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Summary

Primula sieboldii E. Morren is a perennial clonal herb that is widely distributed in Japan, but in
danger of extinction in the wild. In a previous study, we revealed the genetic diversity of the species
using chloroplast and nuclear DNA and used this information to define conservation units.
However, we lacked information on adaptive genetic diversity, which is important for long-term
survival and, thus, for the definition of conservation units. In order to identify adaptive traits that
showed adaptive differentiation among populations, we studied the genetic variation in six
quantitative traits within and among populations for 3 years in a common garden using 110 genets
from five natural populations from three regions of Japan. The number of days to bud initiation was
adaptive quantitative trait for which the degree of genetic differentiation among populations (Qsr)
was considerably larger than that in eight microsatellite markers (Fst). The relationship between
this trait and environmental factors revealed that the number of days to bud initiation was
negatively correlated, with the mean temperature during the growing period at each habitat. This
suggests that adaptive differentiation in the delay before bud initiation was caused by selective
pressure resulting from temperature differences among habitats. Our results suggest that based on
adaptive diversity and neutral genetic diversity, the Saitama population represents a new

conservation unit.

1. Introduction

The extent of genetic diversity that is maintained
among and within remnant wild populations plays a
key role in understanding the adaptive evolution of a
species in response to fluctuating environments. Such
knowledge can therefore support the conservation of
endangered species (Frankham et al., 2002). Similarly
adaptive genetic diversity within and among local
populations is particularly important when conser-
vation procedures such as translocation of plant
materials between sites or the restoration of local
populations is promoted (McKay & Latta, 2002).
The term ‘Restoration’ is commonly used for the
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maintenance of the genetic structure, i.e. the hier-
archical structure of genetic variation, in a species and
many researchers used different approaches for the
implication of restoration efforts in endangered spe-
cies (e.g. Gordon & Rice, 1998). In this context, a
‘conservation unit’ is a group of populations of a
species whose genetic structure differs from that of
other groups of populations (i.e. differs from other
conservation units).

Genetic variation is mainly evaluated using quan-
titative traits and molecular markers. The evaluation
of quantitative traits in common-garden studies be-
gan more than 60 years ago (Clausen et al., 1940). The
utilization of molecular markers in such studies has
become increasingly common during the last several
decades (Haig, 1998), because it is easier to evaluate
genetic variation using molecular markers. The re-
lationships between quantitative and molecular gen-
etic variation within and among populations have
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been tested by many researchers (Karhu et al., 1996;
Merild & Crnokrak, 2001; Reed & Frankham, 2001 ;
Bekessy et al., 2003 ; Carvajal-Rodriguez et al., 2005),
but no significant relationship was found between the
two parameters in many cases. As a result, because
molecular markers do not reflect the differentiation
among populations in their adaptive traits, it has be-
come necessary to directly evaluate the genetic vari-
ation of these populations based on quantitative traits
in conservation efforts (Storfer, 1996; Mckay et al.,
2001; Holderegger et al., 2006).

Population genetic structure is often quantified
using Wright’s Fgt parameter in combination with the
analogous measure for quantitative traits, Qst (Spitze,
1993). When Qg is compared directly with Fgr, there
are three possible patterns (Merild & Crnokrak, 2001 ;
McKay & Latta, 2002): (1) when Qsr> Fst, popu-
lations have become differentiated as a result of
directional natural selection that acts on different
phenotypes among the populations; (2) when Qgst=
Fgr, differentiation among populations has arisen
mainly through genetic drift; or (3) when Qst < Fsr,
stabilizing selection has favoured the maintenance
of the same phenotype in different populations. Thus,
by comparing Qst with Fgt, it becomes possible to
identify adaptive traits that show adaptive differen-
tiation among populations as a result of directional
selection.

Understanding adaptive differentiation by com-
parisons of Qst with Fgr has become increasingly
popular in the last 5 years (Leinonen et al., 2008).
Despite wide recognition of the importance of evalu-
ating both adaptive and molecular genetic diversity,
few conservation units have been defined for use in
conservation efforts that address both adaptive and
molecular genetic variation (de Guia & Saitoh, 2007).
Many studies using molecular markers have assigned
conservation priority to populations that are con-
sidered to represent conservation units (e.g. Moritz,
1994), but Crandall et al. (2000) and Fraser &
Bernatchez (2001) emphasized that conservation units
should be defined by considering both adaptive and
molecular genetic variation. Although increasing
numbers of studies have defined conservation units
based on both parameters (e.g. Denoél, 2007; Cano
et al., 2008), few of these studies have focused on
plants (see, de Guia & Saitoh, 2007).

