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Population genetic structure of yellow starthistle
(Centaurea solstitialis), a colonizing weed in the
States

Abstract: Yellow starthistle (Centaurea solstirialis L.}, a diploid annual native to the Medite

‘ranean region, ha@ rapidly

colonized a variety of disturbed habitats in the western United States since ifs accidental int reé&m{n in the mid-19th

century. Population genetic attributes were investigated in asso
electrophoretic surveys were conducted for a total of 22 populati
the southern and northern extremes of its distribution in the Pacms states. High levels of aliozyme variation exist with
populations, on average 43% of loci were polymorphic, with 2.88 alleles,
of 0.35 per polymorphic locus. At the species level, 56% of loci were polymorphic, with 2.85 alleles per locus, and the
With the exception of a marginal population San Diego, the level of genetic diversity

was similarly high in all regions. Lack of interpopulation genetic divergence (Ggr = 0.095) suggests that majority of

the colonial populations were founded by a large number of genotypes and that high levels of gene flow may exist between
2.38). Information on genetic structure of the weed populations may aid our understanding of the
species’ colonizing ability in North America and is important for predicting the effectiveness of biological control program.

total gene diversity was 0.172

local populations (Nm =
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e variété d’habitats perturbés G as Poue
cle. L’auteur a étudié les caractéristiques
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19igme siec
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électrophores

‘f*tieﬂ with the species’ colonizing success. Allozyme
from California, Washington, and Idaho, includ

a heterozygosity of (.38, and gene diversity

all

, une plante annuelle originaire de la Méditerranée, a rapidement

des Frats-Unis, depuis son introduction accidentelle au milieu du
énétiques des populations en association avec les succes de colonisati

ses sur un total de 22 populations de la Californie,
tribution dans les états du Pacific. On

ist
retrouve de fortes variations des allozymes dans les populations, en moyenne 43% des lieux sont polymorphes, avec

2,88 alldles, une hétérozygocité de 0,38, et une diversité génétique de 0,35 par lieu polymorphe. Au niveau de esp
s lieux sont polymorphes, avec 2,85 alléles par liey, et une diversité génétique totale de 0,172, Sauf pour la
marginale San Diego, le niveau de diversité génétique est semblablement élevé dans toutes les régions. Le
mangue de divergence entre les populations {GST = (,095) suggdre que la majorité des populations colonisatrices ont
originé d’un grand nombre de génotypes et qu'un important flux génique pourrait exister entre les populations locale:
(Nm = 2,38). Ces informations sur la structure génétique des ﬁspmat;ops de mauvaises herbes pourraient étre utiles
pour comprendre la capacité colonisatrice de U'espce en Amérigue du Nord et sont importantes pour prédire Peffica

56% de
population

des programmes de lutte biologique

Morts ¢lés : variation alloz
[Traduit par la rédaction]

Introduction

Colonization is the successful founding of a new population
in a region or habitat not previously occupied by that species.
Many weeds are examples of good colonizers. The detrimental

effects of weeds on agriculture and their population dynamics
have stimulated scientists from diverse disciplines to inves-
tigate the success of weed invasi ons in terms of ecological
and historical factors, m{}?gﬁ‘ﬁué ical and physiological pre-
adaptation of weeds, and chemical and biological control
methods (Harper 1960; Salisbury 1961; Crafts and Robbins
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zymique, Centaurea solstitialis, génétique des populations, colon

1962; Baker and Stebbins 1965; King 1966; Musik 1970
Baker 1974; Holm et al. 1977). More recently, populatio

for studies on a variety of topics, i*ac‘uding dem@gmp%y -
life-history variation, the significance of genetic poly
phism to Loiamyns abi Ez?_}‘ and mating-system evo
{e.g., maa‘g et 1977; Mack and Pyke 1983; Brown
Burdon 1983; Eﬁi‘é@ﬁ et ait 1983; Barrett 1992; Sun
Corke E%?} ;

Understanding the genetics of weed colonization is ir -
tant not only to exséﬂn@nars studies but also to ar ‘
research that aims to control or eradicate weeds. Am
empirical investigations of the population genetics
are still fairly new, scmﬁ general patterns have em
(see reviews by Clegg and Brown 1983; Jain 198 3 B
and Richardson 1986; Eagreﬁ 1992). The gsne
commonly foun é in weed colonizers include (i) g




