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Abstract To estimate genetic diversity of the residual
northern populations of Oryza rufipogon, a total of 232
individuals from six populations were analyzed using
microsatellites (SSRs). The O. rufipogon populations with
different status included three from Dongxiang (Jiangxi
Province) and three from Chaling (Hunan Province) in
China. The 23 rice SSR primer pairs selected from the
RiceGenes Database detected a total of 115 alleles,
indicating that all the SSR loci were polymorphic in this
study. The total gene diversity was 0.919 in the six O.
rufipogon populations, and the Donxiang populations
showed higher diversity than the Chaling populations.
More significant genetic differentiation and less gene
flow were found among the Dongxiang populations than
those from Chaling. The two putative introgressed
populations showed relatively high genetic variation.
One in situ conserved population from Dongxiang had the
lowest level of genetic diversity. The re-introduced
population from Chaling restored about 90% of the
genetic variation, compared with the original source
population. It is concluded from these results that a
relatively high level of genetic variation resided in the
northern O. rufipogon populations and continued efforts
of conservation of these populations are needed; and that
the conservation of some Chaling and Dongxiang popu-
lations has been effective in preventing gene flow from
cultivated rice. Introgression of cultivated rice demon-
strated significant impacts on genetic variability of the O.
rufipogon populations, and should be carefully considered
in conserving this wild rice. This study also suggested that
re-introduction to its original habitats is an effective
approach to restore O. rufipogon populations.
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Introduction

The perennial common wild rice, Oryza rufipogon Griff.,
known as the ancestor of Asian cultivated rice (Oryza
sativa L.), is the most important germplasm for rice
improvement (Oka 1988). The first male-sterility (MS)
gene was found in O. rufipogon and introduced to
cultivated rice, which has led to the development of high
yielding hybrid rice varieties (Yuan et al. 1989). Other
agronomically beneficial traits, such as rice tungro virus
resistance, elongation ability and tolerance to acid sulfate
soil found in the wild rice, are of great importance for rice
breeding (Xiao et al. 1996; Bellon et al. 1998). China is
the northern most distribution of O. rufipogon and great
genetic diversity has previously been documented in
Chinese populations (Wang et al. 1996; Ge et al. 1999;
Gao et al. 2000a; Song et al. 2001). However, this species
has been under considerable threats in China in the past
decades due to changes in farming systems, economic
development, urbanization and other human disturbances.
Effective conservation of O. rufipogon is urgently needed
to preserve the remaining populations (Hong 1995).

O. rufipogon populations in Dongxiang (26�14’N,
116�36’E) of Jiangxi Province and Chaling (26�50’N,
113�40’E) of Hunan Province in China are the residual
populations of this species (Zhou 1995; Gao et al. 2000b).
The first survey of these areas was carried out indepen-
dently by the Institute of Rice Research (IRR) belonging
to Jiangxi Academy of Agricultural Science (JAAS) and
Hunan Academy of Agricultural Science (HAAS) in
1983. During the survey, a total of nine natural O.
rufipogon populations were found in Dongxiang, covering
an area of about 15 km2. Habitats of O. rufipogon have
considerably deteriorated, since then, due to the expan-
sion of rice fields, and currently only three populations
remain (Gao et al. 2000b). To avoid complete extinction
of O. rufipogon populations in Dongxiang, the IRR of
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JAAS built a 2-m-high concrete wall in 1995 to surround
the Anjashan and Shuitaoshu populations (DX-Pa and
DX-Ps) for in situ conservation. The third population
(DX-Pz) was left unprotected.

The Chaling O. rufipogon populations are located in
the Huli wetland with an area of about 2 ha. Due to
changes of water level, some of the Chaling O. rufipogon
populations were already extinct before 1994. Zhou
(1995) re-introduced O. rufipogon individuals using
samples collected in 1983 and were preserved as clonal
strains in the wild rice conservation plots of HAAS in
Changsha city to restore the extinct population (CL-Pr).
In addition, some O. rufipogon plants were germinated
from seeds remaining in soil in the same year in the area
where O. rufipogon was not re-introduced (Zhou 1995).
Around this time farmers started to grow cultivated rice
varieties in the area, and the closest distance between an
O. rufipogon population (CL-Pi) and rice fields was about
10 m. Individuals in this O. rufipogon population showed
considerable morphological variations, possibly due to
introgression between the wild and cultivated rice species.

