


TasLe 2. Plastome type frequency in five North American leafy
spurge populations.

TasLe 3. Nucleon diversity for plastomes within North American
leafy spurge populations and in the combined sample.

Total

cpDNA . no.
ngno- Population each  Genotype
type CO ND SD NE-B NE-L tpe frequency

1 22 23 1 46 0.37

2 7 19 26 0.21

3 17 6 2 25 0.20

4 6 6 0.05

5 1 4 5 0.04

6 2 2 4 0.03

7 3 3 0.02

8 2 1 3 0.02

9 1 1 0.01
10 1 1 0.01
11 1 1 0.01
12 1 1 0.01
13 1 1 0.01

Total 26 23 24 23 27 123 1.00

a2 CO = Colorado, Larimer Co.; ND = North Dakota, Richland Co.;
SD = South Dakota, Minnehaha Co.; NE-B = Nebraska, Brown Co.;
NE-L = Nebraska, Lancaster Co.

populations (CO, SD, and NE-L) contained predominant
plastome types representing more than 70% of individuals
in that sample. Each sample had a different predominant
type, although the predominant type in population CO was
identical to the single plastome type in population ND. One
sample (NE-B) did not have a single major type but rather,
several low frequency plastome types. The major type from
population NE-L was also the highest frequency type in
population NE-B, although this genotype represented only
30% of the plastome types in this latter sample.

This study illustrated that intraspecific and intrapopula-
tion cpDNA variation may be present even in introduced
species. Early studies of ¢cpDNA downplayed intraspecific
variation, often because the goal was to distinguish species
or families and because intraspecific sampling was minimal;
however, more extensive sampling has revealed a consider-
able amount of variability in cpDNA within species (Harris
and Ingram 1991; Soltis et al. 1992). The level of cpDNA
variation observed in this study was comparable to that doc-
umented in other investigations where many individuals
within a species were sampled (Milligan 1991; Neale et al.
1986).

Total chloroplast diversity, as measured by nucleon di-
versity (Table 3) in the combined North American sample,
was similar to that for wild barley (Hordeum vulgare L. ssp.
spontaneum) (Milligan 1991, from data in Neale et al.
1986) and red clover (Trifolium pratense L.) (Milligan 1991).
However, nucleon diversity varied widely among the five
North American leafy spurge populations (Table 3). For
population ND, nucleon diversity was zero since that sample
contained only one plastome type. Population CO also had
low nucleon diversity because there were only two rare types
and one predominant type. Samples from populations SD
and NE-L had intermediate nucleon diversities. The largest
nucleon diversity was found in population NE-B with seven
different plastome types, none of which were present at a
high frequency. Milligan (1991), in a study of cpDNA vari-
ation in three populations of red clover, found that each
had the same major plastome type and numerous rarer
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No. of Nucleon
Population® individuals diversity® Varianceb
CcO 26 0.289 0.042
ND 23 0.000 0.000
SD 24 0.500 0.056
NE-B 23 0.814 0.031
NE-L 27 0.493 0.048
Combined sample 123 0.780 0.006

2 CO = Colorado, Larimer Co.; ND = North Dakota, Richland Co.;
SD = South Dakota, Minnehaha Co.; NE-B = Nebraska, Brown Co.;
NE-L = Nebraska, Lancaster Co.

b Estimates of nucleon diversity and its variance were determined using
equations [# = n(1 — 3 £2)/(n — 1)] and [V(H) = 2/(n(n — 1)){2(n — 2)
B3 — @£H)? + 342 — (2222, respectively. As in Milligan (1991),
the equations were modified for a sample size of 7 haplotypes rather than
a sample size of 27 alleles.

types, some of which were unique to a population. Nucleon
diversities for individual red clover populations were not
very different from the overall sample nucleon diversity, sug-
gesting similar population structures even though there were
many rare plastome types unique to single populations. Al-
though three of five North American leafy spurge popula-
tions had predominant plastome types and some unique rare
types, predominant types were not the same in each popu-
lation, and two leafy spurge populations had structures very
different from the red clover populations, one with a single
plastome type and the other with numerous low frequency
types but no predominant type. Observed patterns of plas-
tome distribution could be due to different origins of in-
dividuals in a population, age of a population, or micro-
habitat.

