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ABSTRACT. The genus Chionanthus, known as fringetrees, is a member of the olive family (Oleaceae). Chionanthus vir-
ginicus is an understory tree or shrub with a wide range in forests of the eastern United States and is used as an
ornamental tree that is known to be free of insects and disease in the wild. The species is tolerant of a wide range of
environmental conditions, and there is interest in developing new cultivars with improved horticultural traits, such as
tree form or upright growth habit and superior flowering display that are widely adapted. To identify genepools in
the native range of C. virginicus for use in breeding programs, the genetic diversity and population structure were
assessed for 274 individuals from 12 locations in four states (Florida, Maryland, North Carolina, and Texas) using 26
simple sequence repeats (SSRs). An average of 12.54 alleles/locus were detected, allelic richness averaged 2.80.
Genetic differentiation was 0.11, indicating moderate differentiation among subpopulations. Despite the high genetic
diversity and low population differentiation, Bayesian clustering analysis identified six genetic groups that match the
geographic distribution of collection sites. Analysis of molecular variance indicated that most (82%) of the variation
is explained within individuals, and 11% and 7% of the variation is due to differences among individuals within pop-
ulations and among populations. Analysis of isolation by distance across all samples showed a weak positive relation-
ship between geographic distance and genetic distance. The C. virginicus samples analyzed in this study indicate
there is sufficient diversity for germplasm collection for use in breeding programs. Given the relatively moderate
genetic differentiation, there are not likely to be unique islands of genetic diversity that may be missed when gather-

ing parental materials for a breeding program
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The genus Chionanthus is a member of the olive family (Ole-
aceae) that belongs to the subtribe Oleinaec (Wallander and
Albert, 2000) and has more than 140 species (Gouvaerts and
Green, 2021; Green, 2004) with at least five distinct lineages
that are paraphyletic (Dupin et al., 2020; Olofsson et al., 2019).
Three species are temperate, deciduous trees and shrubs,
Chionanthus pygmaeus (pygmy fringetree) and C. virginicus
(american fringetree) from southeastern North America are a dis-
tinct group and the only temperate lineage found in North Amer-
ica, and C. retusus from central and southeastern China (Fang
et al.,, 2009; Hong-Wa, 2013; Hong-Wa and Besnard, 2013).
The remaining species are tropical, evergreen trees and shrubs,
which are pantropical. C. virginicus is an understory tree or
shrub in forests of southeastern North America. Whereas
C. pygmaeus is a small shrub endemic to the Lake Wales Ridge
in central Florida and occurs in low scrub vegetation over white
sand. The North American species can easily be distinguished
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from the Chinese species by their inflorescence position. The
inflorescences of C. pygmaeus and C. virginicus are lateral and
develop from buds on the previous year’s growth, and the inflor-
escences of C. retusus are terminal on new growth.

C. virginicus is dioecious and often used as a woody land-
scape or ornamental shrub or small tree (5 x 3 m) for its fast
growth, fragrant floral display, and because it is known to be free
of insects and disease in the wild (Dirr, 2009). Seed dispersal
from the immediate area is facilitated by birds and rodents. Sev-
eral cultivars are commercially available, such as White Knight,
Emerald Knight, Spring Fleecing, and Prodigy (Dirr and Warren,
2019). Selected materials represent chance seedlings from the
wild. The main goal for breeding C. virginicus is improved horti-
cultural traits such as tree form or upright growth habit and supe-
rior flowering display. Given the wide range of this species (U.S.
Department of Agriculture cold hardiness zones 3 to 9), it has
high potential as a native tree to tolerate environmental condi-
tions throughout much of the United States. However, recent
reports suggest it may also be a potential host for emerald ash
borer, which significantly detracts from its commercial appeal in
the landscape and nursery industry (Cipollini, 2015).

