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Reproductive biology of a rare cactus, Opuntia spinosissima (Cactaceae),
in the Florida Keys: why is seed set very low?
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Abstract Opuntia spinosissimgMartyn) Mill. (Cactac- |ntroduction
eae) is an extremely rare taxon with a single remaining

wild population of 13 plants located on Little Torch KeYrne reproductive biology of very few rare taxa has been
Florida. The plants rarely set viable seeds and most O¥gyjied in considerable detail (Karron 1991, Weller
ries abscise without initiation of fruits. Pollination an

apomixis, self-pollination, outcrossing, and a”mgamy;r‘%cause they are self-incompatible. Species that became
are because of human activity, however, are unlikely to

len viability, pollinators, and seed set and viability welg, sejfing. For species that are not selfing, mating be-
investigated. On selfed, crossed, and open (control) s{igaen close relatives is expected to reduce the number or

mas pollen grains germinated, but the tubes usually |§or of offspring (inbreeding depression). The relative

not reach the base of the styII?._ This su_ggl_ests @hatfimess of inbred versus outbred progeny should be deter-
spinosissimehas pre-zygotic self-incompatibility. Non€nineq 1o assess whether outcross pollination will be nec-
of the pairwise crosses set seed, so the extant plants ‘@g&%ry for ex situ and in situ management programs.
apparently not inter-compatible. Out of 173 manipulated thg nyrposes of this work were to study floral biolo-
and control flowers, only one set fruit. Although thigy {4 getermine the nature of the breeding system of the
flower was outcrossed, no pollen tubes germinated the Florida semaphore cactuSpuntia spinosissima
the St.'gmr?' this suggests agamosgermy, & process Cqiffrtyn) Mill., and to test for pollen viabilty, identify
mgn ”2“; € CFa]cthaceae. Inht °f5¢| dowers where pOI er visitors or potential pollinators, and estimate seed
tubes did reach the P‘ﬁ?.t ey alhe tg_penetratﬁ °VL|’§§t and viability. Information resulting from this study
suggesting ovarian inhibition or that this taxon has Iqaf ajiow us to ascertain if anything more than clones of
the ability to be fertilized. Most field-collected seedg,is gpecies should be preserved and will provide infor-
were viable, but there is no seedling recruitment Unqgtinn yseful for reintroduction (e.g., spatial distribution

natural conditions, and vegetative reproduction is CORf niantinas) and management to enhance seed produc-
mon. Based on these findings, | hypothesize Ghapin- b gs) g P

osissimais a sterile polyploid and that the 13 extant
plants are asexually derived from a single lineage.

. S Materials and methods
Key words Cactaceae - Opuntia spinosissima - Pollen

tube - Apomixis - Polyploicty Study species

Opuntia spinosissimé& a member of the family Cactaceae, sub-
family Opuntioideae, within the subgen@onsolea(D. Austin,
personal communication; Areces-Mallea 1996). It grows on bare

V. Negrén-Ortiz rock with a minimum humus-soil cover in hammocks near sea lev-
Fairchild Tropical Garden, 11935 Old Cutler Rd, el (Small 1930; Benson 1982). This taxon is polyploid and ex-
Miami. FL 33156, USA tremely rare, with a single remaining wild population of 13 plants
' ' located in Torchwood Hammock Preserve, Little Torch Key, Flori-
Present address da. The taxon formerly occurred on Key Largo and Big Pine Key;

1 Miami University, Botany Department, Oxford, OH 45056, USAhowever the number and size of the populations in those areas
e-mail: negronv@muohio.edu; Fax +1-513-529—243 were not described. Nine of the 13 plants are caged to prevent in-



209

festation of the cladodes by the cactus m@hctoblastis cacto- plants. Mature fruits were collected, dissected in the lab, and the
rum Berg.O. spinosissim#s considered a G1S1 species and therseeds were counted. Aborted abscised ovaries from manipulated
fore a candidate for listing by the U.S. Fish and Wildlife Servidiowers were collected and fixed with 70% ethanol. These ovaries
under the Endangered Species Act. The plants rarely set viakéze later dissected longitudinally, and the ovules and surrounding
seed and in most cases the ovary abscises before maturation. tissues were stained (as above) and examined for ovule abortion
The current specific epithet for this taxon is under investigatiamd pollen tubes with an epifluorescence microscope.

(D. Austin, personal communication). For now | will use the pres- At Torchwood Hammock Preserve, floral visitors were collect-
ent epithet,O. spinosissimauntil the new epithet is validly pub-ed for identification and their activities were studied during the
lished. flowering season in 1996 and 1997.