Extent of nonrandom distribution of plastome types in
the five leafy spurge populations was measured with the Ggr
statistic. Randomly dividing the 123 individuals into five
groups 1,000 times failed to generate a single Ggr value as
large as that observed among the five population samples.
Thus, it was concluded that distribution of plastome types
in the North American populations was nonrandom. The
overall Ggr value for the combined North American sample
(Table 4) indicated that roughly 46% of total cpDNA di-
versity was due to differences among populations, while the
remaining 54% of total diversity was due to variation within
populations. By contrast, in the red clover study (Milligan
1991), less than 5% of the total cpDNA diversity was due
to differences among populations. When leafy spurge pop-
ulations were analyzed in a pairwise manner, the proportion
of total chloroplast genetic diversity due to differences be-
tween populations ranged from 0.06 to 0.61 (Table 4). Ggr
values for population pairs CO/ND, SD/NE-B, and
NE-B/NE-L were very small, indicating that within-popu-
lation variation was much greater than between-population
variation. Comparisons ND/SD and ND/NE-L had larger
Ggr values because no plastome types were shared in these
pairings.

Evaluations of plastome type frequencies did not offer
information on similarities of types. GS values were used to
calculate the apparent relatedness among plastome types
within a given population and among populations. The
three predominant North American plastome types (Types
1, 2, and 3; Table 2), comprising 78% of the plastomes



TasiLe 4. Comparison of chloroplast genome diversity? among five
populations of leafy spurge and between population pairs.

Population pair® Hg Hr Gst

CO/ND 0.140 0.154 0.088
CO/SD 0.390 0.686 0.432
CO/NE-B 0.546 0.733 0.254
CO/NE-L 0.387 0.691 0.441
ND/SD 0.250 0.627 0.601
ND/NE-B 0.407 0.677 0.399
ND/NE-L 0.247 0.638 0.612
SD/NE-B 0.657 0.738 0.109
SD/NE-L 0.496 0.712 0.302
NE-B/NE-L 0.653 0.692 0.057

0.417 0.772 0.460

2 Within-population diversity (Hs) and total diversity (Ht) were cal-
culated from equations [Hs = 2n(1 — 3 £)/(2n — 1)] and [Ar =1 —
S 2 + Hg/(2ns)], respectively. Among-population diversity (Dgt) was cal-
culated from Ht — Hg, and Ggr from equation [Ggt = Dsr/Hrl.

bCO = Colorado, Larimer Co.; ND = North Dakota, Richland Co.;
SD = South Dakota, Minnehaha Co.; NE-B = Nebraska, Brown Co.;
NE-L = Nebraska, Lancaster Co.

Combined sample

sampled, showed genetic similarities ranging from 0.59 to
0.94 (Table 5). This range of GS values was representative
of all North American plastome types sampled. Genetic sim-
ilarity between Plastome Type 1, the predominant type
found in populations CO and ND, and either Plastome
Type 2 (predominant in SD) or Type 3 (predominant in
NE-L and most frequent type in NE-B) was much lower
than the GS value between Types 2 and 3. For comparison,
the genetic similarity of sun spurge and North American
leafy spurge plastomes was calculated. Values ranged from
0.27 to 0.32, indicating a more distant relationship with
leafy spurge.

Average GS values (Table 6) within and between popu-
lations took into account both similarity and frequency of
plastomes. Average GS also supported greater similarity of
populations CO and ND to each other than either com-
pared with the other three populations. Higher GSyg) val-
ues for populations CO and ND were due to the large num-
ber of individuals sharing a plastome type in the two pop-
ulations. Populations SD, NE-B, and NE-L were not as sim-
ilar to each other as were CO and ND, but showed greater
similarity to each other than to either CO or ND. Popu-
lation CO had an average within population GS (0.900)
that was comparable to the GSy () of SD, NE-B, and NE-L
(0.894, 0.860, 0.911, respectively). In contrast, nucleon di-
versity of CO was considerably lower than nucleon diversity
of SD, NE-B, or NE-L (Table 3). The average GS statistic
quantified the similarity of plastome types between and
within populations while nucleon diversity did not.

