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Abstract We examined the origins of cultivated stocks of
the endangered species Primula sieboldii at the individual
plant level by using an assignment test based on eight
microsatellite loci and regional features of chloroplast
DNA (cpDNA) variation of wild populations. To confirm
that we had sufficient information for estimating the origins
of the stocks, we performed an assignment test with 920
genets that we collected from 32 wild populations with
known origins. The test assigned 99.6% of the genets to the
population from which they had been sampled, confirming
the suitability of the method. We then performed the
assignment test with 29 cultivated stocks. The alleged
origins of 19 were confirmed by microsatellite and cpDNA
variations. In contrast, the alleged origins of five were
rejected by both markers. Five stocks, which do not have a
reference population located within 30 km of their reputed
origin, were not assigned to any population. Stocks whose
alleged origins were rejected are inappropriate as restora-
tion materials, because their introduction might disturb
local gene pools. Six stock haplotypes could not be
detected in wild populations. This may suggest the loss of
genetic diversity in the wild and the value of stocks as a
gene bank. The genetic method used in this study will also

M. Honjo (BX)) - I. Washitani

Graduate School of Agricultural and Life Science, The
University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-
8657, Japan

e-mail: amhonjo@affrc.go.jp

S. Ueno - Y. Tsumura
Department of Forest Genetics, Forestry and Forest Products
Research Institute, Tsukuba, Ibaraki 305-8687, Japan

T. Handa - R. Ohsawa
Graduate School of Life and Environmental Sciences, University
of Tsukuba, Tsukuba, Ibaraki 305-8572, Japan

be helpful to detect cryptic invasion by nonendemic
genotypes or to trace the origins of plants collected for
commercial purposes, a threat to many endangered species.
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Introduction

In restoration programs for endangered plants, ex situ
stocks cultivated in botanical or private gardens have
occasionally been used because they sometimes preserve
invaluable genetic lineages (Demauro 1993; Robichaux
et al. 1997; Hogbin and Peakall 1999; Ibanez et al. 1999;
Maunder et al. 1999, 2000). However, labeling errors,
hybridization between stocks, and confusion about origins
have been identified in some ex situ stocks (Friesen et al.
1999; Hogbin and Peakall 1999; Maunder et al. 1999,
2004). A mixing of genetically distinct populations or
species disturbs the evolutionary history endemic to an area
or species and can cause outbreeding depression due to a
loss of local adaptation or the breakup of coadapted gene
complexes (Hufford and Mazer 2003). Therefore, If we are
to use cultivated stocks for restoration activities, it is vital
to confirm their origins.

An assignment test, which is often used to ensure
bloodstock integrity in captive propagation programs or to
identify hybrid individuals of endangered fishes (Olsen
et al. 2000; Congiu et al. 2001), may allow us to infer the
origins of endangered plant stocks. The test assigns each
individual to a reference population in which its multilocus
genotype is most likely to occur (reviewed by Manel et al.
2005). An assignment test would make a significant con-
tribution to tracing the origins of individual stocks.
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Furthermore, the geographical distribution of maternally
inherited organelle genomes might provide insights into
tracing origins (Deguilloux et al. 2003). In plant species,
the geographical distribution of chloroplast DNA (cpDNA)
haplotypes is often restricted (reviewed by Soltis et al.
1997; Newton et al. 1999), allowing us to infer maternal
origin. By utilizing both an assignment test based on
nuclear DNA markers and cpDNA structure, we can
achieve reliable estimation of origins of stocks.