L Sun

" depauperate populations with strong multilocus associations
sthat- originate from-a limited number of ‘colonizing ~geno-
types; (if) substantial interpopulation differentiation owing to
founder effects, genetic drift, and variable environments;
and (i) polyploidy with attendant fixed heterozygosity (Baker
1965; Brown and Marshall 1981; Barrett 1992). However,
contrasting patterns can be found that highlight the impor-
tance of investigating particular weed species of concern
{e.g., Heiser 1965; Barrett 1978; Brown and Burdon 1983;
Burdon and Brown 1987; Warwick ef al. 1987},

Yellow starthistle {Cenfaurea solstitialis 1.} is an intro-

extremely successful in invading and colonizing disturbed

valiey of California. This native eastern Mediterranean species
is believed to have been introduced to California as a con-

the introduced range and is capable of becoming established

- soils, an annual precipitation that varies from 25 to 100 cm,
‘and elevation from sea level to 2500 m (Maddox et al. 1985).
The species’ invasiveness is remarkable, and it often can
be found in rangelands, at the edge of crop fields, in idle
or abandoned land, orchards, vineyards, dryland pastures,
roadsides, and wastelands (Robbins et al. 1951; Roché and
Roché '1988).

The rapid éxpansion of yellow starthistle in the western
United States has raised interest in its ability to colonize and

logical variation in plant size and leaf shape, and in pheno-
logical variation among sites in belting and flowering time

relevant to its colonizing- success ‘have been investigated,
incloding seed longevity “#Callihan et al. 1993) dispersal
{Roché 1991}, and germination behavior under experimental
or natural condifions in different habitats (Roché 1965;
Maddox 1981; M. Sun, unpublished). Recent research efforts
have focused on management and biclogical confrol {e.g.,
Callihan et al. 1989; Thomsen et al. 1989, 1993; Maddox
etal. 1991). Although population genetic information on the
species would be valuable 'in understanding the “species’
colonizing ability and in predicting the effectiveness of bio-
© logical control, no' previous reseatch on this “aspect has
cen reported. L LR T T

In this study, the genetic structure of colonizing popula-
ions. of yellow. starthistle in western North America was
investigated. The amount of within-population variation and
degree of interpopulation divergence following invasions in
the species were compared with the general features of other
plant colonizers reported in the literature, in order to examine
the factors affecting population genetic structure of yellow
starthistle in'North America. The relevance of genetic studies
fo-biclogical control of vellow starthistle is discussed.

Materials and methods
Study pepulatiens

A total of 22 populations (Fig. 1) were sampled during July and
August 1989, 1990, and 1995. Fifteen were from California, four

from Washington, and three from Idaho (seg Table 1 for population

duced diploid annual composite (Zn = 16) that has become
habitats in the western United States, especially in the central
taminant in alfaifa seed in the mid-1800s (Maddox and
Mayfield 1985). It exhibits a great ecological amplitude in

in habitats with either deep, well-drained or shallow, ;‘sc%;’j\f

spread. Ecological studies have revealed significant morpho-

(Roché 1965; Maddox 1981). Several seed-related traits.
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Fig. 1. Outline.map.of the western United States indicating
approximate sites of population-collecting locations-in California,
Washington, and Idaho {see Table 1 for details}.
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name and site information). Sites from the Sacramento Valley of
California may represent the center of the species’ density. in North
America {Robbins et al. 1951; Maddox and Mayfield:1985). Thus,
10 populations were sampled from this. area. In Washington, the
species-was concentrated in the southeastern comner of the State,
with nearly half of the total infestation occurring in Walla Walla
County alone. This area was represented by samples from Walla
Walla and Asotin. The species was alsc relatively common “in
southern Klickitat County. For assessing whether population bottle-
necks or founder effects are important during secondary coloniza-
tion, . populations currently - occupying  geographically marginal
sites, such as Gold Hill in the North and San Diego in the South,
were included for comparison with those of central distribution
representing the earliest colonization. Iun Idaho, yellow starthistle is
primarily disiributed in the west and north. The three Idaho popula-
tions studied were sampled from the Clearwater Canyon area,

© 1997 NRC Canada
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Table 1. Population names, habitats, and site locations of 22 populations of yellow starthistle studied.