Primula sieboldii E. Morren is a perennial clonal
herb that occupies a range of moist habitats, from
the understory of deciduous forests to well-managed
grasslands. The species is distributed in Japan, on the
Korean Peninsula, in northern China, and in eastern
Siberia (Yamazaki, 1993). However, overexploitation
and destruction of its habitats and horticultural col-
lection are threatening wild populations with extinc-
tion, and the species has become endangered in Japan;
originally classified in the lower rank of ‘vulnerable’,
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the species was reclassified to ‘near threatened’ in
2007 (Iwatsuki, 2008).

The genetic diversity of P. sieboldii has been evalu-
ated using cpDNA (Honjo et al., 2004) and micro-
satellite markers (Honjo et al., 2009) to define
conservation units in Japan. These studies revealed
that genetic differentiation among populations corre-
sponded to the geographic distance between popu-
lations, and that genetic variation within populations
correlated with population size. On this basis, we
defined four conservation units.

In our previous research on quantitative traits, we
investigated the genetic diversity in the petal shape
and area of P. sieboldii in a common garden and re-
vealed that genetic variation was mostly maintained
within wild populations, i.e. low differentiation among
populations (Yoshida ez al., 2008). These traits were
not under directional selection and appeared to be
basically selection-neutral. However, there is less
information on adaptive traits, and understanding
adaptive genetic diversity is required for more precise
definition of conservation units for P. sieboldii.

In the present study, we evaluated genetic variation
of six quantitative traits within and among wild
populations of P. sieboldii to obtain new information
that would help us understand the adaptive traits and
genetic structure of this species. By comparing Qgst
with Fgr, calculated using eight microsatellite (simple
sequence repeat (SSR)) markers, we estimated the
cause of genetic differentiation among the popu-
lations and identified potentially adaptive traits of
P. sieboldii. In addition, we investigated the relation-
ships between quantitative genetic variation and five
ecological factors in order to detect the potential
causes of any differentiation among populations.
Ultimately, we attempted to use this new knowledge
to redefine the conservation units for P. sieboldii
by considering both adaptive and molecular genetic
variation.

2. Materials and methods
(1) Plant species and sampling populations

Each genet is composed of various numbers of
physiologically independent ramets, which propagate
clonally by means of short rhizomes. In early spring,
these rhizomes bud and subsequently flower from
April to June. After July, new rhizomes for next
year are generated from a mother ramet below the
ground.

In 2000, we collected 110 genets of P. sieboldii
from five wild populations in three regions of Japan
(Table 1): Hokkaido (a lowland area in northern
Japan), Saitama (a lowland area in central Japan) and
Nagano (a highland area in central Japan). In the
Hokkaido and Nagano 1 populations, we randomly