Microsatellites or simple sequence repeats (SSRs) are
tandem arrays of short nucleotide repeats with 1–5 bp
(Wu and Tanksley 1993) and are widely dispersed in all
eukaryotic genomes. Dinucleotide repeats (AT/TA)n and
(GA/CT)n are commonly found in vascular plants. SSRs
are characterized as co-dominant, highly polymorphic,
abundant and randomly distributed markers in genomes.
SSR markers can be easily amplified by PCR and are
probably selectively neutral (Akagi et al. 1997). Mi-
crosatellites have been used for studies of parentage (Roa
et al. 2000), genetic mapping and breeding (McCouch et
al. 1997), gene flow (Chase et al. 1996; Innan et al. 1997),
genetic diversity and population differentiation (Byrne
1996; Cho et al. 2000). To date, more than two thousand
SSR markers of cultivated rice are available, which
provides a powerful tool for studying O. rufipogon, as
SSR markers have good cross-species amplification to the
close relatives (Roa et al. 2000).

In order to effectively implement an in situ conserva-
tion strategy of threatened northern O. rufipogon popu-
lations, several questions need to be addressed. First, what
is the genetic variation pattern of the populations?
Second, what impact does the current conservation
measures, such as isolating populations by a concrete
wall, impose on their genetic structure? Third, does gene
flow occur between the cultivated and wild rice, and what
will be its genetic consequence to wild rice populations?
And finally, whether re-introduction will restore genetic
diversity of extinct wild rice populations? To answer
these questions, all six populations of O. rufipogon from
the Dongxiang and Chaling sites were analyzed using 23
SSR markers developed from cultivated rice. The objec-
tive of this study was to assess the genetic variation
pattern of the O. rufipogon populations, to determine the
occurrence and genetic consequence of introgression of
cultivated rice to wild rice populations, and to estimate
the effectiveness of in situ conservation under different
conditions.

Materials and methods

Samples used for SSR analysis

Leaf samples from six O. rufipogon populations were used for SSR
analysis. Three populations were collected from Dongxiang,
Jiangxi Province. Two populations (DX-Pa and DX-Ps) are in situ
conserved sites, and surrounded by a concrete wall, separated over
2 km. One population (DX-Pz) was composed of individuals that
were dispersed along the ridges and/or ditches of cultivated rice
fields, about 1 km from the DX-Pa population and 3 km from the
DX-Ps population. Other three populations were collected from the
Chaling O. rufipogon conservation site in Hunan Province and the
spatial distance between these populations was about 50–90 m. The
CL-Po was an original population conserved since it was found in
1978, the CL-Pr was a re-introduced population to the site where
the original population was extinct in 1994, and the CL-Pi
population was an original population but adjacent to the farmer’s
cultivated rice field.

Conservation status and the distance of these O. rufipogon
populations from the cultivated rice fields are shown in Table 1. A
total number of 232 individuals were sampled from different
population for the analysis (Table 1). About 1 g of fresh leaves of
each O. rufipogon individual was collected and placed in a plastic
bag containing silica gel for fast drying following the description by
Xie et al. (1999). To avoid collecting the same clone, samples were
collected 5-m apart.

PCR assay

For DNA preparation, total genomic DNA was extracted following
the method described by Xie et al. (1999). A total number of 23
SSR primer pairs (one each on different chromosome arms) were
selected to assay genetic variation in O. rufipogon (Table 2), based
on the RiceGenes Database (http://gramene.org). Primers were
chosen based on the number of alleles in each locus with relatively
high polymorphism. The PCR reactions were performed in a PTC
10096v thermocycler (MJ Research Inc, Watertown, Mass.)
programmed as described by Wu and Tanksley (1993). A
denaturation period of 4 min at 94�C was followed by 36 cycles
of 40 s at 94�C, 30 s at 55�C and 40 s at 72�C, and then 10 min at
72�C for final extension. Reactions were carried out in a volume of
20 ml containing 1 � buffer, 1 mM each of dATP, dCTP, dGTP and
dTTP, 10 mM of SSR primer, 50 ng of genomic DNA and 0.6 units
of Taq polymerase (TaKaRa Inc.).