Woody plants are perennial and generally outcrossing species,
resulting in higher genetic diversity and less differentiation
between populations than self-pollinated species such as annuals
(Hamrick and Godt, 1996). The mode of pollination, wind vs.
insect, and the mode of seed dispersal also contribute to gene
flow within and among populations. Given the extensive distribu-
tion of C. virginicus, presumably due to the migration of environ-
mentally tolerant plants during glacial retreat, we expect to find
historical evidence for a large contiguous population with sub-
stantial gene flow by migration (Elfers, 1989). Alternatively,
high levels of genetic differentiation may indicate inbreeding due

to founder effects, isolating barriers such as rivers, or recent habi-
tat fragmentation that could restrict distributions of local seed
and/or pollen. We are particularly interested in the relationship
between geographic distance and genetic diversity because this
species is relatively long lived and has overlapping generations.

SSRs, or microsatellites, are powerful tools for characterizing
genetic diversity and population structure, in paternity analyses and
hybrid detection, and in genetic mapping (Goncalves-Vidigal and
Rubiano, 2011; Merritt et al., 2015). SSRs are based on a highly
specific polymerase chain reaction (PCR) that is used to detect var-
iations of repetitive motifs at specific locations within the genome.
The power of these markers lies in their high levels of polymor-
phism, codominant inheritance, multiallelism, and random distribu-
tion throughout the genome. In addition, SSRs have been found to
be highly transferable between species and the highest in species
with long generation times and mixed or outcrossing breeding sys-
tems (Barbara et al., 2007). This high level of cross-species transfer
of SSRs has been consistent in Oleaceae genera (De La Rosa et al.,
2002; Dervishi et al., 2018; Gorrilliot et al., 2021; Lefort et al.,
1999; Noakes et al., 2014; Rallo et al., 2003). In this study, we used
SSRs from C. retusus (Arias et al., 2011) with demonstrated cross-
species transfer to C. virginicus to characterize the genetic diversity
and population structure for the species to identify genepools in the
native range of C. virginicus for use in breeding programs.

Materials and Methods

DNA COLLECTION AND ISOLATION. Twelve collection sites
were selected based on the number of individual plants in each
population and their locations (Table 1, Fig. 1). Maryland popu-
lations were used because they are in the northeastern corner of
the native range of C. virginicus, the Texas population because it

Table 1. Sampling locality information for Chionanthus virginicus populations analyzed with 26 simple sequence repeats.

Plants Elevation Center Approximate
Population Location Code (no.) range (m) coordinates area (ha)
Serpentine Barrens Conservation Potomac, MD SERP 38 92-139 lat. 39°4'10.3"N 83.0
Park long. 77°14'3.5"W
Idylwild Wildlife Management Federalsburg, MD IDYL 33 2-10 lat. 38°44'1.7"N 72.5
Area long. 75°45'7.4"W
EPA Research Triangle Park Research Triangle, NC ~ EPA 50 91-102 lat. 35°526.9"N 1.3
long. 78°52'9.8"W
Joe Mountain Joe Mountain, NC JOE 44 435-609 lat. 36°0'58.4"N 3.9
long. 81°9'24.9"W
Sam B. Hayter Estate Nacogdoches, TX SAM 49 127-137 lat. 31°38/28.8"N 3.8
long. 94°45'15.6"W
Beltsville Agricultural Research Beltsville, MD BARC 12 26 lat. 39°125.9"N 29
Center long. 76°54'5.7"W
O’Leno State Park High Springs, FL OL 6 13-14 lat. 29°55’'18.2"N 0.3
long. 82°34'7.8"W
Lafayette Blue Springs State Park Mayo, FL LAF 8 19-24 lat. 30°7'41.9"N 1.6
long. 83°13/36.3"W
San Felasco Hammock Preserve Gainesville, FL SF 5 54-57 lat. 29°42'50.5"N 0.2
State Park long.82°27'38.2"W
Lake Griffin State Park Fruitland Park, FL LG 8 22-24 lat. 28°51’35.2"N 0.1
long. 81°54'5.4"W
Colt Creek State Park Lakeland, FL CC 11 27 lat. 28°17'44.7"N 0.9
long. 82°1'46.6"W
Hillsborough River State Park Thonotosassa, FL HILL 10 13-14 lat. 28°8'52.2"N 0.4
long. 82°13'27.2"W
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Fig. 1. Range distribution (A) and sampling localities (B) of Chionanthus virginicus. Complete information regarding

sampling locations can be found in Table 1.