https://doi.org/10.1017/S0016672309990140

Conservation unit reconsideration for P. sieboldii 227

g|loeosryy sampled 26 and 27 genets, respectively, from a popu-
5| cn—=o00ownhn . .
2 S el el lation that contained more than 100 genets. In the
< Nagano 2 and Nagano 3 populations, we sampled
§ 2l aa v oo nearly all genets (26 and 13, respectively). For the
B S| o=X=z Saitama population, we used 18 genets that had been
2 grown from seeds obtained from a natural popu-
5 — = lation in Saitama region in a previous experiment
§ Il AR g (Washitani & Kabaya, 1988). These 18 genets were
§~ < - Y from several different mothers and originated from
S O —“é the region surrounding Saitama population from the
< PR = results of both an assignment test based on nuclear
§ 5 § o‘ N = DNA markers and cpDNA (Honjo et al., 2004, 2008 ;
N ?g =" Honjo, 2005).
S £ & After these samples were obtained, the ramets were
% §D 2 £ acclimatized in Tsukuba (a lowland area of central
S g E — e s 5 Japan) for 3 years. Each genet used in the present
= z 2 CITTT § study had a unique SSR genotype (Honjo et al., 2009).
% E In this study, we selected three regions (Hokkaido,
R = Saitama and Nagano) with sample sites distributed
§" S B E over a wide range of altitudes (from 10 to 1120 m asl)
3 s g 7 d latitudes (from 35°50'N to 42°31'N) (Table 1)
s 2 E z and lati .
E ZH3 | SE88T g We selected three Nagano populations to investigate
S > whether adaptive differentiation has occurred on a
§ = g small geographical scale.
S S 2 2 £ Meteorological data for each habitat were obtained
3 3 g,o %’- 228xe —§ from the Japan M‘ete'orollogical Agency Web site
2 S5 g AT & (http://www.jma.go.jp/jma/indexe.html) (Table 1).
< g Mean temperatures from February to June (the
g g growing period of P. sieboldii) were obtained using
N %; esggegl = data from 1979 to 2000. Because the Nagano 2 and
S T R2EES g Nagano 3 sites are so close to each other, they had
— N O\ —
45: < — § the same mean temperature.
<
N (5]
s =
_vg § O mmmm g (i) Common-garden experiment
2 S| 3287 S
Na) ol B 9 From 2003 to 2005, we grew 425 to 450 ramets from
[ ol O\ 00 00 0 o s
E Sl ikl = the 110 genets in a greenhouse at the University of
81 % Tsukuba (140°10'E, 36°11'N) to evaluate genetic
S oY = variation in quantitative traits. Clonally propagated
3 g £s8 § ol | shoots were planted into 12-cm pots at a depth of 1 cm
3 ‘E NN 5 below the soil surface in Metro-Mix 350 (Hyponex
=, Toaaa SN Japan, Corp.) in January. The pots were assigned
g ; randomly to their positions in the greenhouse. Four
» S 000 S ramets from each genet were used as replications,
S 5555 % hen available; otherwi d h
S Shohad| gz when available; otherwise, we used two or three
. 0" .S .S .< =
S SwnZZZ S ramets.
\ o= o e e e . . . . .
) %’ 2E2EZ2 é We measured six quantitative traits: budding date,
= < é g % é 2 first flowering date, number of flowers, number of
= g| gTTTT :% leaves, and the lengths of the peduncle at the start
S % ZEEEE = and end of flowering. Because the heights of the plants
£ 2125855 & surrounding P. sieboldii in the habitats increased
S Q|lwoooo| 2 :
S s greatly from early spring to early summer, and the
S é« environmental conditions of the habitats between the
“]. Slo —aeml| & start and end of the flowering period also changed
- HEEEEE & greatly, we measured the two lengths of the peduncle.
° S| SESEE| ¢ : ‘
e 2 % S b b § We measured all traits for each ramet in each of the
= elzdzzzIl < 3 years of the study period. We scored the date when
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Table 2. Details of the eight microsatellite markers used in this study, and the gene diversity averaged over loci
(H.), expected number of alleles observed in 13 genets (ny3,) detected for the eight loci in P. sieboldii

Annealing Hokkaido Saitama Nagano 1 Nagano 2 Nagano 3

temperature No. of
Locus O alleles References H, Msga He Nga He Mga He M3 H, M3
ga0235 60 12 Ueno et al. (2003) 0-727 483 0690 5-58 0-770 559 0-828 7-00 0-788  8-00
ga0381 57 8 Ueno et al. (2003) 0-314 295 0231 274 0-532 289 0615 364 0727 500
ga0653 60 8 Ueno et al. (2005) 0-587 299 0721 544 0724 624 0802 6:54 0:655 5-00
ga0666 55 24 Ueno et al. (2005) 0-707 517 0796 807 0437 411 0906 11-00 0928 13-00
ga0668 52 7 Ueno et al. (2003) 0-572 3-:00 0-700 4-50 0-486 2-:00 0-558 3-89 0489 3-00
gal277 60 16 Ueno et al. (2003) 0-809 590 0-585 543 0798 7-15 0824 615 0795 8-00
Pri0l46 60 15 Kitamoto et al. (2005) 0-613 4-69 0-515 5-19 0646 484 0865 771 0814 7-00
PS-2 55 6 Isagi et al. (2001) 0-543 274 0590 299 0-754 491 0608 3-00 0735 4-00
Mean 12 0-609 4:03 0604 499 0643 471 0751 612 0741 663

