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Abstract

Ploidy has been well studied and used extensively in the genus Opuntia to determine species boundaries,
detect evidence of hybridization, and infer evolutionary patterns. We carried out chromosome counts
for all members of the Humifusa clade to ascertain whether geographic patterns are associated with dif-
ferences in ploidy. We then related chromosomal data to observed morphological variability, polyploid
formation, and consequently the evolutionary history of the clade. We counted chromosomes of 277
individuals from throughout the ranges of taxa included within the Humifusa clade, with emphasis placed
on the widely distributed species, O. humifusa (Raf.) Raf., 1820 s.l. and O. macrorhiza Engelm., 1850
s.l. We also compiled previous counts made for species in the clade along with our new counts to plot
geographic distributions of the polyploid and diploid taxa. A phylogeny using nuclear ribosomal ITS
sequence data was reconstructed to determine whether ploidal variation is consistent with cladogenesis.
We discovered that diploids of the Humifusa clade are restricted to the southeastern United States (U.S.),
eastern Texas, and southeastern New Mexico. Polyploid members of the clade, however, are much more
widely distributed, occurring as far north as the upper midwestern U.S. (e.g., Michigan, Minnesota,
Wisconsin). Morphological differentiation, although sometimes cryptic, is commonly observed among
diploid and polyploid cytotypes, and such morphological distinctions may be useful in diagnosing pos-
sible cryptic species. Certain polyploid populations of O. humifusa s.1. and O. macrorhiza s.1., however,
exhibit introgressive morphological characters, complicating species delineations. Phylogenetically, the
Humifusa clade forms two subclades that are distributed, respectively, in the southeastern U.S. (including
all southeastern U.S. diploids, polyploid O. abjecta Small, 1923, and polyploid O. pusilla (Haw.) Haw.,
1812) and the southwestern U.S. (including all southwestern U.S. diploids and polyploids). In addition,
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tetraploid O. humifusa s.1., which occurs primarily in the eastern U.S., is resolved in the southwestern dip-
loid clade instead of with the southeastern diploid clade that includes diploid O. humifusa s.1. Our results
not only provide evidence for the polyphyletic nature of O. humifusa and O. macrorhiza, suggesting that
each of these represents more than one species, but also demonstrate the high frequency of polyploidy in
the Humifusa clade and the major role that genome duplication has played in the diversification of this
lineage of Opuntia s.s. Our data also suggest that the southeastern and southwestern U.S. may represent
glacial refugia for diploid members of this clade and that the clade as a whole should be considered a ma-
ture polyploid species complex. Widespread polyploids are likely derivatives of secondary contact among
southeastern and southwestern diploid taxa as a result of the expansion and contraction of suitable habitat
during the Pleistocene following glacial and interglacial events.

Keywords
Cactaceae, chromosome numbers, Opuntia humifusa, Opuntia macrorhiza, Pleistocene refugia, polyploid
complex, polyploidy

Introduction

Ploidy has a long tradition of utility for illuminating species boundaries, hybrid zones,
and interspecific relationships among plants (e.g., Stace 2000). Knowing the ploidal
levels of taxa used in phylogenetic analyses can also aid in detecting potential hybridi-
zation events through incongruence in reconstructions using biparentally inherited
nuclear loci (Ionta et al. 2007, Soltis et al. 2008). Researchers have frequently used
cytological data to help understand species evolution and delimitations in the nopales
or prickly pear cacti, i.e., the genus Opuntia (Pinkava and McLeod 1971, Pinkava et
al. 1973, 1977, 1985, Weedin and Powell 1978, Pinkava and Parfitct 1982, Weedin
et al. 1989, Pinkava et al. 1992, Powell and Weedin 2001, 2004). Subfamily Opun-
tioideae (Opuntia s.1., as previously recognized; Benson 1982) is known to have the
highest number of polyploids in Cactaceae (Cota and Philbrick 1994, Pinkava 2002),
and Opuntia s.s. is well known for interspecific hybridization (e.g., Grant and Grant
1982, Griffith 2003) and subsequent genome duplication (Pinkava 2002, L.C. Ma-
jure (LCM), R. Puente (RP), P. Griffich (PG), W.S. Judd (WS]J), PS. Soltis (PSS),
D.E. Soltis (DES) unpubl. data).

The significance of polyploidy in plant evolution and speciation has long been
recognized (Stebbins 1940, 1950, 1971; Swanson 1957, DeWet 1971, Harlan and
DeWet 1975, Grant 1981, Leitch and Bennett 1997, Ramsey and Schemske 1998,
Adams and Wendel 2005, Tate et al. 2005, Doyle et al. 2008, Soltis and Soltis 2009,
Jiao et al. 2011). As stated by Stebbins (1950), p. 369), “polyploidy ... is one of the
most rapid methods known of producing radically different, but nevertheless vigorous
and well-adapted genotypes.” Polyploidy also is considered one of the unequivocal
means of true sympatric speciation (Futuyma 1998, Otto and Whitton 2000) and is
considered to be common in plants (Stebbins 1940, DeWet 1971, Ramsey and Schem-
ske 1998, Tate et al. 2005). For example, virtually all major clades of angiosperms have
undergone one or more episodes of genome duplication (Soltis and Soltis 2009). Like-
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wise, polyploidy is very important throughout Cactaceae (Pinkava 2002), and within
Opuntia s.s., polyploids previously have been recorded in Opuntia humifusa (Raf.)
Raf., 1820, and relatives (Bowden 1945a, b, Pinkava et al. 1985, Powell and Weedin
2004, Baker et al. 2009a, b, Majure and Ribbens in press) of the Humifusa clade (sensu
LCM, RP, PG, W], PSS, DES unpubl. data).