is in the southwestern corner of the range, and the Florida popu-
lations because they are in the southeastern extent of the range.
Thus, the extreme limits of the species were sampled. The North
Carolina populations were used because they are in the middle
of the eastern side of the species distribution and closer to Mary-
land than to Texas. Two populations were sampled in Maryland
and in North Carolina to examine the effect of proximity. Maps
were generated in R (version 4.0.4; R Foundation for Statistical
Computing, Vienna, Austria) with the “BIEN” package (Mait-
ner, 2020), “maps” package (Becker and Wilks, 2006), and the
“sp” package (Pebesma and Bivand, 2005).

In each population, a series of parallel transects were
searched for individuals to sample. The distance between trans-
ects varied depending on the size of the populations and the area
covered. In the Maryland populations, transects were ~5 m
apart, and in the Florida, North Carolina, and Texas populations,
which were smaller and much denser, transects were 1 to 2 m
apart. Individuals were sampled for DNA extraction by collect-
ing four or five leaves from branch apices, immediately placing
them into plastic bags on ice, and shipping them overnight to the
laboratory of the second author. Also, two branch ends were col-
lected and prepared as herbarium vouchers for each sample. One
of the vouchers for each sample is deposited in the herbarium of
the U.S. National Arboretum in Washington, DC. For selected
collections, the latitude and longitude were determined using a
handheld global positioning satellite unit. The elevation of these
data points and the size of each population sampled were deter-
mined by drawing a polygon around the collection points (Goo-
gle Earth Pro; Google, Mountain View, CA) and calculating the
area, in hectares, enclosed in the polygon. Sex of the individuals
sampled was not recorded.

SIMPLE SEQUENCE REPEAT DEVELOPMENT AND SAMPLE PROCESS-
ING. Twenty-six SSR loci that were previously indicated as poly-
morphic in C. virginicus were selected based on Arias et al.
(2011). DNA was extracted from 1-cm? pieces of fresh leaf tis-
sue using a Plant Mini Kit (Qiagen, Valencia, CA), quantified
using a spectrophotometer (NanoDrop; Thermo Fisher Scientific,
Waltham, MA), and diluted to a final concentration of 5
ng-uL~". SSR amplification was performed using a three-primer
protocol modified from (Waldbieser et al., 2003). Fluorescence-
labeled PCR fragments were visualized by automated capillary
gel electrophoresis (ABI3730x1, Thermo Fisher Scientific) using
ROX-500 size standard (Applied Biosystems, Foster City, CA).
GeneMapper version 3.7 (Applied Biosystems) was used to rec-
ognize and size peaks.
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alleles (Ng), observed (Hp) and
expected (Hg) heterozygosity, and F
statistics across all populations for
each locus. The program HP-Rare
(Kalinowski, 2005) was used to cal-
culate allelic richness (Ag). Popula-
tion structure was assessed using a
Bayesian analysis [STRUCTURE version 2.3.4 (Pritchard et al.,
2000)] using the admixture model, which infers whether the
individual i has inherited a portion of its genetic material from
ancestors in population K. For measuring different values of K,
20 independent replicates were made for each K value between
1 and 8. A bum-in period of 250,000 iterations and 250,000
Markov Chain Monte Carlo repetitions were used in all analyses.
The most likely number of clusters (K) was evaluated consider-
ing the plateau criterion proposed by Pritchard et al. (2000) using
the nonparametric Wilcoxon test and the Delta K method using
STRUCTURE HARVESTER (Earl and von Holdt, 2012).

