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ABSTRACT
Shortleaf pine, P ~ I I Lecl~inatn
LS
Mill.. is the most widely distributed yellow pine of the southeastern United States.
Allozyme diversity at 22 loci was determined for I8 populations of shortleaf pine sampled from throughout its
geographic range. Compared to plant species possessing similar life history traits, shortleaf pine had more
polymorphic loci ( P = 91%) and a higher mean nurnhcr of alleles pcr locus (A = 2.77) but less expected
= 0.1 15). This result was duc to the prcscnce of scvcral polymorphic loci with skewed allele
heterozygosity (H,
frequencies. a pattern typical of many conifcrs. The G,, value of shortlcaf pine (0.026) was somewhat lower than
G,\, values for other pine species with continuous geographic ranges. Differences in allele frequencies between
eastern and western sections of its range were slight. However, significantly more hybridization between
shortleaf pine and loblolly pine. P, iaecla L., was found in populations west o l the Mississippi River (4.6% West
vs. I . I % East).
Key words: Pi~lctsechirmicl. P i n ~ i taecla,
.~
genetic diversity, allozymcs, hybridization

INTRODUCTION
Plant species are not only defined taxonomically by
their characteristics but their traits can also influence
their genetic composition. Ecological factors and life
history traits such as regional distribution, life span,
habit, geographic range, mating system, and pollen and
seed dispersal n~echanisms all influence genetic
diversity and structure in plant species. In general,
long-lived, woody species have more allozyme
et nl.
variation than other types of plants (HAMRICK
1979, 1992; HAMRICK& GODT 1989). Furthermore,
plant species with a boreal-temperate distribution, a
continuous and regional geographic range, and with
wind-dispersed pollen and seeds have most of their
genetic variation within their populations (LOVELESS&
HAMRICK1984; HAMRICK& GODT1989). Such pollen
and seed dispersal mechanisms promote gene flow:
increasing genetic diversity within populations and
minimizing among population variation.
Shortleaf pine is a yellow pine belonging to
Subsection Australes Loud. and is native to 22 states,
making it the most widely distributed of the
southeastern United States pines (Figure 1 )
(CRITCHFIELD
& LITTLE1966: LITTLEI97 I : LAWSON
1990). Its distribution is naturally subdivided into
western and eastern regions, since shortleaf pine does
not compete well with the hardwoods that dominate the

Mississippi River flood plain (LOWERY 1986).
Paleoecological data indicate that the Mississippi River
flood plain has separated these two regions at least
since the end of the last glacial epoch and there has
been speculation that present day populations were
founded by individuals from separate glacial refugia
(DELCOURTet nl. 1983).
Shortleaf pine grows sympatrically with loblolly
pine throughout most of its range, but locally the two
species are often found in different habitats (MCCUNE
1988). Artificial crosses between shortleaf pine and
loblolly pine produce viable, hybrid offspring which
are intermediate to the parental species for some, but
not all, morphological traits (DUFFIELD 1952;
CRITCHFIELD 1963; KENG& LITTLE1961 ; LITTLE&
RIGHTER1965). In addition to such traits, loblolly pine,
shortleaf pine, and their hybrids can be distinguished by
their genotypes at an isocitrate dehydrogenase locus
& ASKEW1988).
(IDH) (HLNEYCUTT
In this paper we estimate levels of genetic diversity
for shortleaf pine and determine how genetic diversity
is distributed within and among populations and
geographic regions. W e also use the IDH locus to
identify the frequency of natural hybrids between
shortlenf pine and loblolly pine within populations and
to determine whether there are regional differences in
the frequency of hybridization.

M.A. E D W A ~ ~&DJ.L.
S HAMRICK:
GENETICVARIATION
MATERIALS AND METHODS

Study sites
Eighteen naturally occurring shortleaf pine populations
were sampled from 10 southeastern states, ranging
from Virginia (VA) to Oklahoma (OK) (Figure 1 ) .
Where possible, branch samples from 48 individuals of
varying ages were collected from each population. Populations TAR. PMO, W T N , and CMI had 43,44, 36,
and 47 indi\riduals, respectively. Branch material was
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placed in a plastic bag and kept cool to avoid protein
denaturation. Upon return to the lab, samples were refrigerated at 5 "C until enzyme extraction. Enzyme
extraction was accomplished with a mortar and pestle.
Needle and bud materials were covered with liquid
nitrogen and a pinch of sea sand was added to facilitate
the creation of a fine powder. A phosphate- polyvinylpyrrolidone buffer was then added to the extract to
stabilize the proteins (MITTONet al. 1979). The crude
extract was absorbed onto filter paper wicks which
were placed in microtest plates for storare at -7C1"C.

