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Trillium nivale Riddell is an early-blooming spring ephemeral, which occurs in widely scattered, small populations through-
out the castern United States. Nine populations from previously glaciated regions of Ohio were surveyed by enzyme electro-
phoresis to determine the extent of the genetic variation present in the species. Twelve enzymes, coded by 25 putative genetic
loci, were assayed during the study. Within populations, either very low amounts of genetic variation or total genetic uni-
formity were detected. The low levels of genetic variation are perhaps correlated with the reproductive biology of T. nivale.
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2250-2254.

Trillium nivale Riddell une éphémere fleurissant tot le printemps, se rencontre en peuplements de faible densité mais trés
dispersés a travers les états de 1’est des Etats-Unis. L’électrophordse des enzymes a été utilisée dans I’étude de neuf peuple-
ments de 7. nivale des régions de 1’état de 1'Ohio ayant subi la glaciation, afin de préciser I'ampleur de la variation génétique
présente chez cette esptee. Douze enzymes, codées par 25 loci génétiques probables, ont fait I'objet d'essais au cours de cette
étude. A lintéricur des peuplements, 1’on a décelé soit de trés faibles niveaux de variation génétique ou soit une uniformité
génétique totale. Les faibles niveaux de variation génétique sont peut-étre corrélés a la biologie de la reproduction de 7. nivale.

Introduction

Trillium nivale Riddell (Liliaceae) is a very early blooming
species of the eastern United States and is commonly known as
snow trillium because it often commences flowering when
snow is still on the ground. The species is widespread in the
eastern United States and extends as far west as extreme
eastern South Dakota and Nebraska, although here it is rather
rare and occurs as scattered populations. It is a diploid with a
chromosome number of 2n = 20, Nesom and La Duke (1985)
have recently examined certain aspects of the biology of
T nivale, including its distribution and habitat, seasonal
phenology, pollination, breeding system, seed dispersal, and
vegetative reproduction. These authors found that T nivale is
self-compatible, weakly protogynous, and facultatively xeno-
gamous. In addition, Nesom and La Duke (1985) determined
that reproduction occurs via establishment of seedlings from
sexually produced seeds and that there is little, if any, evidence
for vegetative reproduction.

The purpose of the present investigation was to examine
genetic variation in populations of T. nivale by enzyme electro-
phoresis to quantify genetic variation within and between
populations. Two of the same populations examined earlier by
Nesom and La Duke (1985) were included in the study to
determine genetic variation within populations for which data
on pollination biology and reproduction were available.

Materials and methods
Plants were examined from nine populations of Trillium nivale in

Ohio (Table 1). In all instances, a small portion of a leaf was used as a

'Present address: University of Alberta, Department of Botany,
Edmonton, Alta., Canada T6G 2E9.

Printed in Canada / Imprimé au Canada

[Traduit par la revue]

source of enzymes. Plants were sampled at random and an effort was
made to collect 50 individuals for electrophoresis. One population
(Miami 1) was composed of only five individuals and thus all were
sampled. Because of the relatively large size of the Delaware 1 site,
nine transects (A—1I) were made across the width of the largest popu-
lation and leaf material was collected from plants along each transect,
A transect was made along the length and width of the smaller popula-
tions at this site and plants were collected along each one. Crossing
studies to confirm the genetic basis of the enzyme phenotypes (i.e.,
number of genes and alleles) seen on the gels could not be performed
because the long time from seed to flowering and accessibility to the
plants made such a study unfeasible at the current time. Interpretation
of the enzyme phenotypes on the gels was therefore based on infer-
ences from results of previous studies (see Gottlieb 19814, 1982) and
segregation patterns at polymorphic loci.