The PCR products were separated in 6% polyacrylamide
denaturing gels of 200�125�1 mm (length � width � thickness)
in size. Before sample loading, the PCR products mixed with equal
amount of buffer were denatured at 95�C for 5 min. After
electrophoresis, bands were revealed using the following modified
silver-staining procedure. The gel was peeled after electrophoresis
and fixed with 10% ethanol containing 0.5% acetic acid solution.
The fixed gel was washed twice with ddH2O, then placed into a
200–400 ml 0.1% AgNO3 solution to stain for 10–18 min. The
stained gel was transferred into ddH2O and washed twice; then, the
gel was placed in 1.5% NaOH solution (about a 200–400 ml vol.)
containing 0.4% formaldehyde and 0.019% sodium borate to
develop for about 10 min to obtain visible DNA bands. The
developed gel was washed with ddH2O twice and placed in 0.75%
NaHCO3 to stop developing. The gel was covered with cellophane
to dry, and photos were taken using a digital camera (Sony Inc.).

Genotype score

Because SSR markers are co-dominant, the amplified DNA bands
represented different alleles and different banding patterns can be
scored as different genotypes. To assist in allele scoring, DNA of
rice varieties IR36, IR64 and Nipponbare were included in our
study for amplification and analysis. Banding patterns identified in
the rice varieties IR36, IR64 and Nipponbare, available at the
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RiceGenes Database, were used as reference materials to help the
score of the different alleles in the O. rufipogon samples. As a
consequence, the co-dominant SSR banding patterns were scored as
AA or BB (for homozygote) and AB (for heterozygote) genotypes
corresponding to the alleles identified in the RiceGenes Database.

Statistical analysis

Allele frequencies, effective allele number (Ae), expected (He) and
observed heterozygosity (Ho) (Nei 1978), and gene diversity
(Shannon’s information index = I) were calculated to estimate
genetic variation level. The single-locus and mean fixation indices
(FI) (Wright 1978) were computed for polymorphic loci to test for
departure from Hardy-Weinberg equilibrium values. According to

Table 2 SSR primer pairs used for O. rufipogon DNA amplification in this study

Primer code LOa SSR motif No. of
Alleles

IR36 MWb Forward Reverse

RM11 (GA)17 7 140 tctcctcttcccccgatc atagcgggcgaggcttag
RM14 1 (GA)17 5 191 ccgaggagaggagttcgac gtgccaatttcctcgaaaaa
RM17 12 (GA)21 tgccctgttattttcttctctc ggtgatcctttcccatttca
RM19 12 (ATC)10 caaaaacagagcagatgac ctcaagatggacgccaaga
RM21 11 (GA)21 9 200 acagtattccgtaggcacgg gctccatgagggtggtagag
RM38 8 (GA)16 7 250 acgagctctcgatcagccta tcggtctccatgtcccac
RM44 8 (GA)16 5 99 acgggcaatccgaacaacc tcgggaaaacctaccctacc
RM55 3 (GA)17 4 226 ccgtcgccgtagtagagaag tcccggttattttaaggcg
RM84 1 (TCT)10 3 113 taagggtccatccacaagatg ttgcaaatgcagctagagtac
RM167 11 GGAA(GA)16GGGG 5 127 gatccagcgtgaggaacacgt agtccgaccacaaggtgcgttgtc
RM180 7 (ATT)10 6 110 ctacatcggcttaggtgtagcaacacg acttgctctacttgtggtgagggactg
RM205 9 (GA)25 5 122 ctggttctgtatgggagcag ctggcccttcacgtttcagtg
RM211 2 (GA)18 4 161 ccgatctcatcaaccaactg cttcacgaggatctcaaagg
RM212 1 (GA)24 5 136 ccactttcagctactaccag cacccatttgtctctcattatg
RM215 9 (GA)16 4 148 caaaatggagcagcaagagc tgagcacctccttctctgtag
RM219 9 (GA)17 9 202 cgtcggatgatgtaaagcct catatcggcattcgcctg
RM228 10 (GA)18 6 213 cttaaatgggccacatgcg caaagcttccggccaaaag
RM230 8 (GA)13 5 257 gccagaccgtggatgttc caccgcagtcacttttcaag
RM253 6 (GA)25 7 141 tccttcaagagtgcaaaacc gcattgtcatgtcgaagcc
RM276 6 (AG)8A3(GA)33 7 141 ctcaacgttgacacctcgtg tcctccatcgacagtatc
RM280 4 (GA)16 5 155 acacgatccactttgcgc tgtgtcttgagcagccagg
RM289 5 G11(GA)16 4 108 ttccatggcacacaagcc ctgtgcacgaacttccaaag
RM335 4 (CTT)25 8 104 gtacacacccacatcgagaag gctctatgcgagtatccatgg