Primula sieboldii E. Morren (Primulaceae) is a peren-
nial clonal herb that is distributed in Japan, the Korean
peninsula, northeastern China, and eastern Siberia (Rich-
ards 2003). However, it is now listed as vulnerable in the
Japanese Red Data Book (Environment Agency of Japan
2000) owing to the rapid decrease of both numbers and
sizes of populations due to loss or fragmentation of
habitats by human exploitation, abandonment of tradi-
tional management of woodlands or grasslands, and
commercial collection. Ecological studies and practices
for in situ conservation of the species have been exten-
sively implemented (reviewed by Washitani et al. 2005),
and restoration activities led by private citizens have been
growing in a number of regions. In local residents’ gar-
dens adjacent to declining or extinct populations and in
botanical gardens of research institutes there are several
clonally cultivated stocks of P. sieboldii that are said to
have been collected from wild populations in known
areas. These stocks may retain genetic diversity lost from
the wild and could be useful resources for the genetic
restoration of local wild populations, if their origins can
be confirmed.

In previous studies, we investigated nuclear microsat-
ellite and maternally inherited cpDNA variation in
representative extant populations of P. sieboldii in Japan to
determine conservation units (Honjo et al. 2004, in press;
Honjo 2005). Microsatellite analysis revealed a significant
genetic isolation-by-distance pattern, and genetic group-
ings corresponding to the geographical location of
populations. cpDNA analysis detected 22 haplotypes
belonging to three distinct clades (I, II, and III), and most
of the haplotypes were geographically structured. These
regional features of genetic variations may allow us to infer
whether the stock originated in the region or not.

In this study, we examined the origins of 29 stocks of
P. sieboldii by analyzing nuclear microsatellite and
cpDNA variation. First, we performed an assignment test
based on the multilocus genotype of eight microsatellite
loci. Second, we examined where cpDNA haplotypes of
stocks were distributed in the wild. As far as we know,
this study is one of the first that actually demonstrates the
traceability of endangered plant stocks at the individual
level, which may allow us to devise plans for the
effective restoration.
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Materials and methods
Study species and materials

Primula sieboldii is a distylous and clonal perennial herb
that occurs in moist habitats in northeastern Asia (Richards
2003). As is typical of distylous species, mating between
genets having different floral morphs is required for viable
seed production. Each genet is composed of physiologi-
cally independent ramets originating from short rhizomes.

At flowering time (April-May) in 2002-2005, we col-
lected fresh leaves from 29 stocks of P. sieboldii (Fig. 1).
Because each stock of P. sieboldii corresponds to a genet
and therefore does not have intra-stock genetic variation,
we collected leaves from one ramet per stock. Each stock is
named after the place from which the stock was reputedly
collected, though there was no verification of this. These
living stocks have been maintained in local residents’
gardens adjacent to the alleged places of origin, several
local botanical gardens, the Agricultural and Forestry
Research Center of University of Tsukuba, and Saitama
Prefecture Agriculture and Forestry Research Center
(Table 1).

@ 1-¢ Hidaka area

Western Honshu

17-23 Karuizawa area

®
0 200km
[

Fig. 1 The alleged places of origin of the stocks (circled numbers)
analyzed in this study. The circles on the map represent the wild
populations in which we analyzed both microsatellite and cpDNA
variations (Honjo 2005; Honjo et al. in press). Italic numbers next to
the plots correspond to the population numbers in M. Honjo et al.
(in press), and colors of the plots represent the clades to which the
genets within the population belong, as revealed by phylogenetic
analysis based on chloroplast DNA sequences: white, clade I; gray,
clade II; black, clade III
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Table 1 Judgment of origin of each stock based on microsatellite and cpDNA variation

Stock No.  Stock
name

Place of

cultivation®

Populations in alleged Results Judgment®

area of origin of the X ) .
stocks and haplotypes Assigned cpDNA Microsatellite ~ cpDNA

detected there” population  haplotype

Stocks whose alleged origins were supported by both microsatellite and cpDNA markers