a plant attained a height of 1 cm above the soil surface
as the budding date. To ensure that we did not miss
budding or first flowering, we surveyed the plants
daily at the start of each growing season. Before
analysis, we converted the budding date and the first
flowering into the number of days to bud initiation
and flowering from the first budding date observed
for the entire population of ramets. We measured the
lengths of the peduncle on the first flowering day and
at the end of the flowering period, i.e. the date when
all flowers had abscised. We recorded the number
of flowers and leaves at the end of the flowering
period.

(i) DNA extraction and genotyping of
microsatellite markers

We extracted the genomic DNA of each plant from
frozen leaves using a modified Cetyl trimethyl am-
monium bromide (CTAB) method (Murray &
Thompson, 1980). We have already developed many
microsatellite markers for this species (Ueno et al.,
2009), but we have no information on linkage be-
tween these markers and quantitative traits. We deter-
mined the genotypes of the 110 genets using the eight
pairs of microsatellite PCR primers (Table 2) used
by Honjo et al. (2009). The PCR conditions for each
primer followed the protocol described by Honjo
et al. (2009). The PCR products were analysed using
a 3100 Genetic Analyzer and the GeneScan software
(Applied Biosystems).

3. Data analysis
(1) Evaluation of quantitative traits

We used factorial analysis to examine the effects of
population, year, the population x year interaction
and genet on the investigated traits using the values
for each ramet. We performed restricted maximum
likelihood (REML) tests to estimate the contribution
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of variance among populations, among genets within
a population and among ramets within a genet to
the total phenotypic variance for each investigated
trait. The variation among ramets was assumed to
represent environmental variation, because each
ramet of a given genet has an identical genotype.
Thus, the variation among genets and populations
was considered to represent genetic variation, and we
calculated broad-sense heritability (4%) by dividing the
genotypic variance by the total variance (Falconer,
1981). We wused the Tukey—Kramer multiple-
comparison test (with P <0-05 considered significant)
to detect significant differences in the average values
among pairs of populations for all traits. All statisti-
cal tests were performed using the JMP 6.0 statistical
software (SAS Institute Inc.).

(ii) Genetic variation within populations

The genetic variation within populations in quanti-
tative traits, i.e. the variation among genets V, was
calculated as

_ (MS genets —MS ramets)

Ve ;

(M
where MS represents the mean square. To represent
the number of ramets per genet, we used r, the effec-
tive number of replicates:

a

~(Sr- S50 Jamn,

i=1 i=1

(@)

where a is the number of genets and r; is the number of
replicates of genet i.

To evaluate the genetic variation for the eight
microsatellite markers, we used the FSTAT 2.9.3
software (Goudet, 2001) to calculate unbiased esti-
mates of gene diversity averaged over all loci (H,; Nei
& Roychoudhury, 1974); the expected number of
alleles observed in 13 genets from each population,
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Table 3. Number of genets and years analysed for
each trait in this study

Number Number
Traits of genets of years
Days to bud initiation 104 3
Days to flowering 93 2
Length of peduncle at the start 91 2
of flowering
Length of peduncle at the end 88 2
of flowering
Number of flowers 90 2
Number of leaves 92 3

which represents the smallest sample size (7,34, allelic
richness).

(iii) Genetic variation among populations

We estimated the degree of population differentiation
for each of the investigated traits using Qst (Spitze,
1993), which was calculated as

Ost=0y,/(04, +207,) 3)

where o, is the between-population variance com-
ponent and o3, is the within-population, i.e. among
genets variance component taken from the nested
ANOVA using the JMP software.

The degree of population differentiation in mol-
ecular markers (Fst; Weir & Cockerham, 1984) was
estimated using the genotype data for the 110 genets
based on the eight pairs of microsatellite primers.
Furthermore, we compared the pairwise Qst and Fgt
values to provide insights into the potential mechan-
isms responsible for genetic differentiation among the
populations. We tested for correlations between each
pair of Qs and Fgr values using the Mantel test
(Mantel, 1967). We calculated Fst and the pairwise
Fst and carried out the Mantel test using the FSTAT
2.9.3 software.