Figure 1 liangc m i p ol shol-[leal pine and populalior~jsiimplcd: ( 1 ) BOK - Uokhoir~aCily. Oklahun-id: 12) W A R - IYaldroli.
Arkansas; (3) T A R - Tilly. Arkansas: (4) NAR - Norfolk. Arkansas; ( 5 ) WShIO - Willow Springs. Missouri: (6) G M O Greenville, hlissouri: (7)P M O - Perrysville. Missouri: (8) WTK - Williston, Tennessee; (9) ChII - Corinth. Mississippi; (10)
CAL - Cherokee, Alabama; (I I ) TMGA (Thompson Mills. Georpia: (1 2) TGA - Toccoa. Georgia: (1 3 ) WSC - Walhalla, South
Carolina: (14) ISC - Inman, Soul11 Carolina: (1 5 ) CNC - Concord. North Carolina; ( 1 6) TVA - Turbcrvillc, Virginia: ( 17) SVA
- South Hill. Virginia; (IS) GVA - Green Bay. Virginia

Table 1 Electrode and gel buffer systems and electrophoretic conditions used to resolve twenty-two putative loci in
shortleaf pine. Buffer systems are as described by Soltis et a1 (1983) with the exceptions of 1 and 2 (both modifications of
buffer system 6) and 4 ( a modification of buffer system 8)

System

Electrode buffer

Gel buffcr

0.4 h NaOH
0.3 M boric acid
pH 8.6

0.015 hl T r ~ s
0.004 M citric acid
pH 7.6

2

0.05 XI NaOH
0.27 M boric acid
pH 8.0

0. I00 M Tris
0.016 M citric acid
pH 8.45

AAT

200 v
5 hrs.

3

0.40 hZ citric acid.
trisodium
1.0 M HCI
to pH 7.0

0 005 hl H ~ s t ~ d ~HCI
ne
1 0 M NaOH
to pH 7 0

FDP, IDH, MDH
SKDH. 6-PGD

55 mA
5.5 hrs

4

0.388 M LiOH
0.263 M boric acid
pH 8.0

0.004 M LiOH
0.029 A4 boric acid
0.033 M Tris
0.006 hl citric acid
pH 7.6

DIA. FE

40 mA
4.5 hrs.

Allozynie Analysis
Samples were run on 10% starch gels using four gel
electrode buffer systems (Table 1). The 14 enzyme
systems stained (22 putative loci resolved) were alcohol
clehydrogenase (Arllz), aspartate aminotransferase
(A~lt-I.Aat-2). diaphorase (Dici-2. Dia-3). fluorescent
esterase (Fe-1. Fe-21, t'ructose-l,6-di-phosphatase
(Fclp), isocitrate clehydrogenase (Idlz), malate dehydrogenase (Mdlz). menadione reductase ( M i w ) . peroxiclase
(Pci--1, Pcr--2). phosphoglucoisomerase (Pgi-1,
Pgi-2).
phospliogluconii~tase (Pgnl-1:
Pgnl-2),
6-phosphogluconate
dehydrogenase
(6-Pgd-I,
6-Pgd-2). shikirnic dehydrogenase (Skclh), and
triose-phosphate isomerase (T17i-I, Tp-2).

Data Analysis
Statistics of genetic diversity were calculated at the
population, r e g o n , and species le\,els. Two re,'oions,
east and west, were based on the location of the
population relative to the Mississippi flood plain.
Populations BOK. WAR. TAR. NAR, WSMO, GMO,
and PMO were pooled to represent the west, while the
remaining populations made up the east (Figure 1).
Stanclarci measures of genetic variation used at all levels
included percent po1yniorphic loci ( P : a locus was
considered polymorphic if it contained more than one

Enzyme systems

I ADH, MNR. PER
PGI. PGM. TPI

Initial setting

1

200V
3 hrs.