Population Habitat Location
California

Hat Creek Roadside Along State Highway 299, near Hat Creek

Colusa I Rangeland Northwest of Williams, 2 miles west of Lodoga, Colusa County

Colusa H Roadside A few hundred meters away from the Colusa I site, Colusa County

Woodland | Abandoned farm site One mile east of Woodland, Yolo County

Woodland [T Roadside A few miles west of Woodland, Yolo County

Davis [ Open field One mile west of the University of California-Davis Campus, Davis

Davis I Open field Near Davis [ site, one mile west of the University of California-Davis Campus, Davis

Chiles Road  Abandoned field One mile east of Davis

Ajrport Open grassy field Near the roadside of Sacramento Alrport, Sacramento County

Hwy 80 Roadside Adjacent to the Interstate Highway 80, Solano County

GRCP Open field Around the building of the Extension Services, University of California-Davis, Davis

Russell Roadside Near Russell and Eamk Drive, Yolo County

County Road  Roadside Near Road 31 and Road 96, Yolo County

Hoobar Open field Near the roadside of State Highway 128, one mile west of Hoobar

San Diego Rangeland Near Mesa Grande Road, west of Santa Ysabel, about 40 miles northeast of San Diego,

San Diego County

Washington

Walla Abandoned property The northeast edge of the city of Walla Walla, Walla Walla County

Gold Hill Roadside On Gold Hill, east of Kettle Falls, Steveri§ County

Klickitat Rangeland From the Mary Hill — Stone Henge area, Klickitat County

Asotin Lower slope in a cemetery  Asotin cemetery, two miles south of Asotin on State Highway 129, Asotin County
Idaho

Lenore Abandoned farm site Lenore, Idaho, T37N, R2W, sec. 28

Kendrick Hillside slope above road Reﬁdrm, Idaho, T38N, R3W, sec. 3

Corral Creek  Hillside siope above road orral Creek, Idaho, T3IN, R4W, sec. 7
where yellow starthistle has occurred for decades (C. Roché, Data analysis
personal communication). These populations were studied for Since some of the gsmy-ﬂe loci surveyed were not consist E}
comparison with populations from the two coastal states. recordable for every population, these loci were used to comput

Mature seeds {achenesh.were collected from about 50 plants in polymorphism and allelic diversity at the species level but we
each pogmfatmn and kept ‘ﬁ\ép&%’ﬂé seed packets. Seeds were excluded in the population data analysis. Twenty loci imﬁuﬁmé
germinated in Petri dishes to provide young seedlings for isczyme both polymorphic and monomorphic loci) were used for computing
electrophoresis parameters of genetic diversity at the population level: Aar-7, Aar-2,

Aco-i, Aco-2, Alp-2, Dia-2, Idh-1, Gdh-1, Gép-1, Lap-I, Mdh-1,

Esszyme electrophoresis Mdn-2, Mdh-3, Me-1, Pgi-, Pgi-2, Pgm-1, Pgm-2, Sk-1, and
Three- to five-day-old seedlings: were ground with an e t*a”{i{m pg-1.
bﬁaﬁ as described in Sun and Ganders (1990). Three buffer system Measures of within-po pma‘mq genetic f:anfm include s;>§§%~
we e used to survey 21 enzyme systems in 13% starch gels. 'E‘h«c morphism, allelic diversity, and heteroz g The percentage of

buffer system (histidine —tris —citrate system, pH 7.0; SL'E and polymorphic loci, P, was r;a%f‘a?aim‘ msbd on the 9% criterion.
Corke 1992) was used to resolve aspartate aminotransferase (AAT; Since there were few rare alleles in the populations studied, the
E.C. 2.6.1.1), aconitase (ACO; E.C. 4.2.1.3), glucose-6-phosphate P values were not significantly different when the 95% criterion
dehydrogenase (G6PD; E.C. 1.1.1.49), isocitrate dehydrogenase was used. Allelic diversity includes two measurements: the number
(IDH; E.C. 1.1.1.42), malate dehydrogenase (MDH; B.C. 1.1.1.40), of alleles per locus (4) and the number of alleles per polymorphic
phosphoglucomutase {PGM* EC. 2.7.5.1), 6~phesph0sziﬁc0nate locus (4,). Gene diversity (#), the mean expected heterozygosity
dehydrogenase iér(ﬁ) E.C. 1.1.1.44), and shikimate dehydroge- assuming Hardy —Weinberg equilibrium, was calculated as
nase (SKDH; E.C. 1.1.1 25 'E‘Z* ibi}i’;sf system {pH 7.8; Shields eir gr 1
et al. 1983) was dses solve acid phosphatase (ACP; E.C. iy #=1 j; Py
3.1.3.2), alcohol dehy enase g%f}ﬁ ‘?E Q i. E E i‘;, aﬁﬁﬂiﬂé -
phosphatase (ALP; E C 3.1y “‘;:, where py; is the frequency of h allele at the jth locus,
fluorescent esterase (F-EST; E.C. the total number of isozyme Ea Ci enraeyeﬂf Another o
E.C.3.2.1.21), leucine ar iimpepii nd heterozygosity is the observed frequency of heterozygotes pe
phosphoglucoisomerase (PGI; E.C. 5.3.1.9}. r system per individual (H ). ﬁe»ers ygos nes bserved (K} and ex
(lithium —borate apd tris—citrate, 35 Asiﬁ{m xz‘d B 5@1 vﬁe } at guiymm‘;}m i were calculated i in the same way

1961) was used to re and H but f:umd%m m{}ﬁsmgn'ﬁz;c foci in the samples.

