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ABSTRACT. The endangered marsh herb, Caldesia grandis, is native
to China. We investigated the spatial structure of the genetic variation
of three populations of C. grandis using RAPD markers and spatial
autocorrelation analysis, based on the method of equal distance interval.
A total of 157 individuals were sampled from four patches collected
from the region of Hunan and Yunnan Provinces, China. Among the
polymorphic bands generated by seven selective primers, polymorphic
bands with frequencies ranging from 20 to 80% were used to calculate
Moran’s [ spatial autocorrelation coefficient for each patch. We found
significant spatial structure of genetic variation in the three patches in
Bei Hai (BH) (patches BH-1 and BH-2) and Guai Hu (GH) (patch GH-
1) populations of C. grandis (with significant positive autocorrelation
within the short distance class). In contrast, the genetic variation in
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the Lang Pan Hu (LPH) population (patch LPH-1) was found to be
randomly distributed. The different spatial distribution patterns may be
attributed to environment differences. These results have implications
for the conservation and management of this species, especially for
sampling strategies for ex sifu conservation.

Key words: Caldesia grandis; Conservation genetics;
Endangered species; Spatial genetic structure

INTRODUCTION

Abundant evidence has demonstrated that plant populations could exhibit spatial ge-
netic structures even though random or near random distribution have been found in some
cases (Escudero et al., 2003). Genetic diversity may appear spatially structured on different
scales, such as medium and large scales (population or region; Hedrick, 1986; Heywood,
1991; Born et al., 2008) or among neighboring individuals (Sokal et al., 1989; Epperson,
1993; Li et al., 2002; Reisch et al., 2007). Even at extremely fine scales, spatial genetic struc-
tures have been detected in some plant populations (Epperson and Clegg, 1986; Tani et al.,
1998; He et al., 1999, 2000; Torres et al., 2003; Vornam et al., 2004). Spatial genetic structure
within plant populations is primarily determined by the effects of factors such as limited seed
and pollen dispersal, vegetative reproduction, isolation in small patches, differential mortality,
and microhabitat selection (Murawski and Hamrick, 1990; Epperson, 1993; Berg and Ham-
rick, 1994; Chung and Epperson, 1999). Analysis of genetic diversity in a spatial context can
provide new insight in the understanding of the mechanisms of population maintenance and
dynamics; thus, knowledge of the spatial structure of populations is important when select-
ing natural populations for conservation or sampling them for breeding programs (Heywood,
1991; He et al., 1999; Escudero et al., 2003).

Caldesia grandis Samuelsson is an erect, perennial marsh herb that belongs to the
aquatic family Alismataceae. C. grandis is a self-compatible species that can reproduce both
sexually with selfed and out-crossed seeds and vegetatively through bulbils that commonly oc-
cur in the inflorescences (Gituru et al., 2002). C. grandis produces many flowers and seeds, but
seedling recruitment is rarely observed (Gituru et al., 2002). This species is confined to moun-
tainous bogs and marshes in Southeast Asia and has been found in China and the eastern Hima-
layas (Cook, 1996). C. grandis in China has been reported in Hubei, Hunan, Guangdong, and
Yunnan Provinces in mainland China as well as on the island of Taiwan (Gituru et al., 2002).
The species is rare, occurring as small populations in China. In our recent field investigation,
only three natural populations including one population in Yunnan Province and two popula-
tions in Hunan Province were found in mainland China (Chen et al., 2006).

The development of appropriate strategies for the conservation and exploitation of
plant genetic resources requires a detailed knowledge of not only the amount but also the
spatial distribution of genetic variation within a species (Escudero et al., 2003). In a previous
research, Chen et al. (2000) studied the extent of clonality and amount of genetic diversity
in the three known populations of C. grandis in mainland China. They found a high level
of intra-population and a low level of inter-population genetic variation in this endangered
marsh herb and proposed that sexual reproduction may have played an important role at some
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point during the history of these populations. To link knowledge of genetic diversity to certain
ecological traits of the species and to obtain a better understanding of the biological process
that govern the dynamics of the populations, we explored the existence of nonrandom spatial
genetic structures within the C. grandis populations.