2 Iwate No.8 Saitama 10 (O) 10 C O O

8 Nasuno Saitama 13 (C) 13 C O O

9 Akagi Tsukuba 14 (C, ¢) 14 C O O

10 Okegawa Saitama 15,16 (C,E,F, H, I, N, 1) 15 H O O

13¢ Tajimagahara Private 15,16 (C,E,F, H, I, N, 1) 15 H O O

14 Toda Tsukuba 15,16 (C,E,F, H, LN, 4) 15 H O O

15 Toda-aka Saitama 15,16 (C,E,F, H, L N, /) 15 I O O

17 Ukima T2 Tsukuba 15,16 (C,E,F, H, L N, /) 15 H O O

18 Ukima-godai Saitama 15,16 (C,E,F, H, I, N, /) 15 1 O O

19 Saku Saitama 17-23 (C,E,F, H, ], K, L) 18-21 L O O

21 Minamimaki Tsukuba 24 (C, M, N, O, 2) 24 C O O
Stocks whose alleged origins were rejected by both microsatellite and cpDNA markers

1 Niikappu Saitama 1-8 (A, B, O) 15 E X X

3 Sendai-aka Saitama 11 (©) 15 H X X

204 YamanouchiA Private 25 (E) 15 H X X

25 NichinanTK P1 Private 28, 29 (B) 15 I X X

27 Geihoku kizukahara Private 31 (Y) 32 I X X
Stocks whose alleged origins were supported by microsatellites, but showed cpDNA haplotypes not detected in the wild

11 Nishikigahara Saitama 15,16 (C,E,F, H, I, N, 1) 16 o O New

12 Tajima-beni Tsukuba 15,16 (C,E,F, H, LN, ) 15 o O New

16 Ukima T1 Tsukuba 15,16 (C,E,F, H, LN, 4) 15 G O New

28 Aso Saitama 32 (U, V) 32 0 O New
Stocks whose alleged origins were supported in the additional assignment test® and cpDNA haplotype

24 Kishimoto Botanical 27,28 (A, B, R) 15/27-30° B x—>()° O

26 NichinanTK T1 Private 28,29 (B) 15/27-30 B x—>0 O

23 Tetsuta Botanical 29 (B) 15/27-30 B x=Q)f O
Stocks which do not have a reference population located within 30 km of the reputed places of origin

4-74 Tsuruoka T1, T2, T3, T4  Private Nothing £ T - New

22 Takahashi Botanical Nothing 27/27-30 w O New

29 Nobeoka Saitama Nothing - o - New

4 Saitama, Saitama prefecture Agriculture and Forestry Research Center; Private, private garden; Tsukuba, University of Tsukuba; Botanical,

local botanical gardens

" Previously analyzed wild populations (Honjo et al. 2004, in press; Honjo 2005) located within 30 km of the reputed places of origin. The
letters in parentheses indicate cpDNA haplotypes detected in the populations

¢ (O’ and ‘x’ means that the alleged origin was supported by the genetic marker, or not, respectively. ‘New’ indicates haplotypes which have not

been found from extant wild populations

9 Stocks 13 and 20, and stocks 4-7 respectively showed the same microsatellite genotype and the same cpDNA haplotype

¢ Result of the additional assignment test which amalgamated populations 15 and 16 and populations 27-30 into one population each (see text)

T Stock 23 showed the highest probability of occurrence of the genotype in the assemblage of populations 27-30, but was excluded from

membership in the group (see text)

€ Any population was excluded as the origin of the individual

The alleged originating populations of several stocks  and river improvement in 1970 (T. Yasuno, personal
had already been lost through human activity. Stocks 4-7,  communication, May 19, 2003). Stocks 10-18 reputedly
maintained in a local resident’s garden, had been rescued  originated in several populations in the Arakawa area near
just before the loss of habitat due to farmland consolidation =~ Tokyo (Fig. 1), where there had been many populations
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until about 1920. Now only two populations (15 and 16 in
Fig. 1) remain. Stock 27 had been collected from a now
vanished population in Geihoku town in western Honshu
and has been cultivated in local resident’s gardens for
about 70 years. Although other wild populations exist in
the town (such as population 31), the indigenous origin of
stock 27 has long been questioned by local people
(A. Kodama, personal communication, May 9, 2003).
Potentially, as it is found within a site occupied in the
historical past by semi-sedentary iron makers, the popula-
tion may be an ancient translocation.

