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INTRODUCTION

Islands are oftenshowplaces of dramaticexamples of
evolutionary divergence and adaptive radiation. A com-
bination of factors, including reproductive isolation from
mainland pepulations, founder effect, limited competi-
lion, and freedom from predation can result in rapid
evolution., Among thebest-known examples of morpho-
logical divergence in the Galdpagos are tortoises, finches,
and prickly pear cacti { Qpunfia) with markedly different
forms on differentislands.

Cacti are a prominent, and ollen dominant, compo-
nentof the Galapagos flora. During the driest period of the
yvear in the lowlands, they are virtually the only green
vegetation to be found. Of the three cactus genera in the
islands, Brachyeorcusand fasminocereusareeach represented
b;-,r a Hingha species (Dawson 1962a, 1962h). In contrast,
prickly pear (Cpuntia) are bolth widespread and highly
diverse, growing on all of the major islands and most
islets. Sixspecies are currently recognized, with three of
these further divided inte varieties, vielding a total of
foarteen taxa (Anderson and Walkington 1971}, A long-
standing debate has revolved around how many taxa
deserve species slalus versus recognilion as subspecies
orvarictics, Pronounced morphological variationin such
traits as degree of spines, seed sive, and height are the
Fasislor taxonomicdesignalion. Opuniiainthe Galapagos
coan occur as large arboreal (tree-like) forms up to 12 min
height and as low-growing, shrubby forms. This varia-
tien could resull from various genelic facters such as

genetic drift and selection, but could alsnbe due to envi-
ronmental influences,

The origins of Opuntiain the Galdpagoes are not well
understood. Two methods of colonization have been
propesed. One theory suggests that parls of cacti may
haverafted to the islands on the Humboldt Current which
flows northward along the west coast of South America,
turning westas it nears the equator, and proceeding Lo the
Caldpagos [slands {(Dawson 1962b). Alternatively, cac-
tus seeds may have beencarried by birds flying across the
ocean [rom the mainland (Porter 1983).

Cacti are an important resource in the Galdpagos
because of the extensive use of pads, flowers, and fleshy
fruits as a [ood source by repliles, birds, and insects,
Torteises onsomeislands appearto be highly dependent
upon Cpuntia during the dey season for both foed and
waler, This resource may be in jeopardy since popula-
tioms of Opuntishave beon greatly reduced or eliminated
on a number of islands, Thotographs from the early
twenlieth cenlury show areas eccupied by numerous
large cacti where none exist today. The most apparent
reasomn for this reduction is damage inflicted upon the
cacliby goals whichwere introduced lo the islands (Granl
and Grant 198%). Goatpopulations have been eradicated
or reduced onseveral islands, hopefully allowing for the
recovery of Opuntia pepulalions, but are athigh densilics
and even expanding on otherislands. [tappears that even
inareas withlarge numbers of fruits and seeds, germina-
lion frequency is low, perhaps due in part lo the low
density or absence of tortodses. Tortolses may aid seed
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germination by dissolving some of the tough seed coatin
their digestive track, thereby helping Lo disperse and
speed germination of the seeds. However, itisimportant
to note that Opuntia occur on several islands and islets
where no lortoises occurred historically,

Galdpagos Opuntiahave been hypothesized lobean
outstanding example of the evolutionary divergence for
which these islands are well known (Dawson 19624,
1962b, Anderson and Walkington 1971). However, in
contrast to some other Galdpagos organisms, such as
finches, the evolutionary and genetic 1@1&[10115111 psofthe
cactihavenotbeenstudied. Thisstudy utilizesallozyme
electrophoresis 1) to assess levels of genetic variability
and lo characterize the population genelic structure of
Galipagos Opuntiasand 2) toestimatethe degrec of genelic
divergencebetween Galipagos Opuntiaand thetwospe-
cies of Opuntia found in coastal Ecuador which could
possibly be ancestral species. This knowledge will help
illuminate the evolutionary processes at work in the is-
lands and the genetic implications forinsular populations.
It could also aid in the conservation of Opuntiasince the
genetic data may clarify taxonomic status and help set
resource priorities and management decisions.

MATERIALS AND METHODS

Cactus tissue samples were collected from 15 islands
and islets of the Galipagos [slands from 1995-1998 (Ap-
pendixl), Wherever possible, 25 samples were collected
ateach location. In order to minimixe the possibility of
collecting individuals from only asingleclone, the samples
were collected along a 1000 m transcct if space and cactus
distribution allowed. A single cladode (pad) was cal-
lected from the five cacli closest to each of five “sites”
along the transect (0m, 250m, 500 m, 750 my, and TOM m).
Plants consisting of only asingle cladode wercexcluded.