There are currently six species recognized in the Humifusa clade, O. abjecta Small,
1923, O. humifusa, O. macrorhiza Engelm., 1850, O. portsii Salm-Dyck, 1849, O.
pusilla (Haw.) Haw., 1812, and O. rortispina Engelm. & J.M. Bigelow, 1856 (Pinkava,
2003; LCM unpubl. data). The Humifusa clade is distributed widely from the western
U.S. and northern Mexico (represented by O. macrorhiza s.l., O. pottsii, and O. tor-
tispina) and throughout the eastern U.S. including the upper Midwest (e.g., Michigan,
Minnesota, Wisconsin) and southern Ontario (Benson, 1982; represented by O. ab-
jecta, O. humifusa s.., O. macrorhiza s.1., and O. pusilla).

Opuntia humifusa s.l. is composed of numerous morphological entities that have
been recognized in certain taxonomic treatments as different species (see Small 1933).
Throughout its range, O. humifusa s.1. has been divided into as many as 14 taxa (Brit-
ton and Rose 1920, Small 1933, Benson 1982, Majure and Ervin 2008). Thus, O.
humifusa s.1. is occasionally referred to as a species complex (Doyle 1990). Currently,
two taxa are recognized in O. humifusa s.\. (O. humifusa var. ammophila (Small) L.D.
Benson and O. humifusa var. humifusa; Pinkava 2003). Likewise, Opuntia macrorhiza
has been divided into as many as 11 taxa (see Benson 1982). Opuntia macrorhiza was
previously considered a variety of O. humifusa (see Benson 1962; see Table 1 for syno-
nyms of O. humifusa s.1. and O. macrorhiza s.l. sampled in this study), O. porssii was
considered a variety of O. macrorhiza, and O. tortispina was placed in synonymy with
O. macrorhiza (Benson 1982).

Opuntia pusilla has been divided into several species: O. drummondii Graham,
1841, O. frustulenta Gibbes, 1858, O. impedita Small, 1923, O. pes-corvi LeConte,
1857, and O. tracyi Britton, 1911 (Britton and Rose 1920, Small 1933); however,
Benson (1982) placed them in synonymy under the name O. pusilla. Opuntia tria-
cantha (Willd.) Sweet, 1826, also has been divided into several species, i.e., O. abjec-
ta of the Florida Keys, O. militaris Britton & Rose, 1919, of Cuba, and O. triacantha
from different parts of the Greater and Lesser Antilles (Britton and Rose 1920), but
all of these have since been placed in synonymy within O. triacantha (Benson 1982).
Phylogenetic and morphological studies have indicated that O. abjecta is not even
in the same clade as O. triacantha (LCM, WS] unpubl. data) and so here is treated
as O. abjecta.

Contributing to the confusing taxonomic history of this clade is the high de-
gree of morphological variation exhibited by most taxa, the lack of complete sam-
pling throughout the range of the clade, the absence of cytological and phylogenetic
evidence, reliance on poorly prepared and sparse herbarium collections (Majure and
Ervin 2008, LCM unpubl. data), and hybridization and polyploidy (Benson 1982,
Rebman and Pinkava 2001). Careful examination of morphological characters across
the geographic range of the widely distributed O. humifusa s.1. and O. macrorhiza



56 Lucas C. Majure et al. | Comparative Cytogenetics 6(1): 53-77 (2012)

Table 1. Synonyms of O. humifusa s.1. and O. macrorhiza s.l. sampled during this study.

Opuntia humifusa s.l. Opuntia macrorhiza s.l.
Opuntia allairei Opuntia fusco-atra
Opuntia ammophila Opuntia grandiflora
Opuntia austrina Opuntia xanthoglochia

Opuntia cespitosa
Opuntia lata
Opuntia nemoralis

Opuntia pollardii

s.l. reinforces the hypothesis that hybridization may have preceded the origin of geo-
graphical morphotypes, because morphological characters displayed by certain taxa
appear to be introgessive between O. humifusa s.l. and O. macrorhiza s.1. (Table 2).
For instance, O. cespitosa Raf., 1830, from the eastern U.S. and recently recognized
by Majure and Ervin (2008), has yellow tepals that are basally tinged crimson- to or-
ange-red, a characteristic typical of O. macrorhiza and occasionally O. rortispina from
western North America (Benson 1982, Pinkava 2003, Powell and Weedin 2004),
but the spine characters of O. cespitosa are typical of O. humifusa s.l. (see Majure and
Ervin 2008).