I

allele regardless of the frequency of that allele), mean
number of alleles per locus (A). mean number of alleles
per polymorphic locus (A,), observed heterozygosity
(H,,), and expected heterozygosity (H, = 1 - ,Z p,'; also
referred to as genetic diversity) (Table 2).
For each polymorphic locus in each population,
deviations from Hardy Weinberg expectations were
examined by calculating Wright's fixation index and
to test for significant deviations from the
using
expected value of F = 0 (WRIGHT1922: Ll & HORVITZ
1953). F,, values were also calculated (Table 3; NEI
1973). Among population variation was quantified
three ways. First, X' tests were used to test for significant allele frequency heterogeneity among popula& NISWANDEK
1970). Next, Nei's
tions (WORK~IAN
genetic identities were calculated for pairwise comparisons of divergence between populations (NEI 1972,
1977). And finally. total genetic diversity at polymorphic loci (H,) was partitioned into a within population component (H,) and an among population component (D,,) so that

x2

(Table 3). Among population variation was compared
to total genetic variation to give G,, = D,, 1 H, (Table
3). The C,, values were calculatecl for each polymorphic locus and then averaged over all loci. Among
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Table 2 Summary of genetic
diversity within eighteen populations
of shortleaf pine based on twenty-two putative loci.
.,
Numbers in parentheses refer to locations indicated on Figure 1

I

Population
West
BOK
(1)
WAR
(2)
TAR
(3)
NAR
(4)
WSMO ( 5 )
GMO
(6)
PMO
(7)
Mean
Within West
East
WTN
(8)
CMT
(9)
CAL
(10)
TMGA (11)
TGA
(12)
WSC
(13)
ISC
(14)
CNC
(1.5)
TVA
(16)
SVA
(17)
GVA
(18)
Mean
Within East
Mean
Within species

region variation was calculated in the same way.
Two indirect methods were employed to estimate
gene flow. The first was based on the average
& SLATKIN
1986).
frequency of "rare" alleles (BARTON
An allele was considered "rare" if found in only one
population (region) (SLATKIN1985). The second
method used WRIGHT'S
(1931) formula:

Where N is the effective population size of the recipient
population and 111 is the rate of gene flow. N m J W )
estimates the number of migrants per generation. Here.
F,, was considered equivalent to G,,. (NEI 1977).
Lastly, IDH genotypes were used to determine the
percent hybridization occurring in each population. All
heterozygous individuals containing an allele from each
parental species were considered to be hybrids.

RESULTS
Genetic Diversity
Twenty of the 22 loci resolved (91%) were
polymorphic in at least one population. Throughout the
species, the 20 polymorphic loci averaged 2.95 alleles.
Mrzr and F e e l were the only monomorphic loci, and
when averaged with the other twenty loci gave a value
of 2.77 alleles per locus. Expected heterozygosity at the
species level was rather low (0.115) due to several loci
exhibiting very skewed allele frequencies. Fifty three
percent of the loci were polymorphic within
populations (Table 2). The number of alleles per
polymorphic locus within populations was 2.65,
slightly less than at the species level. Across all loci,
the average number of alleles within populations (1.87)
was much less than that for the species as a whole. The
mean expected heterozygosity within populations
(0.1 13) was close to that for the species .

Table 3 Statistics of' genetic variation for twenty polymorphic loci in shortleaf pine (NEI 1973, 1977; MTRIGHT1922)

Locus
(alleles)

Genetic diversity

1

Overall levels of genetic variation in the eastern
and western regions were very similar (Table 2). The
eastern region had 77% polynlorphic loci, 2.50 alleles
per locus. and 2.94 alleles per polymorphic locus. The
western region had 73% polymorphic loci, 2.36 alleles
per locus, and 2.88 alleles per polyniorphic locus.
Expected heterozygosity for the east was 0.1 10 and for
the west was 0.120.
Genetic Structure
For the most pnrt. genotype frequencies conformed to
Hardy Weinberg expectations. Eight of the 208 X'tests
showed significant deviations. Based on chance alone
we would expect to see approximately ten significant
deviations. The mean Fi,value over all loci was 0.068,
further indicating that there is little deviation from
random mating within populations and suggesting the
absence of significant genetic structure (Wahlund
effect) within the populat~ons(Table 3).
Heterogeneity X' tests for allele frequency
differences among populations were significant for 14
0 A R H O R A PUBLISHERS