Table 1 lists wild populations located within 30 km of
the alleged place of origin of each stock that we previously
analyzed for microsatellite and cpDNA variations (Honjo
2005; Honjo et al. in press). We expected stocks 4—7, 22,
and 29 to be rejected from any population in the following
assignment test, because these stocks do not have any
reference population located within 30 km of the origin.

In addition, we collected new leaf samples from wild
populations 9, 14, 15, 16, 24, 26 and 31 (five to 16 indi-
viduals per population) to enhance the reference cpDNA
data.

Genotyping by nuclear microsatellites

Genomic DNA was extracted from leaves by a modified
CTAB method (Murray and Thompson 1980). The samples
were genotyped at the following eight microsatellite loci,
which were used in a previous analysis of wild populations
(Honjo 2005; Honjo et al. in press): PS2 (Isagi et al. 2001),
ga0235, ga0381, ga0668, gal277 (Ueno et al. 2003),
ga0653, ga0666 (Ueno et al. 2005), and Pri0l46 (Kitam-
oto et al. 2005b). PCR amplifications were performed in
10 pLL reaction mixtures containing 10-15 ng template
DNA, 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 100 uM
each dNTP, 0.02% Triton X-100, 0.01% gelatin, 1.5 mM
MgCl,, 0.25 units Taqg polymerase, and 0.2 pM each pri-
mer. Thermocycling conditions were as follows: 3 min at
94°C; 30 cycles of 30 s at 94°C, 30 s at a primer-specific
annealing temperature (ga0668, 52°C; ga0666 and PS2,
55°C; ga0381, 57°C; others, 60°C) and 30 s at 72°C; and a
final extension step at 72°C for 7 min. The PCR products
were run on a 3100 Genetic Analyzer with GeneScan
software (Applied Biosystems, Foster City, CA, USA).

Assignment test based on eight microsatellite loci
To infer the origin of the stocks, we performed an
assignment test using Rannala and Mountain (1997) crite-

rion with the ‘leave one out’ procedure on the basis of
microsatellite variation with the program GeneClass2 (Piry
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et al. 2004). This test calculates the probability that an
individual’s multilocus genotype occurs in each reference
population. After we found the population with highest
probability, we evaluated rejection and acceptance of
membership of the genotype to the population by the
Monte Carlo resampling method of Paetkau et al. (2004).
The probability of given individual multilocus genotype
was compared to the distribution of probabilities of mul-
tilocus genotypes (10,000 replicates) generated based on
the allele frequencies of the population, and if the value
was below o < 0.01, the individual was rejected from the
population. Such a combination of an assignment test and
exclusion-method is used for other studies (Manel et al.
2005; Frantz et al. 2006; Hare et al. 2006).

First, to confirm that there was sufficient information for
estimating the origin of the stocks, we tested the multilocus
genotypes of 920 genets collected from 32 wild popula-
tions in a previous study (Honjo 2005; Honjo et al. in press)
and whose origins we therefore know. In these populations,
we sampled leaves from 10 to 49 genets per population
corresponding to population size. Because P. sieboldii has
marked visible interclonal variations in floral morphology
(i.e., size, color, shape of petal, and heterostyly) we col-
lected leaves by visually distinguishing genets in the field.
In this assignment test, we amalgamated populations 1-6 in
the Hidaka area and populations 18-21 in the Karuizawa
area into one population each, because they were located
within 10 km of one another and microsatellite and cpDNA
variations indicated that they were genetically closely
related (Honjo 2005). The resultant information was used
to infer the origins of the cultivated stocks of P. sieboldii.

We performed an additional assignment test in which we
amalgamated populations 15 and 16 in the Arakawa area
(Fig. 1) and populations 27-30 in western Honshu (Fig. 1)
into one population each, to depict average profiles of
genetic variation in the areas. The fragmentation and
decline of populations in those areas are especially exten-
sive (M. Honjo et al., unpublished), likely biasing the
genetic composition of the populations through genetic
drift and reduced interpopulation gene flow. We considered
that we might have been able to outline the intrinsic genetic
composition in the areas this way. We did not integrate
population 31 into the assemblage of western Honshu
populations, because it belongs to a different maternal
lineage (clade I) from populations 27 to 30 (clade II;
Fig. 1).