a Location on chromosome no.
b Molecular weight of a DNA fragment using rice variety IR36 as a DNA template

Table 1 O. rufipogon population samples in this study with their parameters of genetic diversity, and the estimation of departures from
the H-W equilibrium

Codea Sample
size

Locality Population
status

Distance
from
rice field

Npb Ae Ho He I FI t Fst Nm

CL-Pi 50 Chaling,
Hunan
Province

Under
conservation

<20 m 22 1.900€0.860 0.110€ .120 0.392€0.206 0.734€0.401 0.696€0.309 0.234 – –

CL-Po 50 Chaling,
Hunan
Province

Under
conservation

>100 m 21 1.846€0.768 0.090€0.112 0.376€0.223 0.682€0.406 0.737€0.268 0.186 – –

CL-Pr 50 Chaling,
Hunan
Province

Re-introduced
for
conservation

>100 m 20 1.778€0.917 0.113€0.128 0.330€0.244 0.625€0.477 0.617€0.400 0.335 – –

CL 150 – – – 22 1.915€0.862 0.104€0.105 0.392€0.218 0.759€0.428 0.720€0.245 0.196 0.066 3.532

DX-Pa 40 Dongxiang,
Jiangxi
Province

Under
conservation

>100 m 20 1.902€0.666 0.207€ .223 0.396€0.241 0.663€0.402 0.510€0.419 0.481 – –

DX-Ps 23 Dongxiang,
Jiangxi
Province

Under
conservation

>50 m 11 1.388€0.572 0.098€0.154 0.190€0.236 0.315€0.389 0.442€0.374 0.477 – –

DX-Pz 19 Dongxiang,
Jiangxi
Province

No
conservation
measure

Mixed
with
cultivated
rice

22 2.045€0.544 0.190€0.138 0.471€0.166 0.806€0.285 0.586€0.289 0.307 – –

DX 82 – – – 23 2.086€0.664 0.172€0.128 0.467€0.188 0.829€0.332 0.622€0.294 0.287 0.242 0.782

Overall 232 – – – 23 2.269€1.042 0.128€0.098 0.480€0.192 0.919€0.398 0.710€0.228 0.198 0.276 0.655

a CL = Chaling populations; DX = Dongxiang populations
b Np = Number of polymorphic loci; Ae = Number of effective alleles; Ho = observed heterozygosity; He = Expected heterozygosity; I =
Shannon’s Information index; FI = fixation index; t = outcrossing rate (1�FI)/(1+FI); Fst = F-statistics; Nm = gene flow (1/4)(1�Fst)/Fst
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the FI, the outcrossing rate [t=(1�FI)/(1+FI)] was calculated to
indirectly estimate the mating pattern of the O. rufipogon
populations (Wright 1978). Population differentiation was analyzed
for polymorphism between populations, within locations, and
between regions by F-statistics (Weir and Cockerham 1984). Gene
flow (Nm) was estimated from Nm=(1/4)(1�Fst)/Fst (Nei 1987).
All of the above calculations were performed using POPGENE
program ver. 1.31 (Yeh et al. 1999). Relationships of the O.
rufipogon populations were estimated from the SSR data using the
UPGMA clustering method on the basis of Nei’s (1978) unbiased
genetic distance. The UPGMA tree was constructed using NTsys
program ver. 1.8 (Rohlf 1994).