Pollen viability Seed germination experiments

Mature anthers from flowers representing the whole populatido test for seed viability, mature fruits were collected from both

were stained with aniline blue in lactophenol to test for pollen vimanipulated and non-manipulated flowers. Seeds with the funicu-

bility (Hauser and Morrison 1964). Fresh anthers collected lis attached, seeds with the funiculus removed, and excised em-

Torchwood Hammock Preserve and accessions from Fairchilyos were sterilized by placing them in a mixture of 5-10%

Tropical Garden (FTG) in Miami, Florida, were used in the stud@lorox and one drop of Tween 20 (a detergent) for 10 min. The

Pollen grains were stained for a minimum of 24 h and then dcleeds were then rinsed in sterile water for 10—15 min and placed in

served and scored under a light microscope. Murashige and Skoog medium (a plant cell culture media) with
1.5% sucrose and 0.22% Phytagel. The samples were allowed to
grow at room temperature. Additionally, another group of seeds

Pollination studies with the funiculus attached and others with the funiculus partially
removed exposing one side of the seed were placed in petri dishes

Hand pollination experiments were conducted withspinosiss- and kept moistened in wet filter paper until germination occurred;

ima on flowers of all plants producing flowers in Torchwoodhe seedlings were then transferred to a soil medium.

Hammock Preserve and with plant accessions located at FTG. At

Torchwood Hammock Preserve, seven plants flowered and one to

three flowers were manipulated per plant. At FTG, ten accessiqTs

(representing nine of 13 plants in the wild) flowered and one to(gﬁsmts

flowers were manipulated per plant.

Four pollination treatments were carried out to test for apomikioral behavior
is, self-pollination, outcrossing, and autogamy; a control treatment

was also monitored (Table 1). All possible pairwise crosses bg- :
tween plants were performed to determine which pairs of pla%iower production occurred throughout the year but

are inter-compatible. The largest flower buds (0.9-1.0 cm lonigached a peak during the dry months of December
were selected because these will generally open within 1 othzough April. Flowers opened (anthesis) when they

days. For treatments requiring flower emasculation (apomixis afghched 0.9-1.0 cm in length, 14-20 days after flower

outcrossing), upper petals of flower buds were removed wit . ;
sharp razor blade, then upper whorls of stamens were remo??e%ds emerged. For the majority of flowers, stigmas were

Paper pollination bags were used for all treatments except the déi-€ptive at anthesis, as indicated by opening of the stig-
trol in order to prevent pollen contamination transfer by animals @atic lobes. Receptive stigmas were a light reddish col-

wind (Faegri and Pijl 1979; Richards 1986). Pollen collected frogr, while pollinated stigmas were distinguished by a dark
flowers in Torchwood Hammock Preserve was also used to pollsq coloration.

nate the plant accessions located at FTG. Prior to flower anthesis . .
Tanglefoot was used around the basal portion of the ovary to ex.ot@mens are sensitive when touched, each filament

clude non-flying insects from the flowers. twisting around the style, and consequently, facilitating
For each treatment, abscised flowers with intact styles weteposition of self-pollen. In most flowers, anthers de-
collected and fixed with 70% ethanol. The styles were then exagisced synchronously with, or within minutes after flow-

ined for pollen tube growth in order to test for possible prezygo : : - _
self-incompatibility mechanisms. The entire style was softened % anthesis, promoting autogamy (selfing). In some flow

8 N NaOH for 24 h at room temperature. The material was rins@t, only the lower whorl of anthers dehisced and this oc-
with distilled water for a minimum of 1 h, and then stained witaurred within 1-2 days after flower anthesis. Pollen mass

aniline blue in 0.1 M KPOQ, for a minimum of 4 h. The styles was bright yellow. Of the 4559 pollen grains scrutinized

were squashed under a cover slip and observed for pollen t ARl 090, ; o
growth under UV light using an epifluorescence microsco viability, 85-92% were viable as assessed by stain

(Schou and Philipp 1982). ability. _ _
To measure seed set on monitored flowers (selfing, outcross-Flowers produced a copious, sticky nectar. Nectar

ing, and control treatments), fruits were left to mature on thgiantity and availability appeared to coincide with rainy

periods.
Table 1 Breeding system treatmeis
Treatment Emas- Bagged Hand Pollination Floral visitors
culation

Apomixis Yes Yes No Flowers were visited only by a species qf_eﬁ*rtamato.-
Control (open) No No No gasternearashmead{Hymenoptera, Formicidae), which
Selfing No Yes Yes may have been attracted by a faint rotten meat-like odor

_ (pollen from same plant)  produced by the opened flowers (Fig. 1). The ants were
Outcrossing ~ Yes  Yes Yes observed feeding on pollen, and while doing this they

(pollen from different plant) passively loaded the stigmatic lobes with self-pollen.
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nation was performed. Ovaries of 112 of these flowers

were collected and used in the analyses; 111 ovaries ab-
scised before maturation, and one ovary matured and de-
veloped seeds. The other nine flowers and 69 ovaries
were not included in the analyses because they did not
retain their tags when they fell to the ground.