Although chromosome counts have been reported for many of the Opuntia taxa
from the southwestern U.S. and other areas (Stockwell 1935, Spencer 1955, Pinkava
and McLeod 1971, Pinkava et al. 1973, 1977; Weedin and Powell 1978, Pinkava and
Parfitt 1982, Pinkava et al. 1985, Weedin et al. 1989, Pinkava et al. 1992, Powell
and Weedin 2001, Pinkava 2002, Negrén-Ortiz 2007, Segura et al. 2007, Baker et
al. 2009a, b), few chromosome counts have been reported for taxa of Opuntia in the
eastern and midwestern U.S. (Majure and Ribbens in press), and most of those taxa
belong to the Humifusa clade. Bowden (1945a, b), Hanks and Fairbrothers (1969),
Doyle (1990), and Baker et al. (2009 a, b) have all made counts of members of the
Humifusa clade from the eastern U.S. Bowden (1945a, b), Doyle (1990), and Baker et
al. (2009a) recorded diploid (27 = 22) and tetraploid (27 = 44) material of O. humifusa
from the eastern U.S., and Bowden (1945a) recorded tetraploid (272 = 44) material of
O. impedita (currently syn. of O. pusilla). Hanks and Fairbrothers (1969) recorded
an aneuploid number for O. humifusa (2n = 17, 19) likely in error, since aneuploids
are very rare in Cactaceae (Pinkava 2002). Majure and Ribbens (in press) recorded
tetraploids of O. humifusa s.. and O. macrorhiza s.l. from the Midwest, suggesting
that the northernmost populations of those taxa are polyploid. Opuntia macrorhiza,
O. potsii, and O. rortispina have all been counted extensively in the southwestern U.S.
(Pinkava and McLeod 1971, Pinkava et al. 1973, Pinkava et al. 1977, Pinkava et al.
1992, Pinkava et al. 1998, Powell and Weedin 2001, Powell and Weedin 2004), where
O. macrorhiza and O. portsii have been recorded exclusively as tetraploids, and O. ror-
tispina has been recorded as either tetra- or hexaploid.

Chromosome counts reported for species in the Humifusa clade do not encompass
all of the taxa within the range of the clade nor the wide distributions exhibited by sev-
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Table 2. Selected taxa of O. humifusa s.]. and O. macrorhiza s.1. with morphological characters and cor-
responding ploidy. Polyploids often exhibit characters from more than one diploid taxon or characters of
other polyploids, although certain characters (e.g., red glochids) have not been observed in any diploids

analyzed thus far.
Taxon (ploidy) Flower color | Cladode color | Spine barbedness/ Glochid color
Cladode disarticulation
O. ammophila 2x) | Yellow Dark green Not barbed/no Stramineous
O. austrina (2x) Yellow Dark green Barbed/yes Stramineous
O. cespitosa (4x) Red-centered | Glaucous green | Not barbed/no Red
O. lata (2x) Yellow Dark green Barbed/yes Stramineous
O. humifusa (4x) Yellow Dark green Not barbed/no Stramineous
O. macrorhiza (4x) | Red-centered | Glaucous green | Not barbed/no Red/yellow
O. nemoralis (4x) Yellow Glaucous green | Barbed/yes Yellow
O. pollardii (4x) Yellow Dark green Barbed/yes Stramineous
O. xanthoglochia (2x) | Red-Centered | Glaucous green | Not barbed/no Yellow

eral of the more common species. To further our understanding of species complexes
and the evolution of polyploids within those complexes, cytological data are needed
from the entire distribution of a given species (Babcock and Stebbins 1938, Stebbins
1942, Stebbins 1950). Thus, an in-depth study of the distribution of cytotypes and
correlations between cytotypes and morphology is desperately needed in order to aid
in the delimitation of potentially unrecognized and cryptic species and to elucidate
relationships in the Humifusa clade.

Here we present chromosome counts for all taxa considered to be part of the O.
humifusa complex and all taxa of the Humifusa clade (LCM, W], PSS, DES, unpubl.
data) and provide counts throughout most of the known ranges of all taxa to determine
the geographic structure of ploidy and differences in ploidy among morphologically
distinct taxa. We also reconstruct a phylogeny of diploid and polyploid members of
the Humifusa clade based on nrITS data to investigate the relationship between geo-
graphic distribution and evolutionary relationships. We provide counts for another
common species in the southeastern U.S., O. stricta (Haw.) Haw., 1812, because it has
been hypothesized to hybridize with members of the Humifusa clade (Benson 1982).
In addition, ploidy of the putative hybrid between O. abjecta and O. stricta, i.e., O.
ochrocentra Small, 1923, was analyzed. Ploidy determinations of the Humifusa clade,
coupled with morphological character analysis and further molecular phylogenetics,
will aid in the delimitation of species in the group and in determining the origin and
evolutionary significance of polyploidy in this clade.

Material and methods

Chromosome counts — Methods follow those of Majure and Ribbens (in press). Brief-
ly, root tips were collected from early morning throughout early afternoon and
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placed in 2mM 8-hydroxyquinoline (Soltis 1980) for up to 8 hours at 4°C or in
N,O (Kato 1999) for 1 hour and then fixed in a 3:1 solution of absolute ethanol:
glacial acetic acid for 2 to 24 hours. Root tips then were placed in 70% ethanol for
at least 2 hours and digested in 40% HCI for 5-10 minutes (depending on the size
of the root) at room temperature. Squashes were performed in 60% acetic acid and
stained with 1% aceto-orcein dye and viewed on a Zeiss Photomicroscope III (Carl
Zeiss, Oberkochen, Germany). To confirm each count, at least three to five meta-
phase cells were counted per specimen. These multiple counts per sample alleviated
concerns regarding endomitosis, which has been reported in the allopolyploid (4x),
Opuntia spinosibacca M.S. Anthony, 1956, (Weedin and Powell 1978), tetraploid
O. pusilla (Bowden 1945b), as well as in many other angiosperms (e.g., Barrow
and Meister 2003, Tate et al. 2009, I. Jordan-Thaden, pers. comm.). We counted
chromosomes of 277 individuals of the Humifusa clade, 14 individuals of O. stricta
s.l., three samples of the putative hybrid O. ochrocentra, and two individuals of the
putative hybrid O. alta Griffiths, 1910. Generally, only one accession per popula-
tion was counted.