Results

All of the 23 selected rice SSR primer pairs amplified
visible DNA fragments for the O. rufipogon populations
and no null alleles were found. Each plant within the six
populations had a unique genotype, except for two
individuals from the DX-Ps population that had identical
genotypes. A total of 115 alleles were scored from the 232
wild rice individuals. The highest number of alleles was
scored from the locus RM44 (eight alleles) and the lowest
was found from the locus RM19 (two alleles) in the O.
rufipogon samples. The selected SSR primers generated
an average of 4.61 alleles per locus. The allele frequency
data (Table 3) indicated one (RM230) to three mono-
morphic loci, (RM167, RM230 and RM289) in the
Chaling populations. The loci, RM14, RM205, RM211
and RM276 showed a monomorphic pattern in the DX-Pa
and DL-Pz population. The DX-Ps population showed a
low polymorphism with 11 monomorphic loci. An
example of the polymorphism patterns generated with

the SSR markers RM180, RM219 and RM280 is shown in
Fig. 1.

The UPGMA tree based on Nei’s (1978) unbiased
genetic identity for all populations revealed two distinct
groups (Fig. 2). The three populations from the Chaling site
were clustered in one group with relatively low differen-
tiation among each other, whereas the three populations
from the Dongxiang site were clustered in another group,
showing relatively high differentiation among the popula-
tions. Within Dongxiang, the two populations, DX-Pa and
DX-Pz with relatively close spatial distance were clustered
together, and the DX-Ps population that had a longer
spatial distance showed considerable differentiation from
the other two populations.

The average number of effective alleles (Ae), the
observed (Ho) and expected heterozygosity (He), and
Shannon’s index (I) were used to demonstrate the level of
population genetic diversity, which are listed in Table 1.
In general, the populations included in this study showed
a relatively high level of genetic diversity with Ae=2.269,
He=0.480, and I=0.919, respectively. The populations
from Chaling showed a slightly lower level of genetic
variation than that from Dongxiang. Within the Chaling
site, the CL-Pi population had the highest level of
effective alleles, the expected heterozygosity and Shan-
non’s index, whereas the CL-Pr population exhibited the
lowest level of the effective allele, the expected hetero-
zygosity and Shannon’s index. For the Dongxiang
populations, DX-Pz had the highest level of the effective
allele, the expected heterozygosity and Shannon’s index,
DX-Pa, and had the moderate and lowest level of
effective allele number, the expected heterozygosity and

Table 3 Number of alleles detected in the studied O. rufipogon populations at the 23 SSR loci (population codes refer to Table 1)

Locus Number of alleles

CL-Pi CL-Po CL-Pr Chaling
populations

DX-Pa DX-Ps DX-Pz Dongxiang
populations

Overall populations

RM11 5 4 4 5 4 3 4 5 7
RM14 3 3 4 4 1 1 3 3 4
RM17 5 3 3 5 3 1 4 4 5
RM19 2 2 2 2 2 1 2 2 2
RM21 4 3 3 4 3 3 3 3 4
RM38 4 3 3 4 4 3 2 4 5
RM44 5 4 6 8 3 1 3 4 8
RM55 3 3 3 3 1 1 3 3 3
RM84 2 2 2 3 2 1 3 3 3
RM167 3 1 1 3 3 2 3 3 4
RM180 6 6 6 6 4 1 5 5 7
RM205 4 3 2 4 2 4 4 6 6
RM211 2 2 3 3 1 1 2 2 3
RM212 2 4 2 4 2 1 3 3 4
RM215 2 2 2 2 3 3 3 3 3
RM219 4 5 6 7 4 2 4 5 7
RM228 4 4 5 5 3 3 3 3 6
RM230 1 1 1 1 3 1 3 3 3
RM253 3 3 3 3 3 2 3 3 3
RM276 4 3 4 4 4 2 1 4 5
RM280 5 4 2 5 3 1 3 5 7
RM289 3 3 1 3 2 1 3 3 3
RM335 4 4 4 4 3 2 3 5 5
Average 3.5 3.1 3.1 4.0 2.7 1.8 3.0 3.7 4.6
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Shannon’s index, respectively. The DX-Pz and DX-Ps
populations were also the highest and lowest in the level
of genetic diversity among all the six populations of O.
rufipogon (Table 1).