Pollen germinated in all treatments; however, germi-
nation did not occur on all flowers within a treatment. At
least some pollen grains germinated on the stigmas of
62% of the flowers in the control treatment, 70% polli-
nated with self pollen, 53% in the outcrossing treatment,
and 76% of the flowers bagged to test autogamy. The ra-
tio of pollen tubes on the stigma to pollen grains on the
stigma was higher for flowers testing autogamy (0.33)
than in the other treatments, suggesting that the plants
are autogamous. For each treatment, more pollen tubes
Fig. 1 Flower ofOpuntia spinosissimaisited by a species of ant,were present on the stigma than the middle of the style
Crematogastenearashmeadiin Torchwood Hammock Preserve,(Table 2). Very few pollen tubes reached the base of the
Floridz style, and this occurred only in the selfing (0.5% reached

the base) and outcrossing (1.7%) treatments. Seed set oc-
Controlled pollinations curred in only one of 181 manipulated flowers (Table 3).
Although this flower was from the outcrossing treatment,
A total of 181 flowers were manipulated, 24 at Torchhe fact that pollen failed to germinate on the stigma of
wood Hammock Preserve and 157 at FTG (Table ®)is flower suggests that these seeds were produced by
Styles of 173 flowers were collected 3—4 days after polligamospermy.

Table 2 Pollen grain deposition and pollen tube growth reachimganipulated and examined. Five outcrossing treatments of acces-
the stigma, the middle, and the base of each style in hand pollisian number 200 by pollen of accession number 199 were not in-
tion experiments o®puntia spinosissima.=MNumber of flowers cludec

Treatment n  Pollen grains Pollen tubes Number
deposited per of seeds
stigma Stigma Middle Base
Mean Range SD Mean Range SD Mean Range SD Mean Range SD

Apomixis 3 0 0 0 0 0

Self 20 118.0 2-410 121.3 13.63 0-98 2236 044 0-6 1.36 025 05 112 O

Autogamy 21 7850 5-168 51.34 2830 0-89 30.77 033 0-3 0.91 0 0

Control 29 73.00 2-249 6356 22.00 0-89 2505 220 0-30 7.19 0 0

Outcrossing 99 10450 7-312 64.76 1096 0-90 17.29 132 0-84 9.0 0.86 0-58 6.18 O

Table 3 Number of seeds de- -
veloped fr(L)Jm outcrossing treat- Recipient Donor Number of Pollen tubes Number

ment of accession number 200 Plant number, plant number, pollen grains of seeds
(Little Torch Key plant 9) by flower number  flower number  deposited per stigma  Stigma Middle Base