The random amplified polymorphic DNA (RAPD) technique has several advantages
over isozyme and other DNA marker methodologies. These advantages include speed, low
cost, and the use of small amounts of plant material (Huff et al., 1993; Heun et al., 1994; Frit-
sch and Rieseberg, 1992). In other studies, the spatial genetic structure of several plant species
have been successfully investigated using RAPD markers (Bucci and Menozzi, 1995; Degen
et al., 2001; Bouza et al., 2002; Torres et al., 2003). In a study of the population genetics of C.
grandis, two molecular marker systems, RAPD and inter-simple sequence repeat, were used
(Chen et al., 2006). Both of the markers worked effectively in clone identification of C. gran-
dis. RAPD markers detected more diversity than inter-simple sequence repeat markers in the
three populations examined, however (Chen et al., 2006). In the present study, we used RAPD
molecular markers to assess the fine-scale spatial genetic structure within three populations of
C. grandis. The information on spatial genetic variation gained in this study may facilitate the
conservation management of this species.

MATERIAL AND METHODS
Study sites and sampling

We examined three wild populations of C. grandis occurring in three marshes, Lang
Pan Hu, Guai Hu, and Bei Hai (referred to as the LPH, GH, and BH populations, respec-
tively), in the Hunan and Yunnan Provinces of China. In Hunan Province, C. grandis is found
in two populations (LPH and GH) close to the center of the Mangshan Nature Reserve. The
LPH marsh (24°52'N; 112°43'E) is densely covered with a thick mat composed mainly of the
peat moss Sphagnum cuspidatum and the fern Cyclosorus acuminatus. A sluggish stream flows
across the marsh, and the marsh is subdivided by patches of the bamboo Sinarundinaria ni-
tida. The GH marsh (25°03'N; 113°00'E) is approximately 8 km from the LPH marsh and is
subdivided by patches of a canopy, Brasenia schreberi. C. grandis in the BH marsh (25°07'N;
98°33'E) population is found in four patches in Yunnan Province. Leaves of plants from the
LPH population were collected from one of the patches (LPH-1). Leaves of plants from the GH
population were also collected from one patch (GH-1); those of the BH population were col-
lected from two patches (BH-1 and BH-2). We sampled all of the individuals in each patch. A
total of 157 individuals were sampled: 64 from LPH-1, 38 from GH-1, 31 from BH-1, and 24
from BH-2. The locations of the sampled plants are shown in Figure 1. Each individual within
each of the four patches was characterized by its location on the grid (x, y coordinates).

DNA extraction and RAPD amplification

Total genomic DNA was isolated from 0.5 g silica-dried leaf tissue following a pro-
cedure described by Chen et al. (2006). RAPD reactions were carried out in a volume of 25
pL containing 0.25 mM of each dNTP, 2.5 uL 10X Taq buffer (10 mM Tris-HCI, PH 8.3, 1.5
mM MgCl, and 50 mM KCI), I mM primer, 1 U Taq Polymerase (Tian Yuan Biotech, Wuhan,
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China), and 40 ng DNA template. Amplification of genomic DNA was carried out on a PTC-
100™ thermocycler (MJ Research Inc.) and commenced with 4 min at 94°C followed by 45
cycles of 1 min at 94°C, 1 min at 34°C, and 2 min at 72°C, and ended with 7 min at 72°C.
Amplification products were resolved electrophoretically on 1.5% agarose gels run at 100 V in
0.5X tris-boric acid-ethylenediaminetetraacetic acid, visualized by staining with ethidium bro-
mide, and photographed under ultraviolet light. Sixty RAPD primers from Genbase Co. Ltd.
(Shanghai, China) were screened on eight randomly selected individuals. The eight samples
were amplified twice with the same primer. Seven primers that produced clear and 100% re-
producible fragments were selected for further analysis (Table 1).
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Figure 1. Spatial distribution of Caldesia grandis individuals. A. Patch BH-1 of the Bei Hai Marsh (BH) population;
B. Patch BH-2 of BH population; C. Patch GH-1 of Guai Hu Marsh population; D. Patch LPH-1 of the Lang Pan

Hu Marsh population.