All cladodes wore taken Lo the Charles Darwin Re-
scarchSlalion (CORS), and withinseven days, sections of
approximately 20 cc were cut out of each cladode and
placed in individual plastic vials or bags. Within three
days, samples were transported at ambient lemperature
tothe Department of Biology at Wake Forest Universily.
Upon arrival, samples were placed in storage at —70eC.
Kemnanls of the cladodes were destroyed by burning,

In July 2000, 26 O, melanospermasamples were collected
[roma 30 km section of the Fcuadorian coast centered on
the Puerto Lopezarea. Inaddition, 30 O machrideisamples
werecollected fromasingle location (- 1 kmindiameler)
1.5 km west of Huavaquilles, Ecuador, located ~ 2 km
north of the Peruvian border. In December 2000, five
individuals of Opuntia dilleniiwere collected from Isla
Monite, Puerto Rico (1873 8N, 67°51.7W) and were ana-
lyzed for comparative purposes.

Enzymes were exlracted from the tissue samples by
grinding (1.5 gof frozen tissue inl mlof chilled “moderate”
extraction buffer modified from Wendel and Weeden
{1989). Horizontal starch gel electrophoresis was con-
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ducted using standard techniques as deseribed in Murphy
ctal (1996). Resolution of thirty different CRZYMEes was
atternpted repeatedly on as many as ten different buffer
systems. Buftferand stain recipes were laken from Wendel
and Weeden (1989, Soltis and Soltis (1959 and Hillis et al.
{(1996). The remainder of all tissue samples and extracts
are stored at —70°C at Wake Forest University,

RESULTS

The majerity of buffer/stain combinations did not
produce enzyme activity and / or scorable loci, a problem
encountered in othercactus studies (Parker and Flamrick
1992), Eight presumptive loci wereidemtificd which were
consistently expressed and scorable; all were resolved
using Poulik’s buffer: Malate Dehvdrogenase (MDIT), BC
11137, Phosphoglucenate Dehydrogmase {(POTDH), EC
1.1.1.44; Glutamate Dehydrogenase (GTDIT), EC 1.4.1.2;
Clycerol-3-Phosphate Dehydrogenase (G3PDH), EC
111LE; Phosphoglucomutase (PGM), EC 3.4, 2 2, Clucose-
6-Phosphate Dehyvdrogenase (GePDE), EC 1.1.1.49;
Glucose-6-Fhosphate lsomerase (GP1), EC 5.3.1 4; Super-
oxide Dismulase (SO, EC1.15.1.1.

Allele frequencies, percent of lect polymorphic, and
average individual hetergeygosity for the populations
arelisted in Table 1. Alleightloct were found to show no
detectable variability across all 240 individuals from the
Galdpagosand hence the listing in Table Lis asingle entry
"Chounfiasp, Galdpagos n=240". G&PIH,G3PDH, PGOH,
PGM and SOD were nenvariable ameng all 301 samples.
While novariability occurred within O melanospermacr
within O, machridei, these species were distinguishable
from the Galipagos Opuntia by the fixed difference in
allelesatthe GFllocus. Puerto Rican Opuntiadiffered from
Caldpagos and coastal Ecuadorian Opuntia al CTDH,
MDIL and GPI eci, Only the Puerto Rican population
exhibited heterewygosity. Conetic distance values (Nei
1972) are 0,134 between Galapagos Cpunfiaand bolh O,
melanospermamd O, machrideiand 0.470between Puerto
Rican Opuntiaand O melanosperma, O, machriderand
Galapagos Opuntia,

DISCUSSION

The low number of scorable loci limits confidence in
dala interpretation within ccological and evelutionary
contexts., Meverlheless, the complete absence of genelic

variabity among the 240 samples from 15 islands fislets
of the Gc‘tl‘tpc‘lgnh archipelago, aswell as the Lack of vari-
ability in the two Qpuntia species from coastal Ecuador,
is notable,

There are several explanations for the lack of genetic
variability for these species. The firstis sampling error
of the loci used to estimale genetic diversity. Due to the
difficulty of obtaining metabolicallv active and scorable
allozymes from Opuntia, data are available from only
eight loci, much less than 20+ loci constituting the basis
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Table 1. Allele frequencies at eight loct for Opuntia species from coastal Beuador, Galdpagos lslands, and Puerto Rica. Percent
polymorphism (0P} and average individual helerozygosity values (H) are listed for each population.

Cpuntia sp.

O, melanesperma O. machridei Opuntia dillenii
N. coast Ecuador S. coast Ecuador Galdpagos Puerto Rico
Enzyme Allele N=26 N=30 MN=240 N=5
PCH 101 100 .00 1.00) .00
CaPDIT 100 1.00 oo 1.00 1.00
SO 100 100 1.0 100 1.00
GTOH 05 - - - 100
100 1.00 1.0 1.00 -
CaPIDH 100} L.00 1.00 1.00 1.00
MOH a5 - - 1oo
100 1.00 1.00 100 -
PR 100k Lon 1.00 1.00 L.oo
11 93 1.0 Lo - -
5 - - Lon -
9 - - - 040
100 - - - (110
Gl 1] 0 I 125
11 0 0 0 Y oS

for mostallozymicstudies, However, since the percent of
loci polymorphic averages 26% across plantspecies (Nevo
1478}, the complete absence of polyvmorphism is mark-
cdly different from the two to three loct expected, The fact
that the Puerto Rican population of Opuntia, even with a
sample size of five, was found o be allozvmically vari-
able, and that other cactus species are geneticallv variable
{Parker and Hamrick 1992, Dougherty 1996, Austin etal.
19899, suggests that monomorphism documented in this
study generally reflects low genetic variability of the
Galdpagos and coastal Ecuadorian species.