Q

1.4

dehydrogenase (G‘?‘H, . i.1.2) ehy— The number of multilocus genotypes present in a popu ulatic
drogenase {o-GPDH; E.C. LLLS! : : 40, related to t i}f: number of p@%msm%h ioci and number of all
and s*ﬁ;;emxﬁe dismutase (SOD; E. {‘ i .1). The protocols of each locus. In this study, six polymorphic loci were used to esti

Wendel and Weeden (1989) were used for enzyme activily staining. the number f multilocus genotypes, including the Lap- E focus
Genetic interpretation of band patterns followed standard prmc%g}iss any other five polymorphic loci in each population. Data of the
{Weeden and Wendel 1989; Wendel and Weeden 1989). 30 individuals f or each population were used to count the m
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Table 2. The mean within-population allozyme variation in 22 populations of yellow. starthistle. .
Population N P (%) A Ay H,, (range) H, H, H
California
Airport © 34 450 1.95 3.11 0.415 (0.058—-0.870) - 0.388 0.187 00154
Chiles Road 68 50.0 1.80 2.60 0.312 (0.029-0.670)  0.318 0.156 T0.142
Colusa I 60 500 1.80 260 G376 (C.043-0.750y 6:378 0188 0.178
Colusa I 57 400 1.60 2.75 0.408 (0.083--0.780) - 0.300 0.163 ‘ EREN S ¥
County Road 44 450 1.85 2.89 - 0.365 (0.051-0.698) © 0.331 0.166 G147
Davis I 64 500 1.75 2.50 10.363 ©.047-0.71% 0351 0182 0145
Davis II 71 450 1.50 3.00 0.355 (0.085-0.614) . 0.352 0.160 0,156
GRCP 52 450 1.50 3.60 0.388 (0019-0.820) - 0:405 0.180 00192
Hat Creek 68 50.0 1.75 2.56 G.381 (G 5‘6@-*{} 6&2} 0,417 0.181 0.142
Hoobar 47 456 1.895 311 0425 (0.170-0.723) 0404 8,191 iRl
Hwy 80 41 450 1.85 3.11 0.363 {0,049~ {}.%83} $.353 8.163 - 0.167
Russell 48 450 1.96 3.06 L 0.408 { 061-0.735) © 0:408 U184 0.193
San Diego 47 3590 1.35 2.06 10301 (0.152-0.457) - 0.257 0.163 014
Woodland I 52 50.6 180 2.60 0.329 ((}.{338 0.690) . 0.339 8.165 0127
Wogééﬁnd i 84 450 1:76 2.67 0.386 (0.102—-0.633) - 0:338 0.174 8,113
Mean + SD 58 45.7+4.2 1.80+0:16 ~2.764+031 0.372+0.037 0.356+0.045  0.170+0.022 015340, {}29
‘Idaho \ s ) O R "
Lenore 43 30.0 - 15 3.50 0.498(0.205-0.825) 0297 0149 0.149 : \f
‘Corral Creek 72 35.0 1.75 12.88 \ 0.454 (0.113—0.718) 93147 0,159 0,149 i
Kendrick 53 400 1.75 3.14 0.321 (0.038-0.547) . 0.300. 0.128 0.159
Mean £ SD 36 35.04+5.0  1.75+0.00 324031 0.424+0.092 0.3044+0.009 0.1454+0.016 0.14930.001
‘Washingion
Asotin 67+ 35.0 1.90 3.57 0.375 (0.030-0.612y 0.353 0.131 BT
Gold Hill 64 . 40.0 1.75 2:88 0.363 (0.084-0.613) - §.326 0.145 .- 0.162
Klickitat - 64400 175 2.67 0342 (00780623 0.36 0.154. - L0174
Walla 43 459 2.00 3.22 0403 (004707563 - (1,368 0.181 .17
Mean + SD 60 40.0+44.1  1.8540.12 © 3.09+0:40  0.371+0.025 4:354+40.020 -0.153+0.021 0:16940.006

ted hefer

H, and é’w, observed. and ex
averaged over.all loci. S

s

ygosity, 1

of different multiiocus genotypes: Based on the allelic composi-
tion-at each of the polymorphic loci, the theoretical upper limit
to the number of multilocus genotypes that.can E}e generated. . was
calculated for each population as the product of the number of
expected genotypes at each locus, assuming random recombination
of genotypes between loci.