Fresh leaf material was kept on ice after collection and stored at
—60°C until it was examined electrophoretically. Material was
ground in cold Tris—HCI extracting buffer: 0.1 M Tris—HCI, pH
7.5, 4.0 mM 2-mercaptoethanol, 1.0 mM EDTA (disodium salt),
10.0 mM KCl, and 10.0 mM MgCl, (Gottlieb 1981b). About 20 mg
of polyvinylpolypyrrolidone was added to each sample at the time of
grinding. The samples were centrifuged and the supernatant soaked
onto filter-paper wicks before being loaded onto horizontal starch
gels. Enzymes were resolved on 12.5% starch gels, using two buffer
systems: (i) gel buffer consisting of 1 part 0.038 M lithium hydroxide
— 0.188 M boric acid, pH 8.3, and 9 parts 0.05 M Tris — 0.007 M
citric acid, pH 8.3, with the electrode buffer consisting only of the
lithium borate component; (ii) gel buffer consisting of 0.02 M
histidine —HClI titrated to pH 7.0 with NaOH; electrode buffer con-
sisting of 0.4 M trisodium citrate titrated to pH 7.0 with HCL. The fol-
lowing enzymes were resolved with the lithium borate system:
alcohol dehydrogenase (ADH), glutamate dehydrogenase (GDH),
glutamate-oxaloacetate transaminase (GOT), leucine aminopeptidase
(LAP), phosphoglucoisomerase (PGI), superoxide dismutase (SOD),
and triose-phosphate isomerase (TPI). Enzymes resolved on the
lower pH histidine system include acid phosphatase {ACP), malate
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TabLE 1. Population designations, number of plants examined per
population (in parentheses), and locality data for nine populations of
Trillium nivale

1. Delaware 1 (149), Ohio: Delaware Co., ca. 1.0 km SE of White
Sulfur on Hwy. 257, east side of road ca. 100 m from Scioto River,
flat area in deep soil, pethaps more than 10 000 plants in two separ-
ate but close areas totalling ca. 1500 square m

2. Delaware 2 (50), Ohio: Delaware Co., area south and west of

O’'Shaughnessy Dam

Franklin 1 (48), Ohio: Franklin Co., 1.5 km south of Dublin on

Hwy. 33, cast side of Scioto River on steep, west-facing rocky

slope

4. Greene 1 (50), Ohio: Greene Co., about 1.2 km west of Clifton

along north side of Miami River

. Highland 1 (50), Ohio: Highland Co.. 0.3 km north of old bridge

over Rock Fork on Ohio road 753, Beaver Mill

. Miami 1 (5), Ohio: Miami Co., 0.1 km north of Ohio road 48

bridge over Ludlow Creek, Ludlow Falls

. Miami 2 (50), Ohio: Miami Co., south bank of Ludlow Creek at

crossing of Davis road NW 1/4 of section 8, Union twp.

. Miami 3 (50), Ohio: Miami Co., centre of section 33, about

0.6 km south of Fener road

9. Miami 4 (50), Ohio: Miami Co., U.S. route 40, 0.4 km south of

Sullivan road

il
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dehydrogenase ((NAD) MDH), 6-phosphogluconate dehydrogenase
(6PGDH), phosphoglucomutase (PGM), and shikimic acid dehydro-
genase (SKDH). Isocitrate dehydrogenase ((NADP) IDH) was run
and assayed using a continuous cellulose acetate gel system described
by Hebert and Payne (1985), using a buffer consisting of 0.024 M
Tris — 0.19 M glycine, pH 8.4. Procedures used for the assaying of
all enzymes were those of Soltis et al. (1983), except for ADH, which
followed Schaal and Anderson (1974). The locus specifying the most
anodally migrating isozyme was designated as 1, the next 2, etc.
Similarly, the most anodal allozyme at a given locus was labeled A
and so on, consecutively.

Genetic variation was assessed using measures such as proportion
of loci polymorphic (P), average number of alleles per locus, and
expected and observed proportion of loci heterozygous. Observed and
expected proportion of loci heterozygous were compared using chi-
square tests to ascertain whether populations deviated from Hardy -
Weinberg equilibrium expectations. Calculation of the statistics 1s
outlined in Wright (1978).

Gene diversities, genetic identities, and genetic distances were all
calculated using the methodologies of Nei (1972, 1973), employing
the GENESTAT programme of Whitkus (1985). All computations
were done on the IBM computer at the Computer Centre of the Uni-
versity of Windsor. A distance phenogram based on the genetic dis-
tance matrix was generated using the unweighted pair — group
method,using arithmetic averages (UPGMA; Sneath and Sokal 1973)
from the TAXON subroutine of the NT—SYS programme of Rohlf
et al. (1974).