Low genetic variability has been reported for other
Galdpagos organisms. No heterozyiosity and low poly-
morphism were found in populations of the Galapagos
tomato, Lyvcopersicon cheesmani(Rick and Forbes 1975, Rick
1983). Galapagos petrels ( Pterodoma) also haveno detect-
ableallozymic variabilily among populations occurring
an threeislandsin tl'tt'(a.}lapaﬁ_’mb although petrels from

Caldpagosare allozymically distinguishable from those
in Hawail (Browne et al, 1997). Limited genetic differen-
tiation has been reported for populations of marine
iguanas (Rassman 1996) and tortoises (Marlow and Patton
1981, |. Palmer, pers. comm) which have pronounced
morphological differentiation,

This study may have bearing on the taxonomic status
of Galipagos Opuniiawhich is currently based on mor-
phological traits. Theallozymicdata suggest that minimal
genelic differences existamong the six Galdpagos Opuntia
species. Howoever, anumber olauthors (Wigginsand Focht

1967, 1967b, Racine and Downhower 1974, Nobel 1981,
Hicks and Mauchamp 2000} have suggested thatenviron-
mental factors such asrainfall, herbivory, and vegetative/
sexual reproduction may profoundly shape Opuntiamaor-
rphology, especially height. Nearly eighty vears ago,
Britten and Rose {1923) noted thal arborescent cactus
occur throughout the western hemisphere and that wide
variation in heighl occurs within a species. Anderson
and Walkington {1971) noted that both arborescent and
sprawling mdn iduals of O melanosperma occurred in
coastal Ecuader, Furthermere, Arp (1971 made the ob-
servation thatin the Galipagos Opuntiareach the height
of surrounding vegetation of sach island, suggesting thal
competition for lightl (and perhaps moisture) is a major
determinantof Opuntiagrowth form, Allernatively, low
genetic variability does not necessarily mean that mor-
phological differences are environmentally determined
since changes in only a few regulatory genes, which mav
notbe detected in molecular investigations (Turclli etal,
2001), could result in potentially dramatic differences in
selected morphological traits such as heighl. The classi-
calapproach for investigating genetic and environmental
influences on plant growth and morphelogy is the “com-
mon garden experiment” whereby different taxa are
raised from seeds in a common environment. However,
this is difficull with Opuntia due to the length of time
required for them to reach maturily,

This study offers preliminary evidence that fow ge-
netic differences exist among the Opuntia species or
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subspecies of the Galipagos, and [rom a conservation
viewpoint, local extinctions would not necessarily lead
to loss of unique genes. However, morphological and
functional variation among Calipagos Opuntia taxa is
extensive, Given what appears to be the long-lived na-
ture of the Opuntia, the extensive reliance upon them by
large components of the coastal zone communities, and
the fact that we are still relatively ignorant of the forces
that shape Opuniia morphology, it would be prudent to
maintain as much taxonomic and morphelogical vari-
ability as possible.  As we have stressed, the currenl
study, while strongly suggestive of low genetic variabil-
ily, is based on a relatively small number of loci. Peter
Verdyck and Hilde Dhuyvetter {University of Antwerp
and RBINS Belgium) and Alan Tye (Charles Darwin Re-
search Station) have conducted DNA sequence analvsis of
Opunkiafroma few islands and have detected little vari-
ability (. Verdyck, pers. com. ). Anexpanded study using
DN A sequence and microsatellite analyses of the samples
we collected should further help resolve the question of
how much genetic divergence has occurred in Galapagos.
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Appendix 1. Location, axeonomic designation, and sample
sizes for Opunfia used in allozvimic analyses.

Galapagos 1slands

Cheneaefivy ecfiios eciiinog: Daphne,
Chop Birringioneasis, santa BE,
Choe pivamten: Santa Crug, 25:
4 e pocona; Seymour, 25;

Balwra, 2

b
2

€0 Dedleer; Genovesa, 220
O dresedeis: Isabala, 235

£ palopegeio palopapein, Batolomé, 23; Santiago | 25,
4 g wmacrocarpey, Pinzon, 25;
(2 preegfasoy Ribida, 25,

Ch weegaspermg me gasgernae, Floreana, 25 Gardner (hy Floreana), 2;
Ch o geesapdovdca; San Criscdhal, 25:
(4w, oeieaindis Espaiiola, 2,

Mainland FEewador
Chomelarospe e Central Coast 26;
Ch aeocbrieer, South Coast, 34,

L.5.A
Celilendi Poerto Rico, 5
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