Taxonomy — Taxa used for ploidy analysis are listed in Appendix 1. Species delimi-
tations within O. humifusa s.l. and O. macrorhiza s.1. are problematic, so we recognize
both O. humifusa and O. macrorhiza as broadly circumscribed (Table 1). Thus, we
have arranged our counts of plants within these two species (see Appendix 1) accord-
ing to their various segregates to determine whether the morphological variation of
these segregate entities (Table 2) is correlated with cytotype and/or geographical and
phylogenetic patterns.

Cytogeographic analysis — We mapped the localities for all of the individuals for
which we determined ploidy (277 in number) and incorporated previous counts (n
= 41) (Bowden 1945a, Pinkava and McLeod 1971, Pinkava et al. 1973, Weedin and
Powell 1978, Pinkava and Parficc 1982, Pinkava et al. 1985, Weedin et al. 1989, Doyle
1990, Pinkava et al. 1992, Pinkava et al. 1998, Powell and Weedin 2001, Baker et al.
2009a, b, Majure and Ribbens in press) to cover the majority of the geographic dis-
tribution of each taxon. This allowed us to explore the geographic boundaries of the
different ploidal levels encountered in this clade and construct hypotheses regarding
polyploid formation and speciation.

Phylogenetic analysis — We generated sequences from the nuclear ribosomal inter-
nal transcribed spacer (nrITS: White et al. 1990) for a sample of diploid (n = 6) and
polyploid taxa (n = 8) of the Humifusa clade from the eastern and western U.S. (Table
3). Opuntia basilaris Engelm. & J.M. Bigelow, 1856, was used as an outgroup based
on previous analyses of Opuntia (LCM unpubl. data). A phylogenetic analysis of these
data was carried out to determine whether the geographic distribution of ploidy (as
determined here) was correlated with the evolutionary history of the clade. We car-
ried out a Maximum Likelihood analysis using RAXML (Stamatakis 2006) running
10000 bootstrap pseudoreplicates under 25 rate categories and the GTR+I" model of
molecular evolution.
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Table 3. Taxa used in phylogenetic analyses of ITS sequence data given with their GenBank accession

numbers.
Accession Locality GenBank accession #
Opuntia basilaris (outgroup) Inyo Co., CA R. Altig s.n. JE786913
Opuntia abjecta (2x) Monroe Co., FL LCM 3908 JF787021
Opuntia abjecta (4x) Monroe Co., FL LCM 3318 JQ245716
Opuntia ammophila (2x) Marion Co., FL LCM 2826 JE786904
Opuntia austrina (2x) Highlands Co., FL LCM 3450 |JF786911
Opuntia cespitosa (4x) Scott Co., MO LCM 2441 ]Q245717
Opuntia humifusa (4x) Warren Co., VA LCM 3800 JQ245718
Opuntia lata (2x) Irvin Co., GA LCM 3785 JE786949
Opuntia macrorhiza (4x) Kerr Co., TX LCM 3510 JF786960
Opuntia nemoralis (4x) Garland Co., AR LCM 2196 JQ245720
Opuntia pusilla (2x) Lowndes Co., MS LCM 843 JQ245721
Opuntia pusilla (3x) Baldwin Co., AL LCM 1091 JF786985
Opuntia pusilla (4x) Jackson Co., MS LCM 1920 JF786986
Opuntia tortispina (6x) Hutchinson Co., TX LCM 3533 | JE787020
Opuntia xanthoglochia (2x) Bastrop Co., TX LCM 1982 JQ245719

Results

The base chromosome number for Cactaceae has been well established as x = 11 (Rem-
ski 1954, Pinkava and McLeod 1971, Lewis 1980, Pinkava et al. 1985, Pinkava 2002),
and we saw no deviation from this in our counts (Appendix 1). Out of 318 counts of
the Humifusa clade, including 41 from the literature, 210 (66%) were polyploid and
108 (34%) were diploid. Diploid (27 = 2x = 22) and tetraploid (27 = 4x = 44) O.
humifusa s.l. and O. macrorhiza s.1. were discovered (Fig. 1A-D, I-], L). Diploid O. hu-
mifusa s.l. is restricted entirely to the southeastern U.S., whereas diploid O. macrorhi-
za s.l. is restricted entirely to the southwestern U.S. (eastern Texas (see Appendix 1)
and southeastern New Mexico (M. Baker and D.]. Pinkava pers. comm.)). Tetraploid
members of O. humifusa s.l. and O. macrorhiza s.1. are much more widely distributed
throughout the U.S. than are their diploid relatives (Fig. 2). Tetraploids of O. humifusa
s.l. are found from Massachusetts south to the southeastern U.S. where they abut the
distribution of diploid taxa and throughout the eastern and midwestern U.S. Tetra-
ploid O. macrorhiza s.1. is distributed throughout parts of the Great Plains through the
midwestern U.S., most of the southwestern U.S., parts of the Rocky Mountains, and
the upper Sierra Madre Occidental in Sonora, Mexico (Fig. 2).