Results

The 12 enzymes resolved in the present study are interpreted
as being coded by a total of 25 putative genes. The genetics of
the expression of these enzymes is inferred until F, and F,
progeny can be obtained, but all, except acid phosphatases and
malate dehydrogenases, may be compared with results from
other diploid species with regard to number of structural genes
present for each enzyme (see Gottlieb, 1981a, 1982, for sum-
mary and discussion). Two structural genes are apparently
present for the following enzymes: ADH. LAP, 6PGDH
(although 6PGDH-2 had low activity and poor resolution and
was therefore not scored), PGI, PGM, SOD, and TPL. GDH
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and SKDH are each coded by one putative gene. The number
of genes for these seven enzymes agrees with most reports
from other diploid plants (Gottliecb 1981a, 1982). MDH
appears to be specified by six genes and GOT by three, the
number for both of these enzymes having been reported from
other plants (Gottlieb 1981a). The number of genes that are
present for each enzyme is apparently a feature that is highly
conserved among flowering plants (Gottlieb 1982) and there-
fore conclusions on the number of loci present for each enzyme
system based on the results of previous studies seem to be
reliable deductions. Segregation at polymorphic loci provides
evidence regarding the subunit composition of the particular
enzyme. The subunit composition of those enzymes that were
seen in the heterozygous condition was in agreement with
results from previous studies (Gottlieb 1981a, 1982); ie., LAP
(monomeric), MDH (dimeric), PGI (dimeric), and 6PGDH
(dimeric). MDH appears to consist of six isozymes. The most
anodal isozymes (MDH-1 and MDH-2) and the most cathodal
isozyme (MDH-6) either were monomorphic (MDH-1 and
MDH-2) or displayed polymorphism that was readily interpret-
able (MDH-6). However, MDH-3, -4, and -5 are difficult to
interpret when heterozygous because of allelomorph overlap
at these loci. Consequently, MDH-3, -4, and -5 were not
included in the analyses because of the lack of allelic fre-
quency data for several of the populations. Lastly, we were
able to resolve the products of four putative loci coding
for ACP.

Population designations, number of plants examined within
each population, and locality data are presented in Table 1.
Populations were surveyed for all enzyme systems (with a
sample size as indicated in Table 1) with the following
exceptions: Delaware 1, IDH, SKDH, and TPI were not
assayed and 50 plants were assayed for MDH; Delaware 2, 48
plants were assayed for IDH; Franklin 1, IDH, SKDH, and
TPI were not assayed; Greene 1, Highland 1, Miami 2, Miami
3, and Miami 4, 48 plants were assayed from each of these
populations for IDH.

Populations were monomorphic at all loci assayed except
for 6Pgdh-1, Lap-1, Mdh-6, Pgi-1, and Pgi-2 (Table 2). Poly-
morphism at these loci ranged from no variation in Delaware 1
(Table 2) to polymorphism at four loci in Delaware 2 and
Highland 1. As a result, the proportion of loci polymorphic (P)
is highest (0.16) in Delaware 2 and Highland 1 and lowest
(0.0) in Delaware 1 (Table 3). The average number of alleles
per locus was highest (1.20 + 0.49) in Highland 1 and lowest
(1.00 + 0.0) in Delaware 1 (Table 3). All populations
diverged significantly from the expected proportion of loci
heterozygous (as would be expected under Hardy —Weinberg
equilibrium) except Delaware 1 and Miami 3 (Table 3).

The greatest gene diversity was found at 6Pgdh-1 (Hy =
0.44), with most of the diversity displayed within popula-
tions (Hs = 0.264) as compared with between populational
differences (Dgy = 0.176; Ggp = 0.4). Gene diversity statis-
tics for four other polymorphic loci were Lap-1 (Hy = 0.190,
Hg = 0.114, D¢y = 0.076, Gsy = 0.4); Mdh-6 (Hy = 0.092,
Hg = 0.069, Dgy = 0.023, Ggr = 0.25); Pgi-1 (Hr = 0.225,
Hg = 0.191, Dgr = 0.034, Ggy = 0.151); Pgi-2 (Hy = 0.09,
Hg = 0.067, Dgy = 0.023, Gy = 0.26). The mean (Dst)
between populations and degree of genetic differentiation
between populations (Gsr) for all nine populations of T nivale
are Hy = 0.207, Hg = 0.141, Dgy = 0.066, and Ggr = 0.319.