The proportion of genetic variation distributed within versus
between populations was measured ‘using Nei’s (1973) gene diver-
. sity “statistics. - The ‘coefficient of' genetic differentiation “among
populations, “Ggy, was-used ‘to estimate the: level of \gene flow,
Nini(the number of migrants-exchanged ‘between local populations
- per.generation), based on the following relationship:

~ i
2} Gygp=—r
4Nm + 1
where Ggp is Nei’s (1973) estimator. o
UPGMA deﬁdfﬁgi’a“s of Nei's {i’??

- (Wright 1951). The
} CO-
structed using the GDD computer program

ef;i“ @?S‘i ance was con

by K. Ritlan

Hesuits

Qfthe 21 enzyme S}sftﬁls inve ,ééaiai atotal of 36 isezyﬁ}s
loct-were detec A highn am‘:}e* of polymorphic loci exist
in the species, ;asiséws Aep-1, Acp-2; Aco-1; Aco-2, Adh-1,
Alp-1, Alp-2, Alp-3, Dia-1, Dia-2, Est-i, Est-2, Lap-1,
Pei-2, Pom-1, Pgmu* ?gmv 6pgd-1, 6;33'@—‘. and Skdh-1.
E'S;}e monomorphic loci include Aar-J, Aer-2, Adh-2_ F-est -1,
B-Glu-1, o-Gpdh-1, Idh-1, Gdh-1, G8p-1, Mdh-I, Mdh-2,

L\.c

Nete: Variables are as follows: P, percentage of polymorphic loci; A; number of alleles per locus; 4
spectively;.averaged over polymorphic loci; &,

i, number.of alieles per ”@l;r‘ﬁ.‘;};‘;ic Iocus;
, observed heterozygosity; qﬁ{f 3—!, gene diversity

Mdh-3, Me-I; Pgi-I; Sod-1, and Sod 2 éii ii}::; exhibited
7 simple ‘diploid i‘zaﬁmw pattern,.and no fixed heterozy-
gosity -was detected - ‘At-the species-level; 56%-of the loci
were polymorphic with 2.85 alieles per locus. The number
of .alleles .at polymorphic.loci ranged from two to eight:
Two.of the polvimorphic loci, Aco-2 and Pgi-2, showed only
two alleles with: uneven frequencies, leading to the lowest
heterozygosity estimate (shown as the lower range of H,, in.
Table 2). The locus that had the highest number of aiieles\
was Lap-I, which gave the hlghest heterozygosity estimate
(shown as the high range of H,, in Table 2). All papuiatmns\
exhibited similarly high levels of genetic variation, except
the San Diego population, which had the lowest values for
ameters gagmié{e{é {?a e 23 The. avcrag\. ‘Jﬁibﬁ&

uq
=

1 .
ny mi}%{ u? ?ﬁ%lé tilocus genotypes. in each population
und to be limited only by the sample or population size
since every individual samg“geé m the §€}§‘=§3f;3§i possessed a
diffe ”‘éi}f six-locus genotype. The maximum number of six-
locus genotypes expected, assuming populations were infi-
nitely large, ranged from 729 {San Diego} to 69984 (Walla
and Hwy 80) and averaged 32677 + 20201 across popula-
tions. The observed variation in the theoretical upper limit to
© 1997 NRC Canada
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Fig. 2. Dendrogram (UPGMA method) of Nei’s genetic distances between 22 populations of yellow starthistle.
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Table 3. Genetic diversity parameters and estimates of gene flow (Mm) in populations of yellow starthistle.
All popuiations California Washington Idaho
Neo. of populations 22 i5 4 3
Total gene diversity (Hy) 0.172 0.166 0.17% 0.156
Within populations (Hg) 0.156+0.057 0.133+£0.057 0.170+0.058 (.1494+0.055
Between populationis (Dgy) 0.016+0.011 6.613+0.012 0.010-0.006 $.007 +0.007
Coefficient of genetic' differentiation (Ggp) 6.085 0.073 0.053 0.042
Estimates of Nm 2.38 3.08 4.47 ST76
Mean genetic distance 0.027+0.014 6.023+0.014 0.0194+0.008 $.01140.008

the number of six-focus genotypes was caused by |
population variation in allelic diversity at the loci ,
When the multilocus genotypes were based on three- or
four-locus polymorphism, 73 or 93% of the individuals,
respectively, could be genotypically distinguished in the
populations. No multilocus association or linkage disequi-
librium' was detectable in the samples.