Diploid, triploid, and tetraploid populations of O. pusilla were discovered (Fig.
1E-G) throughout its restricted range in the southeastern U.S. (Fig. 3). Interest-
ingly, with the exception of two populations, polyploid individuals (3x and 4x) were
mostly confined to the coastline, although diploid populations were much more
widespread throughout the interior part of the distribution of the species (Fig. 3).
Of the three examples of O. abjecta sampled from the Florida Keys, one was dip-
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Figure |. Selected taxa in the Humifusa clade with associated chromosome squashes A diploid O. humifusa
(O. lata) LCM 4106 B tetraploid O. humifusa s.s. LCM 3810 € diploid O. macrorhiza (O. xanthoglochia)
LCM 1983 D tetraploid O. macrorhiza LCM 3510 E diploid O. pusilla LCM 753 F wiploid O. pusilla LCM
1033 G tetraploid O. pusilla LCM 3700 H diploid O. abjecta LCM 3908 1 tetraploid O. humifusa (O. cespi-
tosa) LCM 2610 tetraploid O. humifusa (O. nemoralis) LCM 4204 K pentaploid O. ochrocentra LCM 3907
and L tetraploid O. humifusa (O. pollardii) LCM 769. Bars on photomicrographs = Spm.

loid (Fig. 1H), and two were tetraploid. Opuntia rortispina (southwestern U.S.) was
hexaploid in six and tetraploid in one of the populations examined (see Fig. 2 for
hexaploid distribution).

Individuals of O. stricta sampled from the southeastern U.S. were all hexaploid.
Samples included members of the taxa considered by some (Anderson 2001) to be O.
dillenii (Ker-Gawl.) Haw., 1819, and O. stricta. Three individuals of the putative hy-
brid O. ochrocentra from two localities in the Florida Keys were pentaploid (Fig. 1K),
and the putative hybrid O. a/ta was hexaploid.

Maximum likelihood analysis of I'TS data reveals that the Humifusa clade is made
up of two well-supported subclades. One is restricted to the southeastern U.S. and
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A
Figure 2. Cytogeography of O. humifusa s.1., O. macrorhizas.l., O. pottsii, and O. tortispina. Diploids are
represented with black circles, tetraploids by white circles, and hexaploids are represented by gray circles.
Opuntia humifusa diploids are confined to the southeastern U.S., and O. macrorhiza diploids are located
in eastern Texas and southeastern New Mexico.

includes polyploid members of O. pusilla and O. abjecta, and the other includes south-
western diploid O. macrorhiza and all other polyploids pertaining to O. humifusa s..,
O. macrorhiza s.1., and O. tortispina. There is no further resolution within the tree at
the species level using ITS (Fig. 4). Species relationships within these two clades are
further resolved with the addition of other loci (LCM unpubl. data), however, that is
beyond the scope of this study.

Discussion

Opuntia macrorhiza has only been recorded previously as tetraploid (Pinkava et al.
1971, 1973, 1977, 1992, 1998; Powell and Weedin 2001, 2004; Pinkava 2003). These
are the first reports of diploid O. macrorhiza and likely represent descendants of those
progenitors from which tetraploid O. macrorhiza s.1. and other polyploids arose. Like-
wise, this is the first report of diploid and triploid O. pusilla, which was formerly
known only from tetraploid counts (Bowden 1945a).

Diploid members of O. humifusa s.l. (e.g., represented by the segregate taxa O.
ammophila Small, 1919, O. austrina Small, 1903, O. lata Small, 1919, in this study;
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] 4 Azl

Figure 3. Cytogeography of O. pusilla. Diploids are represented by black circles, triploids by gray circles,
and tetraploids by white circles. Note that most polyploids are restricted to coastal areas.

see also Appendix 1) exhibit high levels of morphological variability but each is di-
agnosable morphologically, which suggests that these segregate taxa may need to be
recognized at the species level. Likewise, diploid material of O. macrorhiza s.l. from
eastern Texas (e.g., O. xanthoglochia Grifliths, 1910, in this study; see also Appendix 1)
and southeastern New Mexico is morphologically distinct from tetraploid material of
O. macrorhiza s.1., which may also justify the recognition of O. xanthoglochia and O.
macrorhiza as separate species.

Our hexaploid counts of O. stricta are consistent with those of Pinkava et al. (1992)
and Negrén-Ortiz (2007). In contrast, Spencer (1955) reported O. stricta from Puerto
Rico to be diploid. Other authors have also found Spencer’s counts from Puerto Rico to be
inconsistent with more recent counts (e.g., Negrén-Ortiz 2007 for Consolea Lem., 1862).

Our three pentaploid counts of O. ochrocentra support the proposed hybrid origin
of this species between hexaploid O. stricta (2n = 66) and diploid O. abjecta (2n = 22)
through unreduced gametes of O. abjecta. Opuntia ochrocentra also exhibits intermedi-
ate morphological characters (e.g., growth form, spine characters) that further support
its hybrid origin (LCM unpubl. data).

Diploid refugia and polyploid formation — Polyploidy is very common within the
Humifusa clade, occurring in 66% of the samples reported here. Most researchers that
have studied Opuntia cytologically have found polyploid taxa (e.g., Bowden 1945a,
Weedin and Powell 1978, Pinkava et al. 1985, Doyle 1990, Segura et al. 2007, Baker



Cytogeography of the Humifusa clade of Opuntia s.s. Mill. 1754... 63

0. bagiiaris {2x) | Outgroup

0. nemoralis (9x)

0. tortispina (Fx)

100 0. humifusa (4x} SW taxa and polyploid

_ O humifugas.|.
0. macrorhiza (4x)

0.

i) (4x)

o. hoglochia {2x)

0. pusiita {2x)

0. pusgilla {4x)

o. phila (2x)

Q. loin (2x)

O. abjecta (dx}

0. gustrina {2x)

0. pusiita (3x)