Sequencing of cpDNA
The following five noncoding regions of cpDNA, which

were used in a previous analysis of wild populations
(Honjo et al. 2004), were sequenced in all stocks and
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newly analyzed wild individuals: (1) ##n'T (UGU) and trnL.
(UAA) 5" exon; (2) trnl. (UAA) intron; (3) trnl (UAA) 3/
exon and trnF (GAA); (4) trnH (GUG) and psbA; and (5)
trnD (GUC) and #nT (GGU). PCR and sequencing using
an ABI Prism 3100 Genetic Analyzer (Applied Biosys-
tems) were performed as described by Honjo et al. (2004).
Sequencing data were aligned manually with CLUSTAL
W (Thompson et al. 1994). Insertions/deletions (indels)
were generally placed so as to increase the number of
matching nucleotides in a sequence position. We deter-
mined cpDNA haplotypes from nucleotide substitutions
and indels.

Phylogenetic relationships among cpDNA haplotypes

We inferred phylogenetic relationships among newly
detected cpDNA haplotypes and those reported in wild
populations by the maximum parsimony method using both
substitution data and indel characters. As an outgroup, we
used the closely related species P. kisoana Miq. Indels of
more than 1 bp were treated as a single character resulting
from one mutational event in the data matrix. However, a
tandem repeat of mononucleotides in the intergenic spacer
between #rnT and trnl was omitted from the phylogenetic
analysis because its homology was ambiguous (Honjo et
al. 2004). The most parsimonious trees were obtained by
PAUP 4.0b10 (Swofford 2002) using the branch-and-
bound search options with bootstrap values based on
10,000 replicates. All character states, including indels,
were specified as unordered and equally weighted.

Results
Assignment test based on microsatellite variation

All eight loci were amplified in every stock. Stocks 4-7
and stocks 13 and 20 showed the same genotype, respec-
tively, suggesting that these stocks belong to the same
genet.

To confirm that there was sufficient information for
estimating the origins of the stocks, we first performed an
assignment test with 920 genets, which we collected from
32 wild populations. As a result (Table 2), 916 genets
(99.6% of total) showed the highest probability of occur-
rence of their genotypes in the population from which they
had been sampled, three in a population located within
30 km of their origins (each one genet in populations 3, 20,
28 were assigned to populations 7, 23, 27, respectively),
and one in the most geographically adjacent population,
which is located 90 km away from the origin (one genet in
population 10 was assigned to population 9). In the

evaluation of membership by the Monte Carlo resampling
method of Paetkau et al. (2004), 919 genets showed the
values larger than 0.01 and were accepted for membership,
though one genet in population 6 was not. This high
probability of correct assignment affords us an opportunity
to infer the origins of the stocks.

Fifteen stocks (2, 8, 9, 10-19, 21, 28) among the 29
showed the highest probability of occurrence of their
genotypes in a population located within 30 km of the
alleged places of origin with oo > 0.01, but eight (1, 3, 20,
23-27) in populations in other areas. Among the six stocks
with no reference population within 30 km of the reputed
places of origin, five (4-7, 29) were not assigned to any
populations with o > 0.01, but stock 22 was assigned to
population 27, which grows in the same region (i.e., wes-
tern Honshu) as the alleged place of origin of stock 22.

In the additional assignment test based on the average
profiles of genetic composition in the Arakawa area and
western Honshu, stocks 24 and 26 showed the highest
probability in the assemblage of populations 27-30 in
western Honshu with o > 0.01, where those stocks reput-
edly originated. Stock 23, which also reputedly originated
in western Honshu, showed the highest probability in the
assemblage, but o < 0.01. Other stocks showed the highest
probability in the same reference populations as the former
test showed.