Table 1. Number of bands scored from RAPD primers.

Primers

Number of scorable bands

Number of polymorphic bands

P-A13: 5'-CCTGGGTGGA-3'
P-A14: 5'-CCTGGGTTTC-3'
P-A19: 5-GCCCGGTTTA-3'
P-B03: 5'-CTCCCTGAGC-3'
P-B08: 5-TTCCCGGAGC-3'
P-B09: 5'-TTCCGGGTGC-3'
P-C15: 5-TTCCGCGGGC-3'
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Data analysis

RAPD amplification products were treated as phenotypes and each band was scored
as present (1) or absent (0) for each sample. Thus, a matrix of RAPD phenotypes was formed
for each patch in each population. The testing for the presence of spatial autocorrelation within
each patch was approached with Moran’s / correlogram (Sokal and Oden, 1978a) using the
SAAP 4.3 program written by Warternberg (1989). In spatial autocorrelation analysis, when the
sample size is large, the expected Moran’s / value (E,) (E, =-1/(n - 1), where n = sampled
site) is close to 0. An observed Moran’s / value significantly greater than the expected value
indicates similarity between two sampled sites; dissimilarity between two sampled sites is in-
dicted by the opposite (Sokal and Oden, 1978a,b).

In spatial autocorrelation analysis, if the frequencies of the polymorphic loci are too high
or too low, they provide only limited information. To avoid unnecessary calculations while ensuring
that the data has sufficient statistical power in the spatial autocorrelation analysis, we used only the
polymorphic bands with frequencies ranging from 20 to 80% generated by the selective primers
to calculate Moran’s / spatial autocorrelation coefficient for each patch. These analyses were
conducted with an approach of equal distance interval (10 distance classes). The distance classes
were set using the average distance between the individuals. Moran’s / statistic was calculated for
each distance class. Each value of Moran’s / was tested for significant deviations from the expected
value under the null hypothesis of random spatial distribution (Cliff and Ord, 1981). For patch BH-
2, only five distance classes were set in the analysis.

RESULTS

Of the 60 RAPD primers screened, seven produced highly reproducible bands. Using these
primers, a total of 52 polymorphic loci were generated among the 157 individuals from the four
patches. For patch BH-1, four loci with frequencies ranging from 20 to 80% were selected, and the
average distance between individuals was 1 m. Among the 40 calculated Moran’s / values, 19 (48%)
deviated significantly from the expected value under the null hypothesis of random spatial distribution
at the 5% level based on 1000 permutations (Table 2). At the first seven of the 10 distance classes,
39% of the Moran’s / values were statistically significant. Within a short distance (3 m), 100% of the
statistical significant Moran’s / values were positive. With the distance increased, the positive Moran’s
1 values decreased and the negative values increased. Within the distance classes of 8 to 10, most of
the Moran’s / values were significantly negative at the 5% level (see Table 2; Figure 2A).

Table 2. Spatial autocorrelation coefficients (Moran’s /) for 10 distance classes in patch BH-1 in Bei Hai
population of Caldesia grandis (equal interval correlograms).