O. abjecia (2x)
Figure 4. Majority rule consensus topology from 10000 ML bootstrap pseudoreplicates using RAXML
based on the nrITS region. The western diploid O. macrorhiza s.1. (O. xanthoglochia) forms a well-sup-
ported clade with polyploid O. macrorhiza, O. tortispina, and the eastern polyploid morphotypes of O.
humifisa s.. (O. cespitosa, O. humifusa, and O. nemoralis). The southeastern diploid morphotypes of
O. humifusa s.1. (O. ammaophila, O. austrina, O. lata) and diploid O. abjecta and O. pusilla form a well-
supported clade with polyploid members of O. pusilla and O. abjecta.

etal. 2009a, b, Majure and Ribbens in press, but see Spencer 1955). All diploids in our
analysis were restricted to either the southeastern or southwestern (eastern Texas and
southeastern New Mexico) U.S., and the polyploid individuals were found nearly eve-
rywhere in between as well as north of these two diploid “refugia.” The disjunct pattern
observed here in the Humifusa clade and in other studies between the southeastern U.S.
and the southwestern U.S. is thought to have occurred as a result of the disruption of
a semi-arid zone along the Gulf Coast region during the mid-Pleistocene (Webb 1990,
Althoff and Pellmyr 2002). These two areas likely served as glacial refugia for a variety
of animals and plants (e.g., Remington 1968, Davis and Shaw 2001, Al-Rabab’ah and
Williams 2002, Althoff and Pellmyr 2002, Soltis et al. 2006, Waltari et al. 2007, Whit-
temore and Olsen 2011) and may have promoted current species richness and genetic
diversity in southern populations (Hewitt 2000). Specifically, Swenson and Howard
(2005) identified southeastern Texas and northern Florida as Pleistocene refugia for
animal and plant species. Species from these regions subsequently came into contact
following the last glacial maximum and formed hybrid zones at contact areas expand-
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ing out from these refugia. Swenson and Howard (2005) also hypothesized “post-
glacial routes of expansion” from these proposed diploid refugia (e.g., Fig. 1, G & H in
Swenson and Howard 2005). Those post-glacial routes and diploid contact zones are
consistent with the current distributions of polyploid taxa within O. humifusa s.1. and
O. macrorhiza s.1. The restricted diploid and widespread polyploid distribution pattern
has been recorded in many other plants and is a common pattern seen in polyploid
complexes (Babcock and Stebbins 1938, Stebbins 1950, 1971, DeWet 1971, Lewis
1980, Grant 1981, Parfitct 1991).

The seemingly disjunct southeastern New Mexico diploid population of O. mac-
rorhiza s.l. may represent a mere extension of the eastern Texas diploid refugium,
which has since been mostly replaced by polyploid taxa. Alternatively, a diploid ex-
tension may still exist but was not detected due to the lack of cytological data for
populations from east Texas to southeastern New Mexico (Fig. 2). Diploid taxa of
other clades (e.g., O. polyacantha Haw. var. arenaria (Engelm.) Parfitt, 1819) are co-
incidentally found near the same region (Pinkava 2002, 2003), however, suggesting
that a third diploid refugium, i.e., in southeastern New Mexico-western Texas, may
need to be recognized.

Pinkava (2003) suggested that an O. humifusa-O. macrorhiza-O. potssii complex
originated along the east coast of the U.S. and spread westward to Arizona, where it
came into contact and hybridized with O. polyacantha and formed the mostly hexa-
ploid O. rortispina. From our data, this scenario is plausible in that O. rortispina has
morphological characters representative of both O. polyacantha and O. macrorhiza and
is found where populations of diploid and tetraploid O. macrorbiza s.1. and diploid
O. polyacantha come into contact. However, considering the two diploid refugia sug-
gested by our analyses and what is known about the historical biogeography of the
southeastern U.S. (e.g., Webb 1990), it is likely that the Humifusa clade originated
in the southwestern U.S. and adjacent northern Mexico, then dispersed eastward into
the southeastern U.S. The arid habitat along the coast of the Gulf of Mexico during
the mid-Pliocene to early Pleistocene would have been interrupted during the mid-
Pleistocene, creating the disjunction and promoting the genetic divergence among
diploid populations we see today (Fig. 4). Taxa from these two diploid refugia would
have come back into contact and formed the widely successful polyploids of the Mid-
west and eastern U.S. (Fig. 5). This scenario is further corroborated by phylogenetic
analyses, where eastern U.S. polyploids of O. humifusa s.l. are resolved in a clade with
the southwestern diploid O. macrorhiza (Fig. 4). The lower frequency of diploids en-
countered in western populations of the Humifusa clade also suggest that those diploid
populations may be older (see Stebbins 1971, p. 157) than those of the southeastern
U.S.; however, this could merely be a bias resulting from more limited sampling of
western populations.

The various morphotypes of tetraploid O. macrorhiza in the western U.S. likely
arose from southwestern diploid populations but subsequently spread in all directions
after formation. Tetraploid O. macrorhiza appears to have arisen numerous times, given
that several morphotypes exist throughout its range. However, only two diploid mor-



Cytogeography of the Humifusa clade of Opuntia s.s. Mill. 1754... 65

Figure 5. Hypothetical origin and subsequent dispersal of polyploid taxa from diploid refugia. Diploid
refugia are represented by A southeastern O. humifusa s.l. diploids B—C eastern Texas and southeastern
New Mexico O. macrorhiza s.l. diploids DI represent polyploid formation where D represents O. humi-
fusa E represents O. cespitosa F represents O. pollardii G represents O. nemoralis H represents tetraploid
O. macrorhiza (showing likely multiple formations), and I represents tetra- and hexaploid O. tortispina.

photypes are known to exist (eastern Texas and southeastern New Mexico), suggesting
that other ancestral diploids may have since gone extinct or have not yet been found,
or that polyploid taxa exhibiting unique, derived characters were partly responsible for
the origin of certain morphotypes, which have no diploid counterparts.