Nei’s total gene diversity (HT} was estimated to be 0.172
in the 22 populations studied, of which the within population
diversity (H) was 0.156 + 0.057 and between popula-
tion diver was 0.016 + 0.011. A low coefficient of
population Gc,;v{éc differentiation was obtained, Ggr =
0.095. Based on this value, the level of gene flow between
populations, Nm, was estimated to be 2.38 per generation.
Populations from each state were separately analyzed to com-
pare regional genetic diversity (Table swﬁs of genstic
diversity were found to be similarly h r‘,g ions.

To Qﬁpk}"e whether a microgeogs p c pat tem of secon-
dary colonization exists, pairwise comparisons of genetic
hip between populations wére maés ‘*s;-as on the

reiationst
matrix of Nei’s genetic distances (Table 4). Th t similar

vali

pairs of populations were Woodland I and Woodland IT { =
0.998 + 0.014), Woodland I and Airport (/ = 0.997
0.014), and Woodland I and Davis I (Z = 0.997 + 0.00
The most distant pair was Walla and San Diego (D = 0.091 .
0.050). The average genetic distance among the 22 popula
tions was 0.027 '+ 0.014, and genetic similarity was 0.973
The highest average genetxc distance was found between th
San Dlﬁgﬁ population and the rest of the popx,laﬁons studied
{{} 05 + 0.02). As shown in Fig. 2, grouping of the p

lations was largely in agreement with their geogra
d;smb&ﬁ% n on a regional scale.

Discussion

Genetic variation within populations

Colonizing species as a group often are expected tobew
edly depauperate in genetic variation within populations©
to founder effects and genmetic drift, and many empt
studies have provided supporting evidence for this {
Brown and Marshall 1981, Tai}& V). However, nearl
the species listed in Brown and Marshall were either ke

Vb
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or presumed to be self-pollinating. . It is’ often difficult to
separate founder effects from the effects of uniparental mating
on population: genetic structure dur ;ﬂg colonization: Com-
parative studies of actively colonizing plant species with
contrasting “mating systems -may he*i} to .identify - genetic
conseguences of ss?c*f*:zif%@ﬁ {e.g:, Sun, 1997}

High levels of genetic variation exist in the populationsof
vellow starthistle in North America, with average values of
P, A, H-and H, being 15, 2, 12, and 82 times higher,

respectively, than the corresponding means in the inbreeding
colenizers listed in Brown and Marshall {1981). Comparing
the }eﬁ w starthistle data with those reported in 163 studies
of allozyme variation (reviewed i Loveless and Hamrick
1984}, levels of observed heterozygosity and gene diversity
at polymorphic loci were also markedly higher than the cor-
responding mean values in other plant xyeups However, the
level of genetic variation in yeﬂm& starthistle is very similar
to.an annual outbreeding weed, Echium plantagineum L.,
one of the most successful invaders of temperate Australia
(Burdon and Brown 1987). On average, 2.7 alleles, a gene
(diversity of 0.34, and observed heterozygosity of 0.32 per
ocus were reported at the polymorphic loci in colonial popu-
lations of E. planragmeumq which are comparable with the
corresponding values in the populations of yellow starthistle
studied \~.9 0.35, and 0.38, respectively).

The - “‘general-purpose’’ genotype {Baker 1965) that is
believed to occur frequently in colonizers and confer wide
environmental tolerance does not exist in colonial popula-
tions of yellow starthistle. The spec 188 6%1&@%@@ an extremely
high level of multilocus genotypic diversity, with virtually
every individual possessing a unigue. multilocus genotype.
The wide ec&iegicaﬁ amplitude of yellow starthistle in North
America may arise at least in part from this high genotypic
variability. A similar level of multilocus genotypic diversity
was reported in the outbreeding tig weed E. planraginenm ( Brown
and Burdon 1983), whereas few multilocus genotypes were
observed in self-fertilizing weeds (e.g., Warwick 1990).
Astudy of mating system dramctﬁ?s of yellow starthistle
from California, Idaho, &f@{% Washington found an average
population outcrossing rate of (0.975. £ 0.023 (M. Sun,
unpublished). Thus, the pattern of within-population genetic
diversity in weed colonizers appears to be ;}ﬂ%ﬁﬁﬁjy associated
with their breeding systems.