(iv) Relationships between pairwise Qgsr
and ecological factors

To explore the potential causes of differentiation
among populations, we investigated the relation-
ships between five ecological factors and the traits
that revealed to have differentiated among the popu-
lations by directional selection from the relationship
between Qgr and Fst. We investigated between four
environmental factors (temperature, altitude, latitude
and longitude) and the average values of these traits
per population, respectively. We also investigated the
relationship between geographical distance and the
pairwise Qgr for these traits. These relationships were

https://doi.org/10.1017/50016672309990140 Published online by Cambridge University Press

229

quantified using Spearman’s rank-correlation coef-
ficient, calculated using the JMP software.

4. Results

Because few genets flowered in 2005, we have only
analysed the number of days to flowering, the number
of flowers, and the lengths of the peduncle at the start
and end of flowering using the 2003 and 2004 data.
Table 3 shows the number of genets and years that we
actually analysed.

(1) Evaluation of quantitative traits

All traits differed significantly among genets (P<
0-01; Table 4). This suggests that all the quantitative
traits were determined by genetic factors. All traits
differed significantly among years, with large F-values
(Table 4), indicating that quantitative traits were
greatly influenced by variations in environmental ef-
fects among the years. In 2004, the number of days to
bud initiation was longer, the length of the peduncle
at the start of flowering was longer, the length of the
peduncle at the end of flowering was shorter and the
number of leaves was smaller than in 2003; this was
also true in 2005.

The number of days to bud initiation, number of
days to flowering, number of flowers and number of
leaves differed significantly among populations, but
the two lengths of the peduncle did not (P<0-01;
Table 4). The number of days to bud initiation
showed the largest F-value of the six traits (Table 4),
and the Saitama population produced buds consist-
ently and significantly earlier than the other popu-
lations in all 3 years, whereas Nagano 2 tended to
produce buds later than the other four populations,
with the difference significant in 2003 (Table 5). The
number of days to flowering tended to differ between
years in each population (Table 5). For the number
of flowers, the differences among populations were
smaller in 2004 than in 2003, and there were fewer
significant differences. The genets from the Saitama
and the Naganol populations tended to have a large
number of leaves in all 3 years (Table 5).

We found a significant population X year inter-
action for three traits (Table 4): the number of days
to bud initiation and flowering (both P<0-01) and
the length of the peduncle at the end of flowering
(P<0-05).

Table 6 presents the broad-sense heritability values
for the six traits. The heritabilities of all traits were
largest in 2003, with one exception: the value for the
number of leaves was largest in 2005. In each year,
the number of days to bud initiation consistently
showed the smallest variance among the ramets
and the largest heritability (61-2-74:6), whereas the
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Table 4. Results of the factorial analysis for the six investigated traits
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Length of peduncle at the

Days to bud initiation Days to flowering start of flowering
Factors df MS F df MS F df MS F
Population 4 68516 43-89** 4 3269 5-31%* 4 312 1-79
Year 2 805127 515-72%%* 1 17298-1 280-96** 1 150-3 8-62%*
Population x Year 8 780-2 5:00%** 4 2160 3-51%* 4 83 0-48
Genet 99 156-1 4-09** 88 61-6 5-17%*% 86 17-4 5-13%*

Length of peduncle at the

end of flowering Number of flowers Number of leaves
Factors df MS F df MS F df MS F
Population 4 19-3 1-02 4 90-1 6-34%%* 4 159-1 10-53%*
Year 1 559-4 29-43%* 1 1241-3 87-42%* 2 1026-8 67-96**
Population x Year 4 49-8 2:62* 4 23-5 1-65 8 20-5 1-36
Genet 83 19-0 5-76%* 85 142 2:97** 86 151 2:72%*

*P<0-05, **P<0-01.