Differentiation among populations was quantified using a
hierarchical analysis of molecular variance (AMOVA) using
Arlequin version 3.5. Two different analyses were conducted,
the first one included all sites as a single hierarchical group and
the second one accounted for populations grouped according to
regions identified by the program STRUCTURE. The significan-
ces of variance components for each hierarchical comparison
(among populations, among individuals, and among individuals
within populations) were tested using 99,999 permutations. Gen-
AIEX 6.5 was used for pairwise calculations of genetic differen-
tiation (FST) and gene flow estimates between populations. To
determine the occurrence of isolation by distance (IBD), a Man-
tel test between the genetic and geographic distances was evalu-
ated using GenAlEx 6.5 with 9999 permutations.

Latitude

Results

Collection sites varied in size and elevation (Table 1). The
largest sites were 83 and 72.5 ha for SERP and IDYL, respec-
tively. However, the remaining sites were all less than 4.0 ha
each. Both SERP and IDYL are in Maryland and represent pop-
ulations that are near each other, similar to the close proximity
of JOE and EPA that are both located in North Carolina
(Table 2). Texas samples (SAM) are most distant from all other
sites and represent the extreme southwestern edge of the
C. virginicus native range (Table 2, Fig. 1). Maryland samples,
SERP and IDYL, represent the northeastern extreme. Samples
from state parks in Florida represent the most southeastern popu-
lations in the native range of C. virginicus (Fig. 1). North Caro-
lina samples, JOE and EPA, are intermediate along the eastern
edge of the native distribution but are closer to Maryland than to
Texas (Fig. 1, Table 2). Table 1 also includes samples not used
in the initial analyses, such as BARC, which is in-between the
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Table 2. Geographic distances in kilometers (above diagonal) and pairwise population differentiation (FST) values (below diagonal) for
Chionanthus virginicus populations (see Table 1 for location codes).

BARC SERP SAM IDYL EPA JOE OL LAF SF LG CC HILL
BARC — 29 1814 105 391 503 1135 1144 1152 1218 1281 1303
SERP 0.11 — 1799 133 385 485 1126 1133 1143 1211 1275 1296
SAM 0.04 0.06 — 1984 1555 1348 1181 1114 1197 1274 1282 1270
IDYL 0.09 0.09 0.03 — 418 564 1161 1175 1175 1234 1295 1318
EPA 0.07 0.07 0.05 0.08 — 207 745 756 761 828 891 913
JOE 0.08 0.10 0.06 0.10 0.02 — 689 681 710 797 860 878
OL 0.08 0.08 0.05 0.09 0.02 0.01 — 68 25 134 188 199
LAF 0.07 0.09 0.05 0.08 0.03 0.02 0.01 — 87 191 234 240
SF 0.09 0.13 0.07 0.11 0.04 0.03 0.03 0.02 — 109 163 175
LG 0.11 0.16 0.10 0.14 0.08 0.07 0.07 0.06 0.05 — 64 85
CcC 0.09 0.03 0.06 0.08 0.05 0.07 0.07 0.08 0.09 0.12 — 25
HILL 0.14 0.05 0.08 0.11 0.09 0.10 0.11 0.13 0.16 0.19 0.02 —

two populations in Maryland (SERP and IDYL), and samples
from six state parks in Florida.

All SSR loci analyzed were polymorphic, and a total of 312
alleles were detected in 12 C. virginicus populations (Table 3).
Fifteen of 26 SSR loci did not deviate significantly from
Hardy-Weinberg equilibrium (HWE) for the 12 populations
(Table 3). The N, varied considerably between loci, from 3
(seq967 and seq1006) to 32 (seq411), and the average number

of alleles/loci detected was 12.54. Ar ranged from 1.46 to
4.39 and averaged 2.80. Hp and Hg also varied considerably
between loci, but the average for all loci was 0.49 and 0.55,
respectively. This corresponds with F statistics on inbreeding
coefficient (FIS) and allele fixation (FIT), which ranged from
—0.25 to 0.85, —0.26 to 0.88, and 0.05 to 0.30 for FIS, FIT,
and FST, respectively (Table 3). Mean FIS was 0.09 and indi-
cated a slight excess of homozygotes within individuals, and

Table 3. Genetic diversity estimates and F statistics for 26 simple sequence repeats in 12 Chionanthus virginicus populations.