Comparisons of allelic diversity between marginal and
ntral populations can reveal whether genetic bottlenecks or
founder effects are. prominent during. secondary. or local
_colonization. . Theoretically, when an outbred population
passes through a bottleneck, genetic variation should decline
in direct ﬁroporﬁ;{}ﬁ to the severity of the bottleneck (Nei
ctal. 1975). Thus, losses of genetic variation can be used to
detect bottlenec é(s or founder effects in colonial popu slations.
in u}mgmr; i‘; etero 2{% gosity, allelic diversity is the
most sensitive indicator of a bottleneck or founder effects
{e.g., Sun £9§é) K/?fssi 5{}@31&&@%3 of yellow starthistle
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during Q{}E{}nizaasﬂj ﬁkﬁéy owing to ‘;)i'&
number of genotypes at founding {e.g., as a Caﬁﬂ minant in
commercial seed stocks). A mar%su ,Séﬁ(ﬁ‘{fﬁﬁ in genefic
variation was found in only one mar g nal popuk
Diego. Despite its large population size and hi .
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Population

2 Woodland

3 Colusa 11

4 Chiles Road
5 Davis |

12 Gold Hill

13 Davis 11

17 County Road

14 GRCP

I Colusa ¥
6 Hat

g Asotin
10 Klickitat
15 Hwy 80
16 Hoobar
21 -Kendrick

198
20 Lenore

Table 4. Matrix of Nei’s genetic distances between 22 populations of yellow starthistle.
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were absent in the population, indicating a severe genetic
bottleneck in its establishment. However, despite the impact
of the initial bottleneck on genetic variation in the p@pﬁia—
tion, subsequent evolution can lead to high levels of hetero-
zygosity through rapid population growth (Nei et al. 1975)
Maddox (1981) éﬁé&ﬁéﬁzcﬁ high reproductive output in yellow
starthistle populations, as more than 10000 seeds can be
produced per plant in some sites. Thus, a rapid recovery in
population size following invasion could be expected for-the
spenws as a whole, and genetic drift is apparently insignificant
in the population following invasion.

Populations of yellow starthistle from the native range
were not available to compare with North American popula-
tions in this study. However, the level of within- p{}§}ﬁi&'{;é}‘§
genetic diversity likely is similar between the two continents.
Similar to yellow Si&i‘?i’l}biﬁ E. plantaginewm is of Mediter-
ranean origin. It was introduced to Australia during the
middle of the 19th century as a garden ornamental and as a
contaminant of seed and stock feed. A comparative study of
the species in Australia and Europe found an equally high
level of genetic diversity in the putative source populations as
in the colonial populations (Burdon-and Brown 1987). Another
outbreeding weed, Apera spica-venti L., also exhibited simi-
lar levels of variability in native European and introduced
Canadian populations (Warwick et al. 1987).

Genetic divergence between populations

Several factors contribute to population genetic differentia-
tion in a colonizing species, such as founder effects, isolation
from the source population, and novel selection pressures in
the new habitats (Clegg and Brown 1983). In many cases,
invasion of new territories by weedy colonizers has led to
genetic divergence between populations (Gsr > 0.40; see
review in Loveless and Hamrick 1984), Again, the observed
pattern of population differentiation could be related to the
prevalence of 1 ﬁ;}j&fﬁ““a modes of reproduction in the weedy
species surveyed, which in itself can lead to a high level of
population differentiation (mean Ggr = 0.523; Loveless and
Hamrick 1984).

Populations of yellow starthistle in western United States
span a range of habitats such that climatic and edaphic dif-
ferences among environments probably exert selection for
phenotypic divergence. Although morphological and pheno-
logical differentiation are apparent among populations of
yellow starthistle (Maddox 1981), there is a general lack
of interpopulation divergence at the allozyme level. This
pattern could result from the combination of an outbreedin
system with large founder sizes. In addition, the relatively
ecent spread of yellow starthistle in North America may not
have allowed sufficient time for population divergence in
response to local selection pressures.

The southernmost marginal population, San Diego, was
the only one strongly differentiated from all others, supporting
predictions of the central —marginal model of colonization of
Barrett and Husband (1989). This population apparently is of
recent origin, and # occurs at only one of the two sites
reported from San Diego County (Beauchamp 1986). The
San Diego population also was more genetically substruc-
tured than the others, leading to a mich smaller mating
neighborhood and thus to su % tigl inbreeding (M. Sun,
unpublished). In contrast, no s ;? cant founder effects were
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observed in Gold Hill, the northernmost marginal popula-
ion. The level of genetic variation in this population i
similar to the average in other more centrally distribu
populations. The Gold Hill population was sampled from ¢
area with a recorded history of yellow starthistle invas
since 1928, and the site is not geographically isolated from
other populations in Stevens County.