Locus Distance class (m) and No. of individual pairs Cumulative probability
1 2 3 4 5 6 7 8 9 10
42 84 94 59 56 60 37 20 9 4
1 0.01 0.02 0.04 -0.17 -0.24 -0.04 0.00 0.22 -0.27 0.63 0.517
2 0.14 -0.06 -0.10 -0.07 -0.25% 0.24%* 0.26% -0.52**  0.14  -1.00* 0.087
3 0.26%  0.13* 0.20%*  0.06 -0.01 -0.41%% 028  -0.72**  -0.69* -1.00* 0.004
4 0.26%  0.13* 0.20**  0.06 -0.01 -0.41%%  -0.28  -0.72%*  -0.69* -1.00* 0.004
Average 0.17 0.05 0.09 -0.03 -0.13 -0.16 -0.07  -0.43 -0.38  -0.59
Maximum 0.26 0.13 0.20 0.06 -0.01 0.24 0.26 0.22 0.14 0.63
Minimum 0.01 -0.06 -0.10 -0.17 -0.25 -0.41 -0.28  -0.72 -0.72  -1.00
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For patch BH-2, 13 loci with frequencies ranging from 20 to 80% were selected, and
the average distance between individuals was 1 m. Among the 65 calculated Moran’s / values,
45 (69%) were statistically significant at the 5% level (Table 3). At the first four of the five
distance classes, more than 50% of the Moran’s / values were statistically significant. Within a
short distance (2 m), 100% of the statistically significant Moran’s / values that were positive.
Within the distance range of 4-5 m, 100% of the statistically significant Moran’s / values were
negative at the 5% level (see Table 3; Figure 2B).

Table 3. Spatial autocorrelation coefficients (Moran’s /) for 5 distance classes in patch BH-2 in Bei Hai
population of Caldesia grandis (equal interval correlograms).

Locus Distance class (m) Cumulative probability
1 2 3 4 5
1 0.31%* 0.15% -0.15 -0.40%* -0.12 0.005
2 0.31%* 0.15% -0.15 -0.40%* -0.12 0.005
3 0.75%* 0.47%* -0.21 -0.70%* -0.52%%* 0.000
4 0.75%* 0.47%* -0.21 -0.70%* -0.52%%* 0.000
5 0.80%* 0.23%* -0.07 -0.32% -0.84%%* 0.000
6 0.66** 0.35%* -0.06 -0.41%* -0.74%%* 0.000
7 0.53%* 0.37%* -0.16 -0.59%* -0.37%* 0.000
8 0.66** 0.35%* -0.06 -0.41%* -0.74%%* 0.000
9 0.75%* 0.47%* -0.21 0.70%* -0.52%%* 0.000
10 0.16* -0.21 -0.21 0.03 0.02 0.02
11 0.80%* 0.23%* -0.07 -0.32% -0.84%%* -0.84%*
12 0.80%* 0.23%* -0.07 -0.32%* -0.84%* -0.84%*
13 0.33%* 0.04 -0.17 -0.45%* 0.03 0.03
Average 0.59 0.25 -0.14 -0.44 -0.47
Maximum 0.80 0.47 -0.06 0.03 0.03
Minimum 0.16 -0.21 -0.21 -0.70 -0.84
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Figure 2. Correlograms of autocorrelation statistics in each distance class (m) of Caldesia grandis (equal interval
correlograms). A. Patch BH-1 of the Bei Hai (BH) population; B. Patch BH-2 of the BH population; C. Patch GH-1
of the Guai Hu population; D. Patch LPH-1 of Lang Pan Hu population.
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For patch GH-1, seven loci with frequencies ranging from 20 to 80% were selected,
and the average distance between individuals was 1 m. Among the 70 calculated Moran’s /
values, 21 (30%) were statistically significant at the 5% level (Table 4). At the first two of the
10 distance classes, more than 50% of the Moran’s / values were statistically significant. Within
a short distance (1 m), 100% of the statistically significant Moran’s / values were positive.
With the distance increased, the positive Moran’s / values decreased and the negative values
increased. Within the distance range of 9-10 m, 70% of the statistical significant Moran’s /
values were negative (see Table 4; Figure 2C).

Table 4. Spatial autocorrelation coefficients (Moran’s /) for 10 distance classes in patch GH-1 in Guai Hu
population of Caldesia grandis (equal interval correlograms).