Genetic structure
As 18 populations

As 2 regions

of the 20 polymorphic loci. Values of G,, ranged from
0.010 (Tpi-1) to 0.059 (Pgi-I) with a mean G,, of
0.026. indicating that most of the genetic diversity
(97.4%) occurred within populations (Table 3). Nei's
genetic identities (0were high for all pairwise comparisons (mean = 0.995). The lowest genetic identity
was between BOK and TMGA (0.972) and the highest
was between ISC and GVA (0.999). There was no
statistically significant correlation between the geographic distance among populations and their genetic
identities (r = -0.086, p = 0.294). Gene tlow among
populations was high with NIIIdue to the Slatkin method (Nm(Sj) equal to 6.37 with 9 private alleles and to
the Wright method ( N m ( W ) )equal to 9.95.
Loci with significant differences 01< 0.05) in allele
frequencies between regions included Ant-1, Ant-2,
Aclh. Fdp, Idh, Per-I, Per-2: Pgi-2. Skdlz, and
6-Pgcl-I. The proportions of total genetic diversity due
to differences among regions (G,,) were quite low
ranging from 0.000 (Dia-3) to 0.01 1 (Idh. Table 3).
The mean G,, value among the two regions was 0.003
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Table 4 Shortleaf pine populations and their percent hybridization as measured using the IDH locus

Region
Eastern

Western
-

Popualtions

-

C/C hybrids

Populations

I

C/r hybrids

-

BOK

M'AR
TAR

NAR
WSh10
GMO
PMO
Mean
sd

WTN
CMI
CAL
TMGA
TGA
WSC
ISC
CNC
TVA
SVA
GVA
Mean
sd

Table 5 Comparison of genetic variation for shortleaf pine with average values of genetic variation for all plants, for
unpublished data; HARIRICK
et al. 1992)
all woody plants, for all gymnosperms, and for loblolly pine (HARIRICK,

Categories

Within populations

Among
populations

A11 qpccreq
Woody plants
Gy mnosperms
Loblolly pmc
Shot tleat plne

indicating that almost all of the genetic diversity within
the species (99.6%) exists within regions. Thus,
approximately 16.7% of the variation among
populations is due to differentiation among regions.
Genetic identity between the regions was 0.999.
All seven western p o p ~ ~ l a t i o contained
~is
hybrids
between loblolly pine and shortleaf pine, as indicated
by the IDH locus (Table 4 ) . In this region, the fewest
were found in WAR (2.1%) and the most were found in
NAR (7.3%). Less than half of the eastern populations
contained hybrids. Overall, the western region had a
significantly higher percentage of hybrids than the
eastern region (4.6% V S . 1.1%, 17 < 0.0005).

DISCUSSION
Compared to the average values for dl plant species,
tor all woody specles, and for all gcmnosperms,

shortleaf pine has a higher proportion of polymorpl~ic
loci (P = 91 %) and alleles per locus ( A = 2.77) but
lower expected heterozygosity ( H , = 0.115) (Table 5.
HAMRICK
et al. 1992). A priori, we would expect many
of shortleaf pine's loci to have a common allele and
several low frequency alleles, a pattern typical of many
et al. 1992, 1994). Twelve of
conifer species (HAMRICK
the twenty polymorphic loci have H , values less than
0.10. indicating that the common allele at these loci has
a frequency of'0.95 or higher (Table 3 ) . Such skewed
allele frequencies are responsible for the low mean H?
value observed. While several factors can have a
significant influence on genetic diversity within woody
plant species. we know of nothing in the biology or
evolutionary history of shortleaf pine that might explain
K nl. 1992). P. tne&
this observation ( H A M R I Cet
(loblolly pine), which has a similar distribution and
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