A dendrogram based on genetic dissimilarities (Figure 2)
illustrated the cpDNA diversity found within some popu-
lations. As in the GS analysis (Table 5), cluster analysis
showed that the predominant type shared by populations
CO and ND (Type NO1 in Figure 2) was distinct from the
other two predominant types (N02 and NO3 in Figure 2),
which clustered relatively near to each other. Both GS values
and cluster analysis also indicated that plastomes within a
single population were not necessarily most similar to each
other. It is not likely that rare types within a population
represented the same lineage as the predominant type. Di-
vergent cpDNA genotypes within a population may be the

TasLe 5. Genetic similarity among North American leafy spurge
plastome types and between leafy spurge and an out-type Euphorbia
species.

Plastome type? 1 2 3

2 0.588

3 0.647 0.941

E. helioscopia 0.324 0.270 0.324

2 Type 1 = predominant plastome type in Populations CO and ND. Type
2 = predominant plastome type in Population NE-B; also found in NE-L.
Type 3 = predominant plastome type in Population SD.

result of either mixing of individuals from different Eurasian
origins, each with a different maternal ancestry, or intro-
duction of individuals from Eurasian populations already
comprised of a mixture of maternal types.

RAPD Analysis

The number of bands scored for each nine-base primer
ranged from five to 25. Three bands were fixed in all pop-
ulations; two bands were unique to CO and one to NE-L.
All other bands were shared by two or more populations.
Analysis of leafy spurge population structure and relatedness
based on cpDNA suggested that diverse maternal lineages
make up North American populations. Two questions arose
from the cpDNA study: (1) Were single individuals being
sampled? When a single plastome type was found, as in the
North Dakota population, was this due to repeat sampling
of a few individuals with the same plastome type that had
spread out over time as large clones, or were individual sam-
ples truly separate plants with the same plastome type? Leafy
spurge has been present longer in North Dakota than in the
other states involved in this study, and it was possible that
ND was an older population consisting of large, clonal in-
dividuals. (2) Would analysis of differences in the nuclear
genome be congruent with the population structure and re-
latedness measured by cpDNA? Leafy spurge, an outcrossing
species, would undergo genetic mixing and recombination in
its nuclear genome while the chloroplast genome would not,
presuming maternal inheritance. RAPDs, which predomi-
nantly sampled the nuclear genome, were used to assess re-
latedness of nuclear genomes within and among populations.

CpDNA RFLP data identified 13 plastome types among
the 123 leafy spurge individuals, but each individual ana-
lyzed by RAPDs had a unique genotype. Unique nuclear
genomes of individuals was true even for population ND,
which exhibited only one plastome type, indicating that sex-
ually produced individuals were collected.

TabLe 6. Average plastome GS, expressing genetic similarity within
and between North American leafy spurge populations.

Popula-

tion? CcO ND SD NE-B NE-L
CcO 0.900

ND 0.944 1.000

SD 0.686 0.650 0.894

NE-B 0.709 0.683 0.868 0.860

NE-L 0.650 0.606 0.869 0.872 0.911

2CO = Colorado, Larimer Co.; ND = North Dakota, Richland Co.;
SD = South Dakota, Minnehaha Co.; NE-B = Nebraska, Brown Co.;
NE-L = Nebraska, Lancaster Co.
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Type
NO1 CO
ND
NE-B
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NO4 NE-B
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NE-L
NO8 SD
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NO9 SD
N10 SD
NO2 NE-B
NE-L
—— NO03 SD
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NE-L
NO7 [ee]
N12 NE-L
NO6 SD
NE-B
T —N11 co
0.08 0.00

Ficure 2. Dendrogram showing relationships of 14 chloroplast DNA genotypes detected in five North American leafy spurge populations. NO1 through
N14 represent 14 plastome types detected. Populations represented: CO = Colorado, Larimer Co.; ND = North Dakota, Richland Co.; SD = South
Dakota, Minnehaha Co.; NE-B = Nebraska, Brown Co.; NE-L = Nebraska, Larimer Co.

