populations, display-
ing conspicuously diverse in their genetic composition both
between landraces and within them (Brown 1978). To date,
many traditional rice landraces are still planted in Yunnan
despite the availability of newer varieties due to the ben-
eficial characteristics of the traditional landraces, such as
their better adaptability, built-in resistance, high quality,
and relationship to the culture of ethnic minorities; many of
these landraces have been planted for more than 50 years.
In addition, the rice landraces found in Yunnan have genetic
heterogeneity, displaying rich genetic variation within the
same variety.

5. Introgression with wild relatives. Gene flow between
landraces and their wild relatives greatly enhances the
genetic variation of rice landraces in Yunnan (Zhang
et al. 2006). Furthermore, gene flow can occur by seed
exchanges between farmers, which may also help maintain
variation both between landraces and within them (Par-
zies et al. 2004; Sirabanchongkran et al. 2004; Dong et al.
2010). Therefore, Yunnan, a genetic diversity center, is an
ideal location for on-farm conservation.
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