Table 5. Mean values and genetic variation (V) for each trait within the five populations from 2003 to 2005

Days to bud initiation Days to flowering

Length of peduncle at the
start of flowering

2003 2004 2005 2003 2004

2003 2004

Mean V, Mean V, Mean V, Mean Ve Mean Ve Mean  V, Mean ¥,

Hokkaido 13-1b  12-54 22-2a 2534 447b 1461 47-35a 1048 53:30a 1046 62la 1-68  7-7la 0

Saitama 93¢ 12:17 11-1b 939 27-3a 1965 4594ab 1430 47-21b 2280 5-44a 471  649a 7
Nagano 1 14-4b 9-67 214a 1218 45:6b 2348 44-04b 642 50-43ab 571 5-1la 2:03  6:34a 3

62
00
09

Nagano2 19-8a 12:07 24-5a 1672 49-1b 2628 48-60a 920 51-35a 1140 6-42a 375  68la 2:99

Nagano 3 12-1bc 755 24-5a 10-71 45-6b 23-07 43-16b 1061 51-55ab  3-06 5-85a 1-03  7-31a 1-70

Length of peduncle at the

end of flowering Number of flowers Number of leaves

2003 2004 2003 2004 2003 2004 2005

Mean Ve Mean 1V, Mean Vo Mean V, Mean V, Mean V, Mean V,
Hokkaido 10-40ab 228 854a 074 7-61c 3:04 501b 063 583 246 511b 369 3270 0-80
Saitama 8-88b 524 §-56a 8-:09 874bc 165 7-09a 302 972a 527 7-66a 491 49la 031
Nagano 1 10-18b 230  744a 413 10-73a 1-65 6:72a 027 &17a  2:87 6-14ab 132 4382 105
Nagano2 11-94a 466 7-60a 266 9-89ab 467 597ab 231 6:19b 000 584ab 026 344b 062
Nagano 3 9-46b 1-14  8-05a 3-:05 833bc 196 545ab 2:00 7-24ab 697 5-35ab 172 3-15b  0-15

Means within a year followed by different letters differ significantly among populations (P <0-05).

number of leaves showed the biggest variance among among the populations across the 3 years, and the
ramets and the smallest heritability (32-:4-40-1). variance among populations was larger than that
among genets (Table 6). For the other five traits, the

(i1) Genetic variation in quantitative traits within
and among populations

variance among genets was larger than that among
populations. This reveals a high degree of genetic
variation within the populations.

Of the total variance in the number of days to bud The degree of genetic differentiation among
initiation, an average of about 45% was partitioned  populations (Qst) ranged widely, from 0-004 to
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Table 6. Proportions (%) of the three variance components (among populations, genets, and ramets) calculated
by means of REML, and the broad-sense heritability (h*) values for the investigated traits from 2003 to 2005.
QOst represents the degree of genetic differentiation among populations

Length of Length of
peduncle peduncle

Days to bud Days to at the start at the end Number of

initiation flowering of flowering of flowering flowers Number of leaves

2003 2004 2005 2003 2004 2003 2004 2003 2004 2003 2004 2003 2004 2005
Population 42-6 443 470 17-6 169 34 1-7 187 0-4 16-4 9-0 16:0 9-6 18-3
Genet 320 21-0 142 45-5 397 53-8 47-0 54-4 49-2 349 24-0 19-8 22-8 21-8
Ramet 253 34-6 388 369 43-4 429 512 26-9 50-3 48-7 66-9 642 67-6 59-8
h? 74-6 653 612 63-1 566 572 487 731 49-6 51-3 33-0 35-8 324 40-1
Ost 0-400 0-513 0623 0-162 0-175 0-031 0-018 0-147 0-004 0-190 0-158 0-288 0-174 0-296
Variance values may not add to 100 % due to rounding errors.
0-623 (Table 6). The Qst values for the number of 08 - * 2003
days to bud initiation were particularly large 07| 0 2004
(0-400-0-623), indicating that this trait was consider- 06+ A A 2005
ably differentiated among the populations. Of the 05} =4 X Average

. =
other five traits, Qs ranged from 0-:004 for the length S 04+ .
of the peduncle at the end of flowering in 2004 to 03 F &
0-296 for the number of leaves in 2005, and these QOgt 02k ... = 5 o N
values were clearly smaller than those for the number 01F N,
of days to bud initiation. 00 . . L S : :
DB DF LPS LPE NF NL

(iii) Molecular versus quantitative genetic variation

According to our SSR analysis, each locus was poly-
morphic, with 6-24 alleles per locus (Table 2), and we
detected a total of 96 alleles over the eight loci. Mean
H. ranged from 0-:604 to 0-751, mean n;3, on ranged
from 4-03 to 6-63.