Chloroplast DNA haplotypes detected in the stocks

We sequenced the five noncoding spacers from the several
additional wild samples and 29 stocks of P. sieboldii. In the
wild samples, we detected nine distinct cpDNA haplotypes.
Four haplotypes were newly detected (haplotypes X, Y, ¢
and / in populations 9, 31, 14 and 15, respectively; Fig. 2),
and others had already been reported in previous studies
(Honjo et al. 2004; Kitamoto et al. 2005a). Among the 29
stocks analyzed, 14 showed haplotypes distributed in the
alleged places of origin, but five did not (Table 1). The
other 10 stocks showed haplotypes that were not detected
in wild populations (viz., G, W, «, 7, 0, ¢). Among these,
haplotype G was already reported in Honjo et al. (2004),
and others were newly reported in this study. The nucleo-
tide sequence data of new haplotypes will appear in the
DDBJ database under accession numbers AB161511,
AB277083 to AB277095.

We constructed most parsimonious trees incorporating
both substitutions and indels by using the branch-and-
bound search option. We obtained two most parsimonious
trees that required 93 steps (consistency index = 0.9892;
retention index = 0.9865). The topology of the strict con-
sensus tree of these two trees was identical to one of the
two most parsimonious trees (Fig. 2). Haplotypes G and n
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Table 2 Result of the assignment test for wild populations

Source population n*  Assigned population

-6 7 8 9 10 11 12 13 14 15 16 17 1821 22 23 24 25 26 27 28 29 30 31 32

1-6 176 17 1 0 0O O O O O O O O O 0 o 0 0 0 0 0 0 O O O O
29 029 0 0 06 0606 00 0 0 O 0 o 0 0 0 0 0 0 0 0 O O

25 0 02 0 0 0O O O O O O0 O 0 o 0 0 0 0 06 0 0 0 O0 O

28 0 0 028 0 O 0 0 0 0 o0 o0 0 o 0 0 o0 0 0 O O O O0 O

10 44 0 0 0 14 0 O O O O O0 O 0 o 0 0 0 06 0 0 0 0 0 O
11 18 o 0 0 0 018 0 O O O O O 0 0o 0o 0 0 06 0 0 0 0 0 O
12 49 0O 0 0 0 0 049 0 O O O0 O 0 0o 0 606 06 06 0 0 0 0 0 O
13 30 0o 0 0 0 0 0O 030 O 0 0 O 0 0o 0 06 0 06 0 0 0 0 0 O
14 27 0o 0o 0 0 0 0 0 027 0 0 O 0 o 0 0 0 0 0 0 O O O0 O
15 10 0o 0o 06 0 06 00 0 010 0 O 0 o 0 0 0 0 0 0 0 O O O
16 34 0o 0o 0 0 06 00 0 0 034 O0 0 o 0 0 0 0 0 0 0 0 O O
17 30 o o0 o0 0 0 O 0 O O O 0 3 0 o 0 0 0 0 0 0 O O O O
18-21 119 o o0 o0 o0 o0 0 O O O O O 0 118 6o 1 0 0 0 O O O O 0 O
22 24 o o0 o o o o0 0 o0 o0 0 o0 o0 0 24 0 0 0 0 0 0 O 0 0 O
23 30 o 0o 0 0o 0 0 0 0 0 O 0 O 0 03 0 0 0 0 0 0 0 0 O
24 28 o o0 0 0 0 0 0 0 0 O o0 o0 0 0 028 0 O O O O O 0 O
25 38 o 0 0 0 0 0 0 0 0 O o0 o0 0 0 0 038 0 0 O 0 0 0 O
26 38 o 0 0 0 0 0 0 0 0 O0 o0 o0 0 0 0 0 038 0 O O O 0 O
27 17 o o0 o0 o0 0 0 0 0 O O0 o0 o0 0 o 0 0 o0 017 0 O O O O
28 14 o 06 0 0o 0 0 0 0O O O O0 O 0 0 0 06 0 0 113 0 0 0 O
29 28 o 0 0 0 0 0 0 0O O O O0 O 0 0 0 0 0 0 0 028 0 0 O
30 10 o 0o 0 0 0 0 06 0 0 0 0 O 0 0 0 06 0 06 0 0 01 0 O
31 35 o 0 0 0 0 0 0 0 O O 0 O 0 0 0 06 0 06 0 0 0 023 0
32 39 o o0 0 0 0 0 0 0 0 O0 o0 o0 0 0o 0 06 0 06 0 0 0 0 0 3