pollen of accession number 199

i . 200,4 199 43 0 0 0 0
(Little Torch Key plant & 2007 199.9 21 0 0 0 3
200,15 199,19 76 0 0 0 0
200,16 199,24 41 0 0 0 0
200,26 199,29 130 0 0 0 0
Table 4 Number of seeds ger- -
minated per treatment from Germination treatments Number of seeds Number of seeds = Days between treatment
mature unmanipulated fruits treated germinated and germination
collected in Torchwood Ham- — -
mock Preserve (Little Torch Petri dish — funiculus attached 4 2 100, 119
Key) — Represents no d:ia Petri dish — funiculus removed 5 3 5,11, 16
Agar — funiculus attached 7 0 -
Agar — funiculus removed 1 1 9
Agar — embryo excised 2 1 9
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Ovaries ofO. spinosissimaontained an average ofFloral behavior and visitors
50.64 ovules =36, SD=13.50, range 29-85). The
ovules from these manipulated flowers were not fertheatures such as a bright red perianth, a stylar nectar
ized. In most cases, pollen tubes observed in the tisshamber and copious sticky nectar, and a faint meat-like
surrounding the ovules, clearly visible by observingdor indicated that these flowers were adapted for polli-
stained callose, were twisted and/or stopped growingtion by animals. One species of ant was observed visit-
near the micropyle, and hence did not penetrate ovuleg, the flowers, but this finding does not mean that this
suggesting a mechanism that prevents fertilization.  ant was the pollinator d. spinosissimabecause it oc-
Seeds from non-manipulated fruits collected in tlwairred under very artificial conditions (the plants were
field were viable, as indicated by their ability to germzaged). Bees, hawkmoths, hummingbirds and mammals
nate in agar and in wet filter paper (Table 4), and by tfimts) are pollinators reported for the Cactaceae (Cota
presence of one seedling growing inside a mature, ab4893; Parfitt 1985). Bees and hummingbirds are likely to
sed fruit (personal observation). Germination occurree potential visitors to some of the Caribb&puntia
faster when the funiculus was removed (Table 4). flowers. For instance®. rubescenssalm-Dyck flowers
from Guénica Forest, Puerto Rico, were visited by bees
and hummingbirds (personal observation). The flowers of
Discussion 0. rubescenshare morphological features with spin-
osissimaflowers, except that they are larger in size.
The pollination data suggest th@t spinosissimagos- Therefore, bees which have been reported vistipgn-
sesses self-incompatibility (SI), a mechanism that pte species (Grant and Hurd 1979; Mandujano et al. 1996;
vents fertilization when a plant is pollinated with its owBchlindwein and Wittmann 1997), and perhaps humming-
pollen or pollen from another plant that shares the Sl hlrds, are potential pollinators &f. spinosissima
lele. None of the pairwise crosses set seed, thus thes8tamen movement and bright pollen mass also play
plants are not inter-compatible. Even though the pollesles in pollination ofO. spinosissimaSeveral studies
grains were able to germinate, pollen tubes usually @didggest that stamen movement causes insects to depart
not reach the base of the style. Inhibition for incompatrom the stigma (Porsch 1938), facilitates deposition of
ble pollen tubes occurred in the stigma, in the style pollen on the insect body (Rauh 1979), and promotes
occasionally, in the ovary. The presence of S| has beencrossing (Vogel 1983) and self-pollination (Grant and
documented for several Cactaceae genera (Boyle etHalrd 1979). Schlindwein and Wittmann (1997) showed
1994; Boyle 1996; Ganders 1976), and it has been stigat stamen movement can be an adaptation to hide pol-
gested that this family evolved from a primarily outen, offering it only to specialized pollinators. In the case
crossing ancestor with a functional Sl system (Boytd O. spinosissimastamen movement facilitates deposi-
1996). tion of self-pollen on the stigma, while the bright yellow
In those flowers where pollen tubes did reach the oymllen mass guides pollinators.
ry tissue they failed to penetrate the ovules. This finding
suggests that ovules do not release a hormonal signal to N
the pollen tubes; thus the tubes grow randomly withop€€d germination
contacting the ovules. It is therefore possible that this d b dt inate while still inside th
taxon has lost the ability to be fertilized. This could ceds were observed 1o germinate while still insiae the

explained by ovarian inhibition (Nettancourt 1977), a Iu't’ after the fruit fell off _the mother_plant. _Thls_surwva_l
system exhibited byrheobroma cacaovhere levels of mechanism allows seedlings to avoid desiccation during

ethylene and indole-3-acetic acid increase prior to poll}§ dry months, just before the onset of the rainy season.
tube-ovule contact in incompatibly pollinated flowers is germination strategy has not been previously report-

whereas these hormones decrease in compatibly poIIin‘ié&—in Cactaceae, except as a suggestion by Conde (1975).
ed flowers (Baker et al. 1997). everal cases of viviparous seed (seed germination while
| hypothesize that when seed set does occur, it is dife [Tult is still on the plant) have been reported for the
to agamospermy. Agamospermy is not rare in pla ily (Cond_e 19_755 Lombardi 1993), but this is not the
se folO. spinosissima

(Asker and Jerling 1992) and it is common in the Cact&(‘f"—S ds ar rrounded by a funiculus. which red
eae (Cota 1993; Naumova 1992). Vegetative reprodﬁc-dele S aré su t_ou 'I?bl y4a ﬂtﬁ.u qs’th c appez €
tion is also common in this taxon and in general in thg d€lay germination (Table 4). If this is the case, under

family (Benson 1982 Small 1930). This taxon can tural conditions the delayed germination is an adapta-

easily propagated using cladodes. Also, the abscised (P! becaus%_see(:]s tg\ke apprr?xwlnately 4 rlnonths t(]f %er-
ries often develop a branch which in some cases gr %ate,”avmdlng tde ry mont bSI _nhgenera, T}OSt of the
by reabsorbing the nutrients from the hypanthium befdfgd-collected seeds were viable, however, there is no
or while producing a root system. seedling recruitment under natural conditions.
In summary, | propose two explanations for high fruit
abortion and low fruit set i®. spinosissimaFirst, this
species may be unable to reproduce sexually due to mei-
otic problems resulting from polyploidy. Seeds occasion-
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ally form by agamospermy, so they are genetically idgspyle TH, Menalled FD, O’Leary MC (1994) The occurrence and
tical to the parent plant. Polyploidy and asexual repro- physiological breakdown of self-incompatibility in Easter cac-