The Fst value calculated using the data for the
eight SSR markers was 0-172 (two-sided 95 % confi-
dence interval, 0-115-0-232). The average Qst values
for the number of days to bud initiation and the
number of leaves were considerably and slightly larger
than Fgt, respectively (Fig. 1), whereas the average
Qs values for the lengths of the peduncle at the start
and end of flowering were smaller than Fgr. The
average Qg for days to flowering and the numbers
of flowers were approximately equal to Fgr.

Pairwise Qg1 and pairwise Fst were not signifi-
cantly correlated for any parameter. However, the
pairwise Qgst value for the number of days to bud
initiation differed greatly between the Saitama popu-
lation and the other four populations in 2004 and
2005 (Fig. 2). These results suggest that the Saitama
population differed considerably from the other
populations. While the pairwise Qgr value for the
number of leaves ranged widely from 0 to 1 and
Saitama population differed from each population
expect Nagano 1 population in 2005, this difference
is not yet pronounced as the days to bud initiation
(Fig. 2).
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Fig. 1. Qgr values for all traits in 2003, 2004 and 2005,
and the Fsr value evaluated using the data for the eight
microsatellite markers in Table 2. The grey lines represent
the two-sided 95 % confidence interval for Fgr
(mean=0-172, range=0-115-0-232). Traits: DB, days to
bud initiation; DF, days to flowering; LPS, length of the
peduncle at the start of flowering; LPE, length of the
peduncle at the end of flowering; NF, number of flowers;
NL, number of leaves.

(iv) Relationships between quantitative traits
and ecological factors

Because the average Qgr values for the number of
days to bud initiation and the number of leaves were
larger than Fsr (Fig. 1), we examined the relationship
between these parameters and the five ecological fac-
tors. The mean temperature of each month, from
February to June, were significantly negatively corre-
lated with the number of days to bud initiation in
2004 and 2005, and they were significantly positively
correlated with the number of leaves in all 3 years
(Fig. 3), suggesting that the differences in mean values
of these parameters among populations correspond to
differences in the mean temperature of each habitat.
Latitude, longitude and altitude were not significantly
correlated with the mean values of these two par-
ameters, and geographical distance was not signifi-
cantly correlated with the pairwise Qgt for these two
traits.
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Fig. 2. Relationship between the pairwise Qst and pairwise Fst values for days to bud initiation and the number
of leaves. The data points surrounded by a dotted border represent the genetic distance between the Saitama population

and the other four populations.
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5. Discussion

H, and ny, of five populations were compared to
those of wild populations evaluated by Honjo ez al.
(2009), and genetic variation in the five populations is
reflected in the mean variation that P. sieboldii have
maintained in Japan.

(1) What traits were adaptive in P. sieboldii?

The lengths of the peduncle at the start and end of
flowering did not differ significantly among popu-
lations (Table 4), although the length of the peduncle
at the end of flowering varied among the years. The
mean Qg1 was smaller than Fgr for both parameters
(Fig. 1), suggesting that the length of the peduncle has
not undergone directional selection and maintained
mostly genetic variation within populations. How-
ever, the numbers of days to bud initiation, days to
flowering, flowers, and leaves differed significantly
among the populations (Table 4). The numbers of
days to flowering and flowers appear to have become
differentiated among populations mainly as a result
of genetic drift because Qg1 was nearly equal to Fgr
for these parameters (Fig. 1). Because high genetic
diversity of these traits is maintained within the wild
populations, Qst values were relatively low (Table 6).
The mean Qst values for the number of days to bud
initiation and the number of leaves were both larger
than the corresponding Fsr. However, we do not
necessarily conclude that the number of leaves is an
adaptive trait from the result that this trait showed
the smallest heritability in all years and is susceptible
to environmental variation. Thus, the days to bud
initiation is likely to be involved in adaptive differen-
tiation among the populations as a result of direc-
tional selection.