GenBank

accession n Na Ho Hg HWE Ar FIS FST FIT
GQ118094 12 3 0.47 0.45 NS 2.09 —0.04 0.08 0.05
GQI118114 12 4 0.31 0.31 NS 1.71 0.01 0.14 0.15
GQI117386 12 7 0.62 0.58 NS 2.69 —0.06 0.15 0.10
GQ117428 12 14 0.50 0.54 NS 2.64 0.06 0.09 0.15
GQ117431 12 20 0.52 0.65 *% 3.02 0.19 0.11 0.28
GQ117475 12 19 0.71 0.71 NS 3.55 0.01 0.08 0.09
GQ117545 12 10 0.71 0.70 NS 3.36 —0.02 0.06 0.04
GQI117553 12 29 0.84 0.79 NS 4.02 —0.07 0.09 0.03
GQI117554 12 13 0.57 0.69 wkE 3.35 0.18 0.10 0.26
GQ117600 12 20 0.59 0.74 NS 3.67 0.20 0.14 0.31
GQI117632 12 32 0.53 0.81 ND 4.39 0.34 0.13 0.43
GQI117667 12 16 0.49 0.73 wkE 3.57 0.33 0.10 0.40
GQ117694 12 31 0.50 0.78 *ok* 4.01 0.36 0.10 0.42
GQ117701 12 5 0.65 0.52 NS 2.48 —0.25 0.06 —0.18
GQI117761 12 6 0.26 0.24 NS 1.64 —0.06 0.15 0.10
GQ117762 12 15 0.65 0.65 NS 3.28 0.00 0.15 0.14
GQI117328 12 14 0.68 0.74 NS 3.64 0.08 0.11 0.18
GQI117875 12 5 0.18 0.18 ND 1.46 0.01 0.09 0.10
GQI117341 12 8 0.60 0.41 Hok* 2.11 —0.45 0.13 —0.26
GQI117927 12 8 0.08 0.50 ND 2.44 0.85 0.23 0.88
GQI117932 12 9 0.50 0.66 wkE 3.02 0.24 0.05 0.28
GQI117981 12 6 0.33 0.50 *ok* 2.52 0.33 0.30 0.53
GQI117295 12 5 0.24 0.28 NS 1.80 0.15 0.06 0.20
GQI117358 12 5 0.12 0.11 ND 1.30 —0.09 0.07 —0.02
GQ118064 12 3 0.61 0.58 NS 2.58 —0.06 0.13 0.07
GQ118087 12 5 0.49 0.53 NS 2.36 0.06 0.08 0.13
Calculated means 12.54 0.49 0.55 2.80 0.09 0.11 0.19

n = number of populations; N, = number of alleles; Ho = observed heterozygosity; Hg = expected heterozygosity; HWE = significance of
deviation from Hardy-Weinberg equilibrium (Ns = not significant, * = significant at P = 0.05, ** = significant at P = 0.01, *** = signifi-
cant at P = 0.001, ND = not done); Ar = allelic richness; FIS = inbreeding coefficient of individuals relative to the population; FST = var-
iance among subpopulations relative to the total variance; FIT = variance in the total population.
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FST was 0.11, indicating moderate differentiation among
subpopulations.

Despite substantial differences in sample and N, for each
population, Ag, Hp, and Hg, are comparable between sites (Table
4). N4 was highest in the EPA (195) population and lowest in
the SF (81) population. Ag ranged from 2.55 (HILL) to 3.08
(EPA) and averaged 2.80. Total Hp (0.49) was similar to Hg
(0.55) and ranged from 0.38 (SERP) to 0.55 (SF), whereas Hg
ranged from 0.49 (HILL, LG, and SF) to 0.63 (EPA). FIS ranged
from —0.12 (SF) to 0.24 (SERP). Seventy private alleles were
detected in the 12 sampling sites and ranged from 1 (HILL, JOE,
and SERP) to 18 (LG). Private alleles were found at 19 loci, with
seq326 (10) and seq486 (10) having the most, and seq9, seq711,
seq793, and seql032 having one each. Fifty-one private alleles
occurred at a frequency of <0.05, 13 at a frequency between
0.05 and 0.09, and eight at a frequency greater than 0.10.