The relatively high mean Fixation indexes (FI)
(Table 1) were found in all the six populations and all
were positive, indicating significant departure from the
H-W equilibrium and heterozygosity deficiency, al-
though these values were different for each population.
The outcrossing rate (t) was inferred from the value of FI.
The overall outcrossing rate of the studied O. rufipogon
populations was about 20%, and the Chaling populations
had a relatively lower outcrossing rate compared with
that of Dongxiang populations (19.6% vs 28.7%) (Ta-
ble 1).

The F-statistics showed that genetic variability mainly
existed among O. rufipogon individuals rather than
among populations in Chaling (Fst=0.066), whereas
relatively much genetic variation resided among Dongx-
iang populations (Fst=0.242), although genetic variability
was also mainly presented among individuals (about 76%
of total genetic variation); corresponding to the higher
gene flow estimated in Chaling than that in Dongxiang
(3.532 vs 0.782). About 27.6% of the total genetic

Fig. 1A–C SSR amplification
products generated by the
primer pairs, RM44, RM180
and RM219. A Products of
RM44; lanes 1–13 were sam-
ples of the DX-Pa populations,
lanes 16–34 were samples of
the DX-Ps. B Products of
RM180; lanes 1–24 were sam-
ples of the DX-Pa population. C
Products of RM219; lanes 1–25
were samples of CL-Pi; M,
pUC19DNA/MspI(HpaII)
markers (MBI)

Fig. 2 A UPGMA tree for the six populations of O. rufipogon
based on Nei’s (1978) unbiased genetic identity
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variation of the six populations was scored between the
two sites of Chaling and Dongxiang (Table 1).

Discussion

Genetic diversity of O. rufipogon and its conservation

Continued in situ conservation of wild rice species is
increasingly important due to their tremendous agronomic
values and the current critical deterioration of their
habitat. One of the important strategies of in situ
conservation is to preserve the genetic integrity and
diversity of the conserved populations. A relatively high
level of genetic variation was detected in six O. rufipogon
populations in Jiangxi and Hunan Provinces of China
using 23 rice SSR markers, compared with the results
obtained from allozyme (Gao et al. 2000a, b, 2001) and
RAPD (Ge et al. 1999; Song et al. 2001; Xie et al. 2001)
studies of the same populations. This indicates that rice
SSR markers have a good cross-amplified motif in its
close relatives such as O. rufipogon, and that SSR assay
provides a useful tool in estimating genetic variation of
wild rice populations. The SSR analysis of the northern
most O. rufipogon populations in China under different
conditions demonstrates an overall genetic variation
pattern that is in agreement with the assumption that
most of the genetic diversity of O. rufipogon resided
within its populations in the same regions of China (Wang
et al.1996; Ge et al. 1999; Song et al. 2001). It is therefore
valuable to continue the in situ conservation of O.
rufipogon at the population level in China, particularly
considering the extensive genetic erosion that has
occurred in O. rufipogon populations during recent
decades.