The colonizing history of yellow starthistle in North

America
Roché (1981 reported that the dispersal distance of yelle
starthistle seeds under natural conditions is very limite
However, its rapid spread in western North America s
gests effective seed dispersal, such as may occur thro
anthropogenic movement.

It generally is believed that there have been mulid
imr&f*“dmm of }f“ii(}‘}v starthistle to the United States (e.g
Maddox et al. 1985). According to Roché and Talbott ﬁ%ﬁﬁ
the species was first f@p&rted near western U.S. seaports.
Early California records indicate its occurrence at Oakland
in 1869 and at Vacaville in 1887. The earliest collection in
Washington was in 1898. Similar levels of genetic diversity
in C\al\ifomia.ana Washington seem to support the multiple
introduction hypothesis. However, lack of genetic diver-
gence among populations suggests that if mukigﬁe introduc-
tion events occurred, seeds probably came from the sami
source region or from different populations that were
guﬁemaﬁy differentiated.

On a local scale, microgeographical analysis of pop
tion genetic composition may aid in con afi‘ﬁC&ﬁg the histori
processes of colonization of vellow starthistie in the west
states. For example, reg;z}mi distributions of yellow 3
thistle were well documented in the state of Washington ¢
information in Tathott 1987). Populations were located p
marily inland in the State, and the highest frequency of o
rence and population density were in Walla Walla Cou

with a recorded history from 1900. Populations from
area contain a high level of allelic diversity (Table 2).
species was reported to occur in Klickitat CG{H}?‘} from i
and in Stevens County from 1928. Populations from t
two counties could be the products of secondary migra
from the Walla Walla area, as shown by the loss of s¢
alleles in Gold Hill and Klickitat in comparison with W \
and Asotin. Although the species was not recorded in Asotin
County until 1970, Asotin contains nearly all the allefes
present in Walla. This supports a history of sequential move
ment of yellow starthistle from Walla Walla to Columbia ther
to Garfield and finally to Asotin in southeastern Washir
(C. Roché, personal communication}. In contrast, po
tions from ﬁ@}a&m Idaho contain fewer alleles than Asou
but it is unlikely that they were derived through this se
tial dispersal route as they represent older invasions
populations in Asotin County.

'c

Relevance to bislogical contrel

Information on the genetic diversity present in a parti
area, as well as knowledge of the source region fora p
lar invasion, can be of value in devising effective m
of b;@i@g al wmm of a weed (Barrett 1992). Sci
interested in biological control of yellow sfar*%hs?s need
information on Ei’li‘ number of biotypes and (or) genotypes
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in the introduced populations. If multiple introductions of
yellow starthistle to North America occurred - historically
and the genetically diverse colonizers came ‘from different
source regions, attempts to search for the species’ natural
enemies from a particular source population within the native
range would prove to be futile. On the other hand, if only a
single introduction or multiple introductions from a single
source actually occurred, the use of allozyme ﬁf{}rmam}v
can help to identify the specific source ps};}ﬁiaﬁs that may
provide the best adapted pathogens or insects that could
attack yellow starthistie in North America.

The success of a biclogical control program also depends
on the likelihood of weed populations-evolving resistance to
pestor g;a;hsgsﬁ attack. In a genetically more variable species,
the level of genetic variation in resistance 1o the control agent
is Iikely to be high. A negative relationship has been sug-
gested between th»“ level of genetic variation of the target
species and the degree .of biological control that can be
3&5@&'5{5 (Burdon and Marshall ixgi. Burdon and Brown
1987, Barrett 1992). The population genetic structure of
yellow starthistle in North America points to the potential for
rapid evolution of resistance to its introduced pathogens.
Thus, biological control programs alone may not be effective
in the long-term suppression of yellow starthistle popula-
tions. However, a combination of biological control with
other control methods, such as controlled livestock grazing
(e.g., Thomsen et al. 1993}, plant competition {e.g., Brown
et al. 1993}, herbicides, timed mowing, and pzessnbe@ burn-
ing, would be able to achieve more effective long-term
control of this invasive weed:

Conclusiens

High levels of genetic variation exist within the cai&aﬁzigg
populations of yellow starthistle in western North ‘America,
and little genetic diverseace has occurred among popula-
tions. E‘he: most important contributors to this pattern of
genetic structure appear o be its outbreeding system and
anthropogenic factors in seed dispersal. The high levels of
genetic variability could contribute further to the species’
colonizing success in North - America and add difficulties to
its biological control. It is important for weed control spe-
cialists to be familiar with the extent of genetic variation
present in the North American populations of yellow star-
thistle. A synthesis of information on the ecology, physiology,
and genetics of yellow starthistle is needed to develop an
effective management program.
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