The lowest FST (0.037) was found between EPA and JOE
populations, which are located 207 km apart in North Carolina
(Table 2). The only two sites closer to each other are IDYL and
SERP in Maryland, which are 133 km apart (Table 2) and have
slightly higher FST at 0.055, which is greater than most Mary-
land and North Carolina sites (Table 2). The highest FST value
was found between SAM and EPA populations, which are sepa-
rated by 1555 km, but this value was less than 10% divergence
using Nei’s minimum genetic distance (Table 2). Pairwise
genetic divergence between SAM and the other four sites is
greater than values for comparisons between the other sites, but
all values indicate less than 10% divergence (Table 2).

STRUCTURE analysis found evidence for six distinct groups
as indicated by the maximum for Delta K at K = 6 (Fig. 2). The
mean log-likelihood curve attained a maximum value <K = 6,
beyond which the mean log-likelihood values reached a plateau
and the standard deviations associated with the estimates
increased. Cluster 1 contained individuals from two Maryland
locations, BARC and SERP (Fig. 3). Cluster 2 consisted of the
individuals from Texas. Cluster 3 is composed of individuals sam-
pled at IDYL in Maryland. The samples from the EPA in North
Carolina were assigned to cluster 4, and the individuals from JOE

Table 4. Genetic variability estimates for 12 Chionanthus virginicus
populations based on genotyping with 26 simple sequence
repeats (see Table 1 for location codes).

Plants

Code (HO.) A NA AR HO HE FIS PA
BARC 12 121 4.65 295 0.53 0.59 0.09 3
SERP 38 144 554 260 0.38 0.51 024 1
SAM 49 184 7.08 291 049 0.59 0.14 7
IDYL 33 147 565 273 0.52 0.57 0.07 6
EPA 51 195 7.50 3.08 0.53 0.63 0.13 2
JOE 44 193 742 299 050 0.60 0.14 1
OL 6 97 373 293 0.53 0.56 0.04 2
LAF 8 104 4.00 2.86 0.53 0.57 0.05 8
SF 5 81 312 262 055 049 -0.12 6
LG 8 92 3.54 258 046 0.49 0.06 18
CC 11 108 4.15 2.74 044 0.55 0.15 15
HILL 10 95 3.65 255 043 049 0.08 1
Mean 2291 130.08 5.00 2.80 0.49 0.55 0.09 5.83

A = number of alleles; N, = mean number of alleles; Agr = allelic
richness; Ho = observed heterozygosity; Hg = expected heterozy-
gosity; FIS = inbreeding coefficient; P, = private alleles.
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Fig. 2. Plot of Delta K vs. K produced from STRUCTURE HARVESTER (Earl
and von Holdt, 2012) using STRUCTURE (Pritchard et al., 2000) results. Delta
K indicates that the most likely K is where the largest change in magnitude of
the second-order rate of change in In Pr(X|K) against successive K values
occurs. K is the assumed number of populations or genetic groups.

in North Carolina were assigned to cluster 5. All individuals from
the five Florida sampling locations were assigned to cluster 6.

AMOVA grouping of all populations together indicated that
most (82%) of the variation is explained within individuals, and
11% and 7% of the variation is due to differences among indi-
viduals within populations and among populations, respectively
(Table 5). Additional AMOVA was performed by grouping pop-
ulations by the results of the STRUCTURE analysis and found
similar results to the population structure when all populations
were analyzed as a single hierarchical group (Table 5). Regard-
less of AMOVA hierarchical grouping, similar F statistic values
were estimated (Table 5). Regarding pairwise FST, the estimated
values obtained ranged from 0.01 (OL and JOE; OL and LAF)
to 0.19 (HILL and LG). The genetic divergence among subpopu-
lations is reflected in the population pairwise FST values (Table
2). Individual-based analysis of IBD across all samples showed
a positive relationship between geographic distance (kilometers)
and genetic distance (Fig. 4).