Table 4 presents pairwise comparisons of genetic identities
and genetic distances for all combinations of the nine popula-
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TasLE 2. Allelic frequencies for nine populations of Trillium nivale. Presented are the allelic frequencies for five
loci that were found to be polymorphic. Numbers of individuals per population and an explanation of population
locations are given in Table 1

Locus (allele) Del.1 Del.2 Fm. 1 Gm. 1 Hgh.1l Mim. ! Mim. 2 Mim.3 Mim. 4
6Pgdh-1-4 1.00 0.36 0.92 1.00 0.61 0.10 0.09 0.33 0.50
6Pgdh-1-B 0.00 0.64 0.08 0.00 0.39 0.90 0.91 0.67 0.50
Lap-1-A 0.00 0.47 0.00 0.02 0.00 0.00 0.58 0.00 0.00
Lap-1-B 1.00 0.53 1.00 0.98 1.00 1.00 0.42 1.00 1.00
Mdh-6-A 1.00 0.85 1.00 1.00 0.76 1.00 1.00 1.00 1.00
Mcdh-6-B 0.00 0.15 0.00 0.00 0.24 0.00 0.00 0.00 0.00
Pgi-1-A 0.00 0.06 0.53 0.05 0.16 0.00 0.36 0.02 0.14
Pgi-1-B 1.00 0.94 0.47 0.95 0.84 1.00 0.64 0.98 0.86
Pgi-2-A 1.00 1.00 1.00 1.00 0.53 1.00 1.00 1.00 1.00
Pgi-2-B 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00
Pgi-2-C 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00

Note: Del. 1, Delaware 1; Del, 2, Delaware 2; Fm. 1, Franklin 1: Gm. 1, Greene 1; Hgh. 1, Highland 1; Mim. 1, Miami I; Mim. 2, Miami 2;
Mim. 3, Miami 3; Mim. 4, Miami 4.

TaBLE 3. Genetic variation within Trillium nivale including percent of loci poly-
morphic (frequency of most common allele less than 0.99), average number of alleles
per locus, and observed and expected proportion of loci heterozygous

Observed Expected
Proportion Average no. proportion proportion
Population of loci of alleles of loci of loci
designation polymorphic per locus heterozygous  heterozygous
Delaware 1 0.00 1.0 £0.00 0.000 0.000
Delaware 2 0.16 1.164+0.37 0.018** 0.053
Franklin 1 0.095 1.10+0.29 0.005%* 0.031
Greene 1 0.08 1.08+0.27 0.0008** 0.018
Highland 1 0.16 1.20+0.49 0.50* 0.068
Miami 1 0.04 1.04£0.195 0.008** 0.072
Miami 2 0.12 1.12+0.32 0.006%* 0.045
Miami 3 0.08 1.08+0.27 0.0152 0.020
Miami 4 0.08 1.08+0.27 (008 %= 0.030

NoTe: *, significantly different at the 5% level; **, significantly different at the 1% level. Population

designations are as in Table 1.

tions. Delaware 1 and Greene 1 are genetically identical, while
Delaware 1 and Miami 2 are most distant (genetic identity =
0.937; genetic distance = 0.065). These relationships are
more easily visualized by examining the phenogram (Fig. 1)
derived from the cluster analysis (UPGMA) of the genetic dis-
tance matrix (Table 4).

Discussion

Trillium nivale occurs in Ohio as small scattered populations
of mostly 20—100 individuals (the Delaware 1 population is
unusually large) on calcareous soil (Nesom and La Duke 1985;
Stuckey 1976). The species is found primarily within glaciated
territory (Nesom and La Duke 1985), and it is possible that the
low genetic variability results from the founder effect during
colonization following Wisconsinan glaciation. Numerous
populations have been reported for 7. nivale beyond the glacial
maxima (for map, see Nesom and La Duke 1985); however,
attempts to relocate some of these populations for this analysis
were unsuccessful. These populations may have supplied the
necessary propagules for the recolonization. A similar situa-
tion has been proposed by Schwaegerle and Schaal (1979) for
Sarracenia purpurea L.