Stebbins (1971) suggested that there are several degrees of maturation of poly-
ploid complex formation (i.e., initial, young, mature, declining, relictual), which may
be deduced by comparing the relative geographic distribution of polyploids versus
diploids. By these criteria, Opuntia humifusa s.1. and O. macrorhiza s.l. may repre-
sent a mature polyploid complex. The diploid taxa are less common than polyploids
and are largely restricted in distribution, whereas the polyploid taxa are much more
widespread. Stebbins (1971) also proposed that mature polyploid complexes are rela-
tively young, derived during the Plio- or Pleistocene epochs. This scenario would place
polyploid formation in the Humifusa clade at the same time as Pleistocene megafauna.
Thus, frequent environmental disturbances associated with glacial and interglacial cy-
cles could have mediated the repeated contact of divergent diploid taxa leading to
polyploid formation. Migrating herbivores would have then dispersed those polyploid
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products over large geographic areas (Jansen 1986). Divergence time estimation of the
Humifusa clade places the origin of the clade in the late Pliocene to early Pleistocene
(LCM, RP, PG, W§]J, PSS, DES unpubl. data), in agreement with this scenario. The
occurrence of only polyploid individuals in previously glaciated areas of the U.S. pro-
vides further evidence for their subsequent spread into those available niches following
the last glacial maximum.

Many polyploid populations of O. humifusa s.1. and O. macrorhiza s.1., especially
in the eastern U.S., are largely isolated from one another and from diploid popula-
tions, suggesting that polyploid formation is not ongoing, at least on such a large scale
as during the Pleistocene or immediately after the last glacial maximum. In contrast,
polyploids in O. pusilla are mostly sympatric with diploids in the Gulf of Mexico
region and are represented by triploids and tetraploids. Polyploids of O. pusilla also
do not share the wide geographic distribution of those polyploids derived from O.
humifusa s.1. and O. macrorhiza s.1. These observations suggest that the polyploids of
O. pusilla may have formed only recently, do not share comparable dispersal agents, or
lack the obvious adaptive advantages of those polyploids derived from O. humifusa s.1.
and O. macrorhiza s.1.

Many polyploid populations of O. humifusa s.l. and O. macrorhiza s.1. occupy
northerly distributions and thus have a very high tolerance to cold temperatures. The
hexaploid Opuntia fragilis (Nutt.) Haw., 1819 (not in the Humifusa clade) similarly
inhabits areas of northern North America (Parfitt 1991, Loik and Nobel 1993, Rib-
bens 2008, Majure and Ribbens in press), with diploid relatives (e.g., O. polyacantha
var. arenaria) restricted to the southwestern U.S. (Parfitt 1991, Pinkava 2002). Thus,
certain polyploid taxa appear to be more cold-resistant than their southerly diploid
relatives (and presumed progenitors). Opuntia humifusa s.l. from northern areas of its
distribution can withstand temperatures of -20°C (Nobel and Bobich 2002). However,
the cold tolerance of diploid taxa has not been tested. Certain polyploid taxa of the
Humifusa clade may therefore be better adapted to adverse environmental conditions
than their diploid progenitors, which may partly explain their wide distribution rela-
tive to their diploid counterparts.

Agamospermy — The tetraploid O. cespitosa (an entity within O. humifusa s.1.; see
Table 1) produces viable seed in the absence of outcrossing (Majure pers. obsv.), so
this taxon is either self-compatible, which is common in Cactaceae (Rebman and
Pinkava 2001), or agamospermous. Agamospermy is commonly associated with poly-
ploidy (Stebbins 1950, DeWet and Stalker 1974, Harlan and DeWet 1975, Lewis
1980, Grant 1981, Whitton et al. 2008) and has been reported in numerous polyploid
Opuntia species as well (Reyes-Agiiero et al. 2006, Felker et al. 2010), including O. hu-
mifusa s.l. and O. stricta (Naumova 1993). Agamospermy would account for the high
level of morphological variation observed among polyploid populations, as a result of
the maintenance of a specific genotype within a given population through the lack of
recombination (DeWet and Stalker 1974). Some agamic complexes also have wider
distributions than their diploid progenitors (Babcock and Stebbins 1938, Stebbins
1950), as do certain polyploid taxa in this study.
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Autopolyploidy vs. Allopolyploidy — The mechanism by which Opuntia polyploids
are formed (auto- vs. allopolyploidy) is unclear. Unreduced gametes have frequently
been found in meiotic analyses of Cactaceae (e.g., Pinkava et al. 1977, Pinkava and
Parfitt 1982, Pinkava et al. 1985). Unreduced gamete formation coupled with inter-
specific hybridization (allopolyploidy) likely is a major factor in polyploid formation
within the genus, given that Opuntia is renowned for hybridization (Benson 1982,
Grant and Grant 1982, Pinkava 2002, Grifiith 2004, LCM, RP, PG, WS]J, PSS, DES
unpubl. data). It is probable that unreduced gamete formation within a single species
(autopolyploidy) also plays a role in the formation of polyploids. Autopolyploids have
been discovered in Cactaceae (Pinkava et al. 1985, Sahley 1996, Hamrick et al. 2002)
and may be more common than is suspected.