The mean numbers of days to bud initiation in 2004
and 2005 were negatively correlated with the mean
temperatures at each site (Fig. 3; P <0-05), indicating
that the mean temperature of the Saitama population,
which appears to have differed from the other popu-
lations (Fig. 2), is considerably warmer (by more than
5°C) than that of the other populations (Table 1).
Thus, the winter temperature appears to be involved
in determining the earliness of the budding date in
P. sieboldii. In the Nagano region, which is located
at the highest altitudes of the five study areas and
showed correspondingly low temperatures, sudden
late frost is often observed until the middle of May.
Because P. sieboldii usually buds in early spring, gen-
ets with early budding are susceptible to frost injury
and selection would favour genets with late budding
in all except the Saitama population, where sudden
late frosts are uncommon. In out-crossing forest trees
such as Scots pine, Populus spp. and Douglas-fir, it
has often been reported that traits related to budding,
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such as bud set and bud flush dates, are adaptive
traits that are closely related to winter temperatures
(Hurme et al., 1997; Frewen et al., 2000; Howe et al.,
2003).

Positive relationships between bud flush and cold
hardiness have been reported, and their quantitative
trait loci (QTLs) were detected at the same position as
a result of pleiotropy or strong linkage (Howe et al.,
2003). Winter chilling, spring temperatures and frost
are factors capable of controlling the timing of bud
flush (Jermstad et al., 2003). Thus, low temperatures
in early spring appear to act as a selective pressure
that selects genets with late budding in the three
Nagano populations and the Hokkaido population.
In contrast, genets with early budding appear to have
been selected in the Saitama population. Frewen
et al. (2000) noted that trees in which bud flush occurs
too late in the spring have a shortened growing season
that reduces their competitive ability and growth
potential. Thus, temperature appears to be a selective
factor involved in local adaptation, and phenotypic
fixation of the budding date has occurred as a result of
the selection of optimal genotypes in each habitat.

(i1) Defining conservation units for P. sieboldii based
on adaptive and neutral genetic markers

Honjo et al. (2009) defined four P. sieboldii conser-
vation units (Hokkaido, northern Honshu, central
Honshu and western Japan) using eight microsatellite
markers and cpDNA. Based on those results, the
Saitama population and the three Nagano popu-
lations in the present study belonged to the same
conservation unit, i.e. central Honshu, and only the
Hokkaido population belonged to a different con-
servation unit. However, our budding date results
suggest that the Saitama population differed con-
siderably from the other populations. Therefore, the
Saitama population should represent different con-
servation units. Among these Nagano populations,
Nagano 2 differed significantly in the budding date
from Nagano 1 and Nagano 3 in 2003 (Table 5).
Therefore, further study is required to exploit the
genetic basis of such differences that may be because
of difference in the conservation unit.

As a result, the five populations in the present study
could be divided into three conservation units pre-
viously proposed by Honjo et al. (2009) as well as at
least one new conservation unit based on our analysis
of both their adaptive traits and molecular markers.
These results clearly demonstrate the importance of
defining conservation units based on adaptive diver-
sity, not just molecular genetic diversity.

Hypothetically speaking, if transplantation of
genets is necessary to maintain remnant populations
of P. sieboldii, it should be guided by a careful con-
sideration of the genetic composition of the genets in
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terms of the budding date, which represents an im-
portant adaptation to environmental conditions. The
introduction of foreign genotypes that have adapted
to a different environment can potentially disrupt the
genetic architecture of native populations, which is
optimal for long-term existence of these populations
in their native habitat. This phenomenon has been
called ‘outbreeding depression’ and has frequently
been reported for some species (Keller ez al., 2000;
Montalvo & Ellstrand, 2001). For P. sieboldii, the
temperature during the budding stage appears to be a
strong selection force for the budding date. Therefore,
it should be possible to roughly estimate the timing
of budding using the mean February temperature at
a genet’s native habitat. Wild genets or populations
used for transplantation between regions should be
selected based on the temperature during the budding
stage, not based solely on geographical distance.

We thank Professor Kazutoshi Okuno (University of
Tsukuba) for his helpful comments for improving this
paper. This study was partly supported by the Japanese
Society for the Promotion of Science via a Grant in aid for
Scientific Research (A) (20241055).
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