Cluster analysis (Figure 3) showed that, with a few ex-
ceptions, individuals within a population had greatest sim-
ilarity to one another. The greatest population dissimilarity
as measured by RAPDs was between the CO population
and the populations in ND, SD, and NE. This was in con-
trast to the cpDNA RFLP data, which suggested a greater
similarity between populations CO and ND. It is interesting
that these two populations, which were farthest apart geo-
graphically, were the most alike based on plastome types,

but very divergent based on RAPDs. RAPDs (Figure 3) and
cpDNA RFLP data (Table 6; Figure 2) were in closer agree-
ment for populations NE-B, NE-L, and SD. These three
populations, which were closest geographically to each other,
shared more plastome types and also clustered more closely
in the RAPDs analysis.

The cpDNA data would describe genetic distribution as
a consequence of seed dispersal, assuming chloroplasts were
maternally inherited in leafy spurge. Seed dispersal could be

-

Ficure 3. Dendrogram showing relationships of 112 RAPD-based genotypes from five North American leafy spurge populations. RAPDs were detected
using six 9-base random primers: GGGCAATGA; CCAAGCAGT; CGGCTAGGT; GCTCACATC; TACGCACGG; ACCGCTGTG. Individuals repre-
sented the following populations: A = Colorado, Larimer Co.; B = North Dakota, Richland Co.; C = South Dakota, Minnehaha Co.; D = Nebraska,

Brown Co.; E = Nebraska, Lancaster Co.
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accomplished over great distances through animals, water,
or as a hay contaminant. In contrast, RAPDs would pre-
dominantly track nuclear DNA diffferences, which would
reflect genetic distribution through both pollen and seed.
Shorter range pollen dispersal would contribute more to re-
latedness within populations and among populations in
closer geographic proximity. Consequently, the two marker
systems will not always show the same relationships among
populations and individuals. For example, the relationship
of population CO to ND could be a relic of a common
maternal lineage, representing independent introductions
from Eurasia. Alternatively, some ancestors of individuals in
the CO population of leafy spurge could have originated
from seed introduced from North Dakota, but over time
the population diverged due to mixing with individuals in-
troduced from other locations.

An analysis of representative Eurasian populations will
determine if similar variation and population structures exist
in the native range of leafy spurge. It is anticipated that
levels of variation will be greater in the native range, but it
remains to be seen whether intrapopulation variation is as
great as in North America. The current findings in North
America and ongoing studies with Eurasian populations of
leafy spurge will not only form a basis for identifying Eur-
asian origin(s) of North American leafy spurge, but will also
assess genetic diversity that could have implications for the
success of different biocontrol strategies.

Sources of Materials

! Foreign Disease~Weed Science Research Lab, USDA-ARS,
Fort Detrick, Frederick, MD 21702.

2 DNA-specific dye Hoechst 33258, Hoefer Scientific Instru-
ments, 654 Minnesota Street, San Francisco, CA 94107.

3 Agarose, Sigma Chemical Co., 3050 Spruce Street, St. Louis,
MO 63103.

4 Synergel, Diversified Biotech, 1208 VFW Parkway, Boston,
MA 03132.

> Hybond N, Amersham Corp., 2636 S. Clearbrook Drive, Ar-
lington Heights, IL 60005.

6 Stratalinker 2400, Stratagene Cloning Systems, 1101 North
Torrey Pines Road, La Jolla, CA 92037.

7 Magic Minipreps, Psd, Sall, Taq polymerase, restriction en-
zymes, Promega Corp., 2800 Woods Hollow Road, Madison, W1
53711-5399.

8 dig-dUTP, chemiluminescent substrate, alkaline phosphotase,
Boehringer Mannheim Biochemicals, 9115 Hague Road, PO. Box
50414, Indianapolis, IN 46250-0414.

9 XARS5 X-ray film, Eastman Kodak Co., Rochester, NY 14650.

19 Cetus DNA Thermalcycler, Perkin Elmer Corp., 761 Main
Avenue, Norwalk, CT 06859.
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