Genetic differentiation and spatial isolation

Genetic variation patterns of the Dongxiang and Chaling
O. rufipogon populations are considerably different, with
a much higher level of differentiation among populations
in Dongxiang than those in Chaling (Fig. 2). This is in
good accord with the level of estimated gene flow among
populations at different sites. Among the Chaling popu-
lations, gene flow was scored nearly five-times as high as
the Dongxiang populations. The limited gene flow may
well explain the reason why considerable differentiation
has occurred among the Dongxiang populations, which is
in agreement with theoretical expectations (Slatkin 1987).
On the contrary, a relatively high level of gene flow
reduced genetic differentiation among the Chaling pop-
ulations. In fact, the spatial distance among the Dong-
xiang populations is much longer (>1 km) than that
among the Chaling populations (approximately 50–90 m).
The Chaling populations were within the range of pollen
flow, which we have experimentally shown to be
approximately 110 m (Song et al., submitted to Biodi-
versity and Conservation). Based on pollen movement

ability, we deduce that limited gene flow through cross-
pollination should be responsible for the high level of
differentiation among the Dongxiang populations and that
the relatively high rate of gene flow led to low
differentiation among the Chaling O. rufipogon popula-
tions.

Inter-population gene flow in this study was mainly
influenced by spatial isolation, although gene flow should
also be related to other factors such as mating systems.
The outcrossing rate of the Dongxiang populations was
higher than that of Chaling populations (mean 28.7% vs
19.6%), showing that the mating systems in Dongxiang
populations were much open to gene flow, although they
all represent a type of mixed-mating system (Oka and
Morishima 1967; Gao et al. 2000a; Xie et al. 2001). The
DX-Pa and DX-Ps populations were surrounded by a 2-m
high wall, isolated from each other by a distance over
2 km, and the two populations were away from rice fields
over 100 m, beyond the range of rice pollen flow. These
facts could explain the limited gene flow observed
between the two populations, and corresponding differ-
entiation among the Dongxiang populations. These pop-
ulations are still of special conservation concern as they
may loose genetic diversity over time due to the
synergistic effects of small population size and genetic
drift. Therefore, the fate of the conserved Dongxiang
populations inside the wall, especially the DX-Ps popu-
lation is uncertain, because a relatively small population
may encounter relatively stronger genetic drift and too
little gene flow to countervail it (Slaktin 1987).

Genetic diversity of O. rufipogon from the Chaling
region mainly exists among individuals rather than among
populations. In general, the CL-Po population receives
limited disturbances by human activities and represents a
more pristine population of O. rufipogon at this site. The
CL-Pr population is composed of individuals re-intro-
duced from the ex situ conserved materials that were
collected from the Chaling populations in 1983. The level
of estimated genetic diversity of the CL-Pr population
was nearly 90% of the genetic variability scored in the
primitive CL-Po population, indicating that the re-intro-
duction of ex situ conserved materials to the natural
habitats where O. rufipogon populations are extinct or
significantly reduced, is an effective alternative to restore
populations of this wild species. In addition, the re-
introduction enhanced the gene flow between populations,
which promotes long-term maintenance of genetic diver-
sity in O. rufipogon. Therefore, the conservation of the
CL-Po and CL-Pr populations in Chaling is effective in
comparison with other populations in Chaling or Dong-
xiang.

Introgression and genetic diversity

The populations DX-Pz and CL-Pi showed higher genetic
diversity than the other four populations that are well
isolated from rice fields. This can be explained by a
higher level of introgression from cultivated rice to the
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two populations. The individuals of the DX-Pz population
were scattered in a rice field, whereas the CL-Pi
population grew near-by cultivated rice fields about
10 m away. They were in the range of maximum pollen
flow (110 m) of cultivated rice. The overall outcrossing
rate of O. rufipogon populations in this study is about
20%, which is nearly the same as the results reported in
other studies (Morishima and Barbier 1990; Gao et al.
2000a). The considerable outcrossing rate allows O.
rufipogon to receive the genes of cultivated rice varieties
through cross-pollination, given that the two species grow
sympatrically (Morishima et al. 1984) and high compat-
ibility exists between O. rufipogon and O. sativa (Song et
al. 2002). In addition, the two populations showed
noticeable morphological variations having characters,
such as white stigmas, short lemma awns and anthers,
which are obviously from cultivated rice varieties. These
confirmed the introgression from cultivated rice into the
two populations, and consequently changed their genetic
structure. The DX-Pz population had a significant higher
level of genetic diversity than the CL-Pi population,
suggesting the history of introgression and extent of
mixed-growing with cultivated rice that may attribute to
the differences. The DX-Pz is highly mixed-grown with
cultivars and has a long history of gene exchange with
cultivated rice, compared with the CL-Pi population,
where farmers started to grow cultivated rice in 1995 and
a distance of 10 m was observed from the rice field.