Locus Distance class (m) and No. of individual pairs Cumulative probability
1 2 3 4 5 6 7 8 9 10

104 126 91 61 57 62 77 63 42 20
1 0.21*%* -0.02 -0.12 -0.14 -0.08 0.01 0.20*  -0.11 -0.40*%*  -0.28 0.039
2 0.36*%* 0.03 -0.08  -0.39%* -0.24* -0.32%* -0.32*%* (.02 0.43%%  0.46%* 0.000
3 0.20*%*  0.02 0.00 -0.13 -0.04  -0.11 0.11 -0.17 -0.40**  -0.30 0.034
4 0.20*%*  0.02 0.00 -0.13 -0.04  -0.11 0.11 -0.17 -0.40**  -0.30 0.034
5 0.10 0.02 -0.02 -0.10 -0.05  -0.06 0.08  -0.06 -0.32%  -0.33 0.183
6 0.47** -0.01 -0.06 -0.14 -0.06  -0.11 0.12  -0.08 -0.63*%*  -1.00%* 0.000
7 0.47*%* -0.01 -0.06 -0.14 -0.06  -0.11 0.12  -0.08 -0.63*%*%  -1.00%* 0.000
Average 0.29 0.01  -0.05 -0.17 -0.08  -0.12 0.06  -0.09 -0.34 -0.39
Maximum 0.47 0.03 0.00  -0.10 -0.04 0.01 0.20 0.02 0.43 0.46
Minimum 0.10 -0.02  -0.12  -0.39 -024  -0.32 -032  -0.17 -0.63 -1.00

For patch LPH-1, a total of 10 loci with frequencies ranging from 20 to 80% were se-
lected, and the average distance between individuals was 1 m. Among the 100 calculated Mo-
ran’s / values, 21 (21%) were statistically significant at the 5% level (Table 5). Within a short
distance (3 m), 100% of the statistical significant Moran’s / values were positive. With the
distance increased, the positive Moran’s / values decreased and the negative values increased.
Within the distance range of 4-8 m, 100% of the statistical significant Moran’s / values were
negative (see Table 5; Figure 2D).

Table 5. Spatial autocorrelation coefficients (Moran’s /) for 10 distance classes in patch LPH-1 in Lang Pan Hu
population of Caldesia. grandis (equal interval correlograms).

Locus Distance class (m) and No. of individual pairs Cumulative probability
1 2 3 4 5 6 7 8 9 10
147 311 346 311 280 260 201 105 46 9
1 0.79%%  0.38%*  0.12%*- 0.14%* -0.21%% -0.41%* -0.34%F -0.25%* -0.13 0.32 0.000
2 0.01 -0.03 -0.03  -0.06 0.05 -0.03 0.03 -0.02  -0.02  -0.39 1.000
3 0.03 -0.01 -0.03  -0.06 0.01 -0.03 0.03 -0.02 0.00  -0.38 1.000
4 0.03 -0.01 -0.03  -0.06 0.01 -0.03 0.03 -0.02 0.00  -0.38 1.000
5 1.07*%*%  0.28** -0.00  -0.17** -0.23** -0.34** -0.28** -0.18* 0.03 0.28 0.000
6 0.72%%  0.12%* -0.04  -0.14** -0.11*  -0.17** -0.17%* -0.10 0.04 0.16 0.000
7 0.07 0.04 -0.02  -0.05 -0.05 -0.03 -0.01 -0.03  -0.03  -0.04 1.000
8 0.07 0.04 -0.02  -0.05 -0.05 -0.03 -0.01 -0.03  -0.03  -0.04 1.000
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10 0.07 0.04 -0.02  -0.05 -0.05 -0.03 -0.01 -0.03  -0.03 -0.04 1.000
Average 0.30 0.09 -0.01 -0.09 -0.07 -0.11 -0.07 -0.07  -0.02  -0.05
Maximum 1.07 0.38 0.12  -0.05 0.05 -0.03 0.03 -0.02 0.04 0.32
Minimum 0.01 -0.03 -0.04  -0.17 -0.23 -0.41 -0.34 -0.25  -0.13 -0.39
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DISCUSSION