Discussion

Genetic diversity within and among C. virginicus was
assessed with 26 SSR loci, providing a robust analysis for the
species. This is the first report of SSR diversity from wild-col-
lected C. virginicus in the United States and the first estimates of
population structure of this native species. The SSR markers we
used were highly polymorphic and repeat type was previously
described by Arias et al. (2011). Data generated had clean pro-
files with a low incidence of null alleles, providing high confi-
dence in identifying private alleles. The distribution of SSR loci
within the genome is not known, but we used a relatively large
number of SSRs, 26 markers, for more robust estimates of gene
diversity.

Alleles per locus values were high (average of 12.54, with a
range of 3 to 32), suggesting adequate support for genetic diversity
estimates. Private alleles, alleles not observed in other samples,
were most frequent (over 70%) in the Florida sampling locations,
whereas only 4.3%, 10.0%, and 14.3% were identified in the
North Carolina, Maryland, and Texas locations, respectively.
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Fig. 3. Bar plot of individual Bayesian assignment probabilities for Chionanthus virginicus populations using the program STRUCTURE (Pritchard et al., 2000) for
six genetic clusters. Each vertical line represents an individual’s probability of belonging to one of six clusters [represented by different colors (K = number of pop-
ulations or genetic groups)] or a combination if ancestry is mixed. Complete information regarding sampling locations can be found in Table 1.

Hp ranged from 0.12 to 0.84, suggesting high levels of popula-
tion genetic diversity, and Hg values were only slightly less
than the Hg values. This moderate indication of inbreeding was
supported by FIS values, which were relatively low but signifi-
cant at eight loci. The high genetic diversity reported here could
be maintained by large population sizes, environmental hetero-
geneity across the native distribution, and life history traits such
as overlapping generations.

Population differentiation was low to moderate (most pairwise
FST values were less than 0.1), indicating weak differentiation
among the geographic populations. High genetic diversity and low
differentiation are often associated with outcrossing woody plants
(Hamrick and Godt, 1996). AMOVA indicated that most of the
genetic variation (82%) is within individuals rather than among the

J. AMER. Soc. Hort. Sci. 147(1):62-69. 2022.

other two hierarchies, viz., among groups and individuals within
groups. This also could be related to outcrossing and the dispersal
of pollen and seed (Dirr, 2009; Nicholson, 1990; Ueda, 1996). Suf-
ficient gene flow between populations would limit divergence of
populations. Bee-mediated pollination is known to travel long dis-
tances and robust floral display make C. virginicus an ideal plant
for widespread bee-mediated pollination. Similarly, fruits are
attractive to birds and persistent on the tree, making birds and
rodents ideal vectors for long-range seed dispersal (Stiles, 1980).
Migration, whether ongoing or historical, likely plays a strong role
in keeping population differentiation moderate and genetic diver-
sity high. Forest succession may also help retain genetic variability
with fast-growing C. virginicus shrubs occupying middle to late
successional stages, especially on granite outcrops.
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Table 5. Analysis of molecular variance for 12 populations of Chionanthus virginicus using Arlequin 3.5 (Excoffier and Lischer, 2010).