The results support the hypothesis that relatively high
genetic diversity in Chinese O. rufipogon populations is
probably due to a high level of introgression resulting
from gene flow from Oryza sativa to O. rufipogon
(Morishima et al. 1984; Wang et al. 1996; Ge et al. 1999;
Gao et al. 2000a; Song et al. 2001). Therefore, gene
exchange between cultivated crops and their wild rela-
tives could increase detectable genetic diversity in the
wild species, except for its opposite consequence, i.e.
leading to the extinction of wild populations (Ellstrand et
al. 1999). The above results are helpful for our decision-
making with design in situ conservation strategies for O.
rufipogon populations. Gene flow from cultivated rice
(particularly when transgenic rice varieties are involved)
should be carefully considered by having sufficient
isolation distance to avoid gene flow from cultivated rice
and to maintain genetic integrity of the conserved wild
rice populations.

The lowest level of genetic diversity was observed in
the DX-Ps population, which is most likely attributed to
its small population size. Individuals in the DX-Ps
population occurred densely within the area of about
60 m2. The samples from 23 individuals in this study
possibly included almost all genotypes in this population.
However, of the total number of 23 loci analyzed 11 were
found to be monomorphic, indicating that most of the
samples had the same genotypes. The occurrence of intra-
clonal reproduction is probably due to the limited spatial
extent (Xie et al. 2001) or the limited number of initiating
genotypes at the onset of its in situ conservation. On the
contrary, the least disturbed DX-Pa and CL-Po popula-

tions showed the highest levels of genetic diversity with
only a small set of samples. This further confirms the
above conclusion that population size may have a
significant effect on the level of genetic diversity in O.
rufipogon, provided that no introgression has taken place.

The reproductive pattern in O. rufipogon

It is noteworthy that all the studied O. rufipogon
populations showed heterozygosity deficiency and their
observed heterozygosity significantly deviated from the
H-W equilibrium. This is primarily due to the mixed
mating system of O. rufipogon. A mixed mating system
with an outcrossing rate of 20% indicates that the non-
random mating may result in a large number of self-
pollinated seeds, i.e. inbreeding. This process would
certainly increase the percentage of homozygosity. Sec-
ondly, clonal reproduction by ratoons or rhizomatic stems
is an important complement to seed reproduction for the
population development of O. rufipogon (Oka and
Morishima 1967; Xie et al. 2001). The so-called “intra-
clone outcrossing” or cross-pollination within the same
clones (Morishima and Barbier 1990; Gao et al. 2000a)
will have the same effect as self-pollination. In addition, a
relatively narrow spatial range and a small population size
would increase the inbreeding rate, and as a consequence
resulted in heterozygosity deficiency.

In summary, our present genetic study reveals that: (1)
considerable genetic diversity exists in the northernmost
populations of O. rufipogon, although the diversity level
varied among populations, which is most likely due to
different conditions, under which the populations are
grown and conserved; (2) the current population size
limited by the concrete wall has led to considerable
genetic drift of the populations, which does not guarantee
their effective in situ conservation; (3) significant intro-
gression from cultivated rice varieties grown in the
vicinity of some O. rufipogon populations was detected,
which might impose a destructive effect on the genetic
integrity of these populations, therefore it is recommend-
ed to establish a safe isolation distance between in situ
conservation sites of O. rufipogon and cultivated rice to
avoid possible contamination of the wild species through
gene flow; and (4) for implementation of in situ
conservation; re-introduction of O. rufipogon individuals
with reasonable genetic diversity is an effective approach
to restore the populations that have already undergone
extinction.
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