Nesom and La Duke (1985) have demonstrated that although
T. nivale may be facultatively xenogamous, when an indi-

vidual selfs, it is capable of producing abundant seed. Thus, it
is possible that following dispersal of a few seeds into a
favourable habitat, the number of plants could increase by
seedlings resulting from autogamy. If this were the case, one
would expect these populations to be rather genetically uni-
form, which is the situation with respect to genes coding for
isozymes. Ihara and Endo (1981) found genetic uniformity for
Adh in three species of Japanese Trillium. Four populations
were examined (59— 184 individuals per population) and there
was no ADH variation within the species. Additional support
comes from a study of T. kamtschaticum Pall. where Fukuda
(1967) demonstrated inbreeding and the development of
genetic subgroups within a population. However, these data
are in conflict with chromosomal analysis of T. kamtschaticum
reported by Narise (1956), who concluded that **. . . the breed-
ing of T. kamtschaticumn in almost all the natural populations
was random’” (Narise 1956, p. 73). Narise admitted, citing
Hayaman (1953), that if selfing and random breeding take
place together and homozygotes are selected against, then the
values attained may be identical with those predicted by
Hardy — Weinberg. Therefore, selfing may still be occurring in
the populations studied by Narise (1956), but selection against
homozygotes is affecting the interpretation of the data. Hence,
genetic uniformity may be more common in Trillium species
than would be predicted by Hardy —Weinberg equilibrium.
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TaBLE 4. Genetic identities (upper triangle) and genetic distances (lower triangle) for all pairwise comparisons of nine populations of
Trillium nivale. The mean identity for all populations was 0.978 (range = 0.937—1.000) and the mean genetic distance was 0.022

(range = 0.000-0.065)

Delaware 1  Delaware 2 Franklin |  Greene | Highland 1 Miami 1 Miami 2 Miami 3~ Miami 4
Delaware 1 0.968 0.968 1.000 0.981 0.961 0.937 0.978 0.987
Delaware 2 0.032 0.961 0.974 0.980 0.987 0.992 0.990 0.989
Franklin 1 0.014 0.039 0.989 0.977 0.954 0.948 0.970 0.984
Greene 1 0.000 0.026 0.011 0.984 0.967 0.949 0.982 0.990
Highland 1 0.019 0.020 0.023 0.016 0.979 0.963 0.987 0.990
Miami 1 0.039 0.013 0.047 0.033 0.021 0.981 0.998 0.993
Miami 2 0.065 0.008 0.054 0.052 0.038 0.019 0.979 0.977
Miami 3 0.022 0.010 0.030 0.018 0.013 0.002 0.021 0.998
Miami 4 0.013 0.011 0.016 0.011 0.010 0.007 0.023 0.002
Miomi 1 less and Hamrick (1984) for all categories except floral mor-

Miami 3

4{i: e
Miami 2
Delaware 2
[Greene1
Delaware |
L Fronklini
)

"

1 " L L L
0.031 oo22 0.014

0005 0000

FiG. 1. Distance phenogram (UPGMA) derived from a matrix of
genetic distances (Table 4) for nine populations of 7. nivale. Popula-
tion designations are those given in Table 1. Two populations (Greene
1 and Delaware 1) are genetically identical (/ = 1.00; D = 0.00) and
are illustrated on the phenogram as being linked very closely together.

The extremely low level of genetic variation in most popula-
tions and total uniformity in one (Delaware 1) are significant in
understanding the biology of T. nivale. This genetic uniformity
will be considered relative to certain aspects of the biology of
the species. Two features of the present study are of some sig-
nificance: (i) the 25 gene loci included in this investigation
represent as large a sample as is normally included in isozyme
studies of plants and (if) a wide range of enzymes was included
(Gottlieb 1981a, 1982; Hamrick et al. 1979). Thus, the lack of
variation relative to other studies is not an artifact of a small
sample of genes.