Values are the numbers of plants from each population assigned to each population. The numbers in boldface indicate the number of plants

assigned to the originating population

* Numbers of samples examined in each population

belonged to clade I, haplotypes 6 and ¢ to clade II, and
haplotype o to clade III. Haplotype W showed a unique
variation at all five regions and formed a distinct clade.

Discussion

Garden stocks retain genetic diversity possibly lost in
the wild

In the 29 stocks analyzed, we detected two new micro-
satellite alleles and six cpDNA haplotypes that have not
been found from wild populations. Haplotype W of stock
22, whose western Honshu origin was supported in the
assignment test (Table 1), formed a unique clade (Fig. 2,
clade IV). This suggests that a genetically distinct,
unknown population once existed in western Honshu. New
haplotype n was found from stocks 4—7, which were grown
in the same garden as each other. It was suggested that
these stocks belong to the same genet because they showed
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the same genotypes at all eight microsatellite loci. Though
it is difficult for one genet alone to produce viable seeds
due to self-incompatibility, these are the only stocks
retaining endemic variation in the area. Although it is
extremely difficult to sample all genetic variation remain-
ing in extant wild populations, this high number of newly
detected haplotypes may suggest the loss of genetic
diversity in the wild and the value of stocks as a gene bank.

Geographical origin of the stocks

An assignment test is a useful tool to trace the origins of
individuals (Manel et al. 2005). In this study, we first
performed the test with genets from wild populations with
known origins, and 99.6% of the genets were assigned to
the population from which they had been sampled
(Table 2). Although four genets were misassigned, how-
ever, they were assigned to geographically adjacent
populations probably because of genetic proximity among
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Fig. 2 One of the two most
parsimonious trees among the
cpDNA haplotypes of Primula
sieboldii based on the sequences
of the five noncoding regions
but omitting a tandem repeat of
mononucleotides between trnT
and ¢rnL. The strict consensus
tree of the two most
parsimonious trees shows the
same topology. Numbers above
branches are percentage
bootstrap values based on
10,000 replicates. Solid and
open bars represent nucleotide
substitutions and indels,
respectively. Haplotypes that
were not detected in wild
populations are underlined

41 substitutions
13 indels

63

haplotype M,N,P
_lﬂ haplotype Q

39— haplotype H
D _I— haplotype
—D— haplotype L

76 —D— haplotype J

haplotype E,F

Clade I

D— haplotype G

32 —D— haplotype A

haplotype K
43
haplotype I

haplotype U

haplotype V

n
[S)
I
[H]
[H] haplotype Y
63

haplotype S
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I [— haplotype A, B
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—I— haplotype R
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—D— haplotype o

S
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Clade IIT

I8.7D —D— haplotype D
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—I— haplotype o )

—I-I-I-D-D haplotype W ] Clade IV

P. kisoana

those populations (Honjo 2005; Honjo et al. in press). This
considerably high probability of correct assignment and
parallel use of cpDNA information would afford us an
opportunity to infer the origins of the stocks.

Among the stocks, 11 (2, 8, 9, 10, 13-15, 17-19, 21)
were assigned to populations located in the alleged area of
origin in the assignment test and showed cpDNA haplo-
types distributed there (Table 1). We thus consider these
stocks to have originated in the alleged areas, and so they
could be used in restoration projects if needed.