. tus. J Am Soc Hortic Sci 119:1060-1067
duction of zygotes and embryos have long been Correl%'nde LF (1975) Vivipary inEpiphyllum Cactus Succulent J

ed (Stebbins 1979). Different ploidy levels occur in the 47:38-39
Cactaceae, and it has been suggested that both pobya JH (1993) Pollination syndromes in the genus Echinocereus:
ploidy and hybridization events have led to speciation in & review. Cactus Succulent J 65:19-26

: : S . Dj ota JH, Philbrick T (1994) Chromosome number variation and
?thggaggr{]s(lii: OZLtSSZ)ndREIZItIit\)IZCtkO g}?eg%agénléﬁ\r/gm%tssriepolyploidy in the genugchinocereugCactaceae). Am J Bot
) . 81:1054-1062

number for the family and foDpuntig x=11, O. spin- Faegri K, Pijl L van der (1979) The principles of pollination ecol-
osissimais considered an hexaploid species (2n=66; 0gy. Pergamon Press, New York

; . Pj zgnders FR (1976) Self-incompatibility in the Cactaceae. Cactus
Cota, unpublished data; Pinkava et al. 1985). Accordlﬁ@ Succulent J 38-39.40

to J.H. Cota (personal communication), the Chromgsant v, Hurd PD (1979) Pollination of the Southwesterpun-
somes are very small and morphologically uniform in tias. Pl Syst Evol 133:15-28

shape and size. Additionally, Cota suggested that tHamrick JL, Godt MIJW (1996) Genetic diversity Dpuntia
taxon is a consequence of a recent polyploidization SPinosissimaa rare and endangered Florida Keys cactus. Final

) cn o _report to the Nature Conservancy. Key West, Florida
event; therefore, low genetic diversity is expected. El&¢s sor" g3 Morrison JH (1964) The cytochemical reduction of ni-

trophoretic data showed that this population is genetical-tro blue tetrazolium as an index of pollen viability. Am J Bot
ly monomorphic for 12 of 13 loci, and at the remaining 51:748-752 . o ‘
locus (malate dehydrogenase-1) all individuals are h@rron J (1991) Patterns of genetic variation and breeding systems

; ; ‘e i : |- In rare plant species. In: Falk D, Holsinger K (eds) Genetics
erozygous, suggesting this genotype is fixed (Hamrick and conservation of rare plants. Oxford Press, New York, pp

and Godt 1996). Evidence implies that these 13 extantg7_gg

plants are clones from a single lineage. Lombardi JA (1993) Viviparity inRhipsalis pilocarpalLo6fgren
The alternative explanation is thé. spinosissima  (Cactaceae). Cien Cult 45:407 _

failed to reproduce sexually because the plants are s¥fndujano MC, Montana C, Eguiarte LE (1996) Reproductive

. . . ; ecology and inbreeding depression @@puntia rastrera
incompatible. In this hypothesis, all plants from the ex- (cactaceae) in the Chihuahuan Desert: why are sexually de-

tant population are close relatives and share the &me rived recruitments so rare? Am J Bot 83:63—79
alleles preventing fertilization. This alternative is supNaumova TN (1992) Apomixis in angiosperms: nucellar and in-
ported by the findings that pollen grains were viable apd tegumentary embryony. CRC Press, Boca Raton, Fla

capable of germination. The loss ®&lleles would have etﬁgv‘\:lo%trkDBéﬁ?n7,7_|)eilgg|%2r%a“b"'ty In angiosperms. Springer,

been due to genetic drift caused by small populatiparitt BD (1985) Dioecy in North American Cactaceae: a review.
size. In this model, human-caused reduction in popula- Sida 11:200-206

tion size would be the indirect cause of low seed set. Pinkava DJ, Baker MA, Parfitt BD, Mohlenbrock MW, Worthing-
ton RD (1985) Chromosome number in some cacti of western
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