Hamrick et al. (1979) summarized plant data from a number
of workers and correlated the values for P (percentage of poly-
morphic loci) and H (percent heterozygosity) with life-history
features. Endemic taxa had values for P ranging from 0 to 71%
with a mean of 26.52%, and narrowly distributed taxa ranged
from 0 to 100% with a mean of 36.73%. Trillium nivale would
be considered a narrowly distributed taxon and an average
P value of 0.09 (range = 0.000—0.16) for all populations
(Table 3) ranks among the lowest for that group cited by
Hamrick et al. (1979). In addition, the only taxa listed by
Hamrick et al. (1979) and Gottlieb (1981a) in the Liliopsida
were members of the Poaceae. Trillium nivale is quite different
from those taxa and comparisons between them would be of
dubious value.

Loveless and Hamrick (1984) reviewed gene diversity statis-
tics for ecological factors determining the genetic structure of
populations and our values of Hy and H for T nivale are lower
for such categories as predominantly outcrossed breeding
systems, hermaphroditic floral morphology, sexual reproduc-
tion, entomophilous pollination, animal seed dispersal (ants),
long-lived perennials, polycarpy, and late successional stage.
Mean diversity among populations Ggr for populations of
T. nivale was higher or equal to the values presented by Love-

phology and seed dispersal. Considering geographic range,
gene diversity values for T nivale are most similar to other
species that have a regional distribution, although Loveless
and Hamrick (1984) note that geographic range seems to be a
poor predictor of the genetic structure of a species.

A comparison of T. nivale with two species of Camassia
(Liliaceae), another spring-blooming, perennial diploid, shows
many similarities such as distribution pattern and life cycle
(Ranker and Schnabel 1986). They differ because Camassia is
primarily outcrossing (Ranker and Schnabel 1986), whereas
T. nivale is primarily autogamous (Nesom and La Duke 1985).
Genetic diversity statistics reflect the differences in breeding
systems since 1. nivale has higher Dgp and Ggr but lower Hy
and Hg values than those given for Camassia scilloides and
C. angusta (Ranker and Schnabel 1986). This could be a
reflection of their different breeding systems, where higher
Dgr and Ggr values and lower Hg and Hy values have been
reported for inbreeders than for outcrossers (Loveless and
Hamrick 1984; Brown 1979).

The interpopulational genetic distances and identities as well
as the mean identity and distance for populations of 7. nivale
are within the range of values found by other investigators
(Gottlieb 1981a) for outcrossing perennials, including two
members of the Liliaceae, Camassia angusta and C. scilloides
(Ranker and Schnabel 1986). The cluster analysis of the
genetic distances (Fig. 1) demonstrates that there is little
apparent regional differentiation of populations. Three popu-
lations, Miami 1, 3, and 4, are very similar geographically
and isozymically; however, two populations that are geo-
graphically distant, Greene 1 and Delaware 1, are the least
differentiated genetically (Fig. 1).

Gottlieb (1981a) summarized published data on the correla-
tion between genetic variation in plant populations and species
and breeding systems. Low levels of genetic variation occur in
selfers and higher levels are found in outcrossers. Soltis (1982)
has presented a similar explanation for low levels of isozyme
variation in populations of Sullivantia. In addition, the low
levels of genetic variation in T. nivale founders may have
resulted in an edaphic preference for calcareous soils, an asso-
ciation noted by Stuckey (1976). A similar restriction was pro-
posed by Babbel and Selander (1974) as one explanation for
the edaphic restriction of Lupinus subcarnosus Hook. How-
ever, Nesom and La Duke (1985) found T. nivale was fre-
quently found on calcareous soils but not restricted to them.
This association may be a consequence imposed by the found-
ing propagules which originated from populations successful
on calcareous soils and thus were better colonizers of such
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soils. The isozyme and life-history data support an hypothesis
of single-seed colonization of T nivale populations. The
source of these propagules is yet to be determined. Addition-
ally, the primarily self-pollinating breeding system of T. nivale
is reflected by the gene diversity statistics.
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