In contrast, five stocks (1, 3, 20, 25, 27) were rejected as
having originated in the alleged areas by both microsatel-
lite and cpDNA variation. Among them, stocks cultivated
in Saitama Prefecture Agriculture and Forestry Research
Center (1, 3) might have been mixed up during cultivation,
because many stocks have been grown there. Stocks cul-
tivated in private gardens in each region (20, 25, 27) might
have been transferred from other regions by commerce or
whim. Stocks 20 and 25 were judged to have originated in
Arakawa from both markers. Because populations in the
Arakawa area, the nearest populations to Tokyo, are known
to have been the major source of horticultural P. sieboldii
from 350 years ago, commercial transfer from the area is
very likely. Indeed, stock 20 showed the same genotype
and haplotype as stock 13, which confirmed its Arakawa

origin. Stock 27, whose origin has long been questioned,
also appears to have experienced a translocation. In the
assignment test, stock 27 showed no probability of occur-
rence of the genotype in the local population (population
31). Further, it showed haplotype I, which is distributed in
the Arakawa area and is not found in population 31 (Honjo
2005; Honjo et al. in press). These stocks, whose alleged
origins were rejected by both markers, should not be used
for restoration activity so as not to change local gene pools.

Stocks 11, 12, 16, and 28 were assigned to their alleged
populations of origin in the assignment test, but showed
haplotypes (o, G, and 0) not detected in the wild. Haplo-
types o and G are closely related to haplotypes C and E
(Fig. 2), respectively. Haplotypes C and E are distributed
in the alleged populations of origin (populations 15 and 16)
of stocks 11, 12, and 16. Therefore, it should not be a
surprise that haplotypes « and G are distributed in popu-
lations 15 and 16. More samples are needed to examine
whether these haplotypes exist in extant wild populations.

Stocks 23, 24, and 26 showed haplotype B, which is
common in western Honshu, where these stocks reputedly
originated. However, in the assignment test, these stocks
were not assigned to any populations in western Honshu.
One possible cause of the discrepancy between microsat-
ellite and cpDNA markers is a degeneration of genetic
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composition of populations as population size is reduced.
Previous work revealed that allelic variation at microsat-
ellite loci significantly decreases as population size reduces
(Honjo 2005; Honjo et al. in press). Because the population
decline in western Honshu is extensive (M. Honjo et al.,
unpublished), the genetic composition of each population
may have been changed greatly. Integrating remnant pop-
ulations in the area may afford us an opportunity to depict
the intrinsic allelic composition of the region. So we per-
formed an assignment test with an assemblage of
populations 27-30 in western Honshu. As a result, every
stock showed the highest probability of occurrence in the
assemblage (Table 1), although stock 23 was excluded
from membership (x = 0.006). This result supports the
western Honshu origin of stocks 24 and 26. It seems
effective to integrate remnant populations in the assign-
ment test when populations in the reference area have been
highly fragmented. Stocks 25 and 26, which grow in the
same garden and are said to have been collected from
nearby declining habitat in western Honshu, were demon-
strated to differ in their origins. The alleged western
Honshu origin of stock 25 was clearly rejected by both
markers. This result strongly suggests the importance of
confirming the origin of stocks before they are used in
restoration projects.

All six stocks that do not have a reference population
within 30 km of the alleged places of origin (4-7, 22, 29)
showed new haplotypes. Stocks 4-7 and 29 were not
assigned to any populations with o > 0.01. These results
support the conclusion that these stocks originated from
genetically distinct local populations in each area.

Conclusions

Stocks of P. sieboldii preserved in private or botanical
gardens retain genetic diversity that might have been lost in
the wild. If these stocks are to be used for restoration, it is
preferable to first confirm the origin of each plant. By using
both the assignment test and the geographical distribution of
maternally inherited cpDNA haplotypes, we were able to
infer the origins of individual stocks. This system of tracing
will also help to detect cryptic invasion by nonendemic
genotypes (Saltonstall 2002; Hufford and Mazer 2003) or to
trace the origins of plants collected for commercial pur-
poses, one of the crucial causes of extinction of the species.
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