Spatial structuring, or nonrandomness, can be strongly influenced by many aspects of
population genetics (Sokal, 1979; Epperson, 1990). Isolation by distance, limited gene flow,
or seed dispersal should cause neighboring individuals in plant populations to be genetically
related, and the spatial autocorrelation between individuals should decrease with increasing
distances (Wright, 1946; Epperson, 1990; Li et al., 2002). In addition, local environments may
also partly explain significant genetic clustering (Hamrick and Allard, 1972; Allard et al., 1977;
Epperson, 1993; He et al, 1999). The spatial autocorrelation analysis in this study showed that
within short distances, the RAPD genetic variations were not randomly distributed in patches
BH-1 (3 m), BH-2 (2 m), and GH-1 (1 m), indicating that individuals within the range of 1-3
m were similar; as distance increased, the negative Moran’s / values increased in each of these
patches, indicating that the individuals within a larger distance range were randomly distrib-
uted. For patch LPH-1, the vast majority of RAPD loci were randomly distributed; only a few
loci displayed a patchy distribution model, indicating that no clear spatial genetic structure
existed. The different spatial genetic variation patterns revealed in the patches of C. grandis
populations may be attributed to environmental differences.

C. grandis can produce many flowers from early July to late September, with a peak
in August. The effective pollinators are bees (Insecta; Hymenoptera; Gituru et al., 2002). This
species is a primarily outcrossing species (Chen et al., 2007). Although sexual reproduction may
have played an important role in generating genetic variation in the history of the plant, seedling
recruitment is now rarely observed (Gituru et al., 2002; Chen et al., 2006). Currently, C. grandis
depends mainly on asexual reproduction through inflorescence bulbils. The ramets are mainly
distributed around their maternal plants, which may contribute to the patchy distribution pattern
of RAPD variation in the BH and GH populations. The BH population of C. grandis displayed a
patchy or scattered distribution in a “floating blanket” type swamp. When the inflorescence bul-
bils of C. grandis mature and drop off, they mainly remain around the maternal plants because
little water flow or other environmental factors are present to spread the bulbils farther. Thus, the
populations displayed significant patchy distribution of RAPD genetic variation.

In patch GH-1, although the GH marsh has a higher water level and C. grandis lives in
deeper water, little fluctuation in water level occurs. Moreover, the dominant plant species in the
GH marsh is B. schreberi, and the floating leaves of B. schreberi cover most of the water surface,
which presents an obstacle to the spread of the inflorescence bulbils of C. grandis. This envi-
ronmental characteristic may have resulted in the similarities in RAPD genetic variation (patchy
distribution) in the GH and BH populations. However, the RAPD variation in patch LPH-1
exhibited a different pattern (random distribution) from that in the GH and BH populations.
Although C. grandis individuals in the LPH population showed patchy distribution, a sluggish
stream flows across the population, and the water flow can carry the inflorescence bulbils of C.
grandis far from the maternal plants, which may cause neighboring individuals in this population
to be genetically dissimilar. The differing local habitat of the LPH population of C. grandis may
have led to a RAPD spatial distribution that varied from that in the other populations.

The insights gained from exploring the spatial genetic structure of populations of rare
and endangered species are important for developing a sound strategy for protecting them. The
spatial patterns of genetic variation found in C. grandis populations provide important base-
line data for the conservation of this species, especially for sampling strategies in ex situ con-
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servation. For example, the genetic variation in the BH and GH populations was distributed in
a significant patchy pattern, which requires us to sample at not less than 3 m to avoid repeated
sampling of genetically similar individuals. Owing to the less patchy genetic structure in the
LPH population, however, sampling should not be limited to the same distance.
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