Variance partition df Sum of squares Variance component Variation (% of total) P

A. One hierarchical group

Among groups 11 266.548 0.41228 6.72 <0.0001
Among individuals within groups 262 1681.414 0.69603 11.35 <0.0001
Within individuals 274 1377.00 5.02555 81.93 <0.0001
Total 547 3324.962 6.13385 100

Fixation indices: FIS = 0.12, FST = 0.07, FIT = 0.18

B. Six hierarchical groups

Among groups 5 165.893 0.29165 4.76 <0.0001
Among individuals within groups 268 1782.068 0.81198 13.25 <0.0001
Within individuals 274 1377.000 5.02555 81.99 <0.0001
Total 547 1972.394 4.438 100

Fixation indices: FIS = 0.14, FST = 0.05, FIT = 0.18

A = the first analysis included all sampling sites as one hierarchical group; B = the second hierarchical analysis accounted for sampling
locations grouped according to the clusters identified by STRUCTURE; FIS = inbreeding coefficient of individuals relative to the popula-
tion; FST = variance among subpopulations relative to the total variance; FIT = variance in the total population.

All locations of C. virginicus sampled here, including the
BARC and FL samples, could be considered a single genetically
homogeneous population based solely on the FST wvalues.
Although not sampled as extensively as other sites, the Florida
and BARC samples provide additional sites for testing hypothe-
ses about geographic relationships. The inclusion of Florida sam-
ples provides information on the most southeastern range of C.
virginicus, and these accessions appear more related to Texas
than more northern populations. BARC samples lie between the
two more extensively sampled Maryland sites (SERP and IDYL),
providing extra data to test the effects of proximity, because pre-
liminary analyses of SERP and IDYL did not show clustering.

Despite the high genetic diversity and moderate population dif-
ferentiation, Bayesian clustering identified six genetic groups that
match the geographic distribution of collection sites. Florida sam-
ples cluster with each other, as did BARC and SERP. All other col-
lection sites clustered separately. Given the high heterozygosity,

80

clustering is likely influenced by relatively rare alleles that are
unique to each population. If we assume that the lack of differentia-
tion is due to historically large population sizes, gene migration, and
range expansion during glacial retreat, then the clustering of geo-
graphic sites and minor inbreeding observed here are probably due
to recent fragmentation. For example, the Mississippi River could
be a barrier to gene flow into and out of Texas, resulting in the geo-
graphic cluster with slightly lower genetic diversity. Presumably the
relatedness between Florida and Texas is due to an ancestral, contig-
uous southern population that migrated north. Land development,
loss of seed dispersal vectors such as birds and rodents, and even a
decline in pollinators may play a role in recent isolation of geo-
graphic regions that are identified here. To determine the role of
these factors, plastid markers (e.g., chloroplast SSRs) could be used
to contrast patterns of genetic diversity with biparentally or mater-
nally inherited markers to assess the relative contribution of seeds
and pollen in gene flow across the species range.

Although the large historical popu-
lation of C. virginicus may be fragme-

5
LSS
B L T T

Genetic distance

H
:
3
+
H
T
:
:
b
t
b
b
+
:
:
e
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s of the genetic variability. There was a
positive correlation between genetic
differentiation and geographic distance
(Fig. 4). If we invoke the IBD model,
which would help explain the lower
genetic diversity in Texas and Florida,
germplasm collection efforts should be
based on relatively few collections
from across the broadest range to cap-
ture the most alleles possible. Ample
genetic diversity is a requirement for
plant breeders, and our study is an
important first step in assessing the
genetic diversity and population struc-
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Fig. 4. Isolation by distance of Chionanthus virginicus populations. Correlation between pairwise genetic dis-
tance values and geographic distance (kilometers) as calculated using a Mantel test with 9999 permutations in

GenAIEx 6.5 (Peakall and Smouse, 2012).
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Service, 2021). To conclude, the C. virginicus populations charac-
terized in this study contain sufficient genetic diversity to provide
germplasm sources for ornamental breeding purposes. Given the
moderate genetic differentiation, there are not likely to be unique
islands of genetic diversity that may be missed when gathering
parental materials for a breeding program. High genetic diversity
and obligate outcrossing suggest parent selection should be based
exclusively on ornamental traits that are currently lacking in existing
cultivars. Improvement of current forms should be straightforward
and occur within a few generations under rigorous selection. Last,
any plant materials that are collected from the respective genetic
clusters should first be phenotyped for the desired trait before being
incorporated into a breeding program for cultivar development.
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