Opuntia humifusa as currently circumscribed consists of numerous morphological
entities, which are either diploid or tetraploid; those populations differing in ploidy
are generally geographically well separated from one another. It is evident from our
phylogenetic analysis (Fig. 4) that O. humifusa is polyphyletic. Considering morpho-
logical and genetic data, it is likely that tetraploid O. humifusa is of allopolyploid
origin. However, the pattern in O. pusilla is different, with populations of diploids
found in close proximity to populations of triploids and tetraploids (Fig. 3). This evi-
dence, plus morphological similarity among ploidal levels, suggests possible formation
of autopolyploids. This same pattern is seen in other autopolyploid taxa (Lewis 1967,
Nesom 1983), although there are exceptions to this pattern (Stebbins 1950, Soltis
1984, Husband and Schemske 1998). Molecular phylogenetic analysis (Fig. 4) and
morphological characters (LCM, RP, PG, W], PSS, DES unpubl. data; see Fig. 1E-G)
of O. pusilla also do not support an interspecific hybrid origin for the different ploidal
levels herein observed for this species, although more variable molecular markers, cy-
togenetic work, and more detailed morphological analyses are needed to appropriately
address this question.

Morphological correlations with polyploids — Some polyploid taxa in the Humifusa
clade share morphological characters with diploids and other polyploids, suggesting
that they may be derived from hybridization (Table 2). Opuntia nemoralis Griffiths,
1913, (Fig. 1J; an entity within O. humifusa s.1.; see Table 1) shares spine color and
orientation, cladode color, and glochid color of tetraploid O. macrorhiza (from Arkan-
sas), although, it possesses small and easily disarticulating cladodes, retrorsely-barbed
spines, and the pile forming growth form and yellow flowers of O. pusilla (Fig. 1E-G).
Opuntia cespitosa (Table 1), as mentioned above, exhibits the red-centered flowers,
glaucous-gray cladodes, and dark glochids (Fig. 11) of tetraploid O. macrorhiza (Fig.
1D), as well as the spine characters of diploid O. humifusa s.1. (= O. ammophila, O.
austrina, O. lata; Table 2).

Throughout the distribution of the most common polyploid taxa, there also are
polyploid populations that appear to be introgessive products of hybridization with
other polyploids. For instance, in Michigan, Wisconsin, and western Illinois, certain
populations display characters of both O. cespitosa and tetraploid O. macrorhiza (see
Majure 2010, Fig. 1). In Bibb County, Alabama, populations appear to be interme-



68 Lucas C. Majure et al. | Comparative Cytogenetics 6(1): 53-77 (2012)

diate between O. cespitosa and O. pollardii Britton & Rose, 1908, (tetraploids of O.
humifusa s.1.; see Table 1), with the red-centered flowers and rotund cladodes of O.
cespitosa, but the yellowish glochids and light green cladode color of O. pollardii. In
Fayette County, Tennessee, plants appear intermediate between O. humifusa s.s. (i.e.,
tetraploid O. humifusa represented by the type collection) and O. cespitosa, having the
yellowish glochids of tetraploid O. humifusa s.s. and the spine characters of O. cespizosa.
Each one of the areas in which these intermediate plants occur appears to be a region
of secondary contact, where polyploid taxa have introgressed to form new polyploid
morphotypes that exhibit characters of both of the putative parents.

In the eastern U.S., most populations are represented by only one morphotype and
thus appear to be morphologically stable (except for typically variable characters such
as spine number; see Rebman and Pinkava 2001), indicating that hybridization is not
ongoing among genomically distinct polyploid taxa. In contrast, in central Arkansas
and populations farther west, more than one species and/or morphotype may be en-
countered within a given population. Also, in many coastal populations throughout
the southeastern U.S., more than one species may be encountered, and putative hybrid
taxa are sometimes observed.

Conclusions

Members of the Humifusa clade are found throughout most of the continental U.S.,
with no obvious breaks or disjunctions in distribution patterns until detailed analyses
of chromosome number were carried out. Our analyses indicate that diploid taxa in the
Humifusa clade are presently confined to the southwestern and the southeastern U.S.,
which likely represent Pleistocene refugia for these taxa. Polyploid taxa of O. humifusa
s.l. and O. macrorhiza s.1. were likely formed when diploids from these two refugia
came into contact during interglacial cycles of the Pleistocene. This scenario is sup-
ported further by phylogenetic analyses, in which two clades correspond to these two
diploid refugia, and polyploid taxa are found in either clade. Polyploid taxa likely also
contributed to the diversity of polyploid morphotypes through secondary contact and
introgression with other polyploids. After the end of the last glacial maximum, open
niches would have been readily available for colonization by polyploid taxa produced
towards the leading edge of the expansion and distribution of the Humifusa clade.
These polyploids subsequently dispersed throughout most of the continent and occu-
pied all suitable habitats available after glacial retreat, accounting for the distribution
that we see today. Distributional success was enabled by the extreme cold tolerance dis-
played by many of the polyploid taxa, which allowed them to colonize more northern
areas presumably unsuitable for diploid taxa.



Cytogeography of the Humifusa clade of Opuntia s.s. Mill. 1754... 69

Acknowledgments

We would like to thank M. Arakaki and V. Suarez for demonstrating some of their
chromosome counting methods to L.C. Majure. We thank V. Doyle, 2. Oudemans
(NYBG), J. G. Hill (MSU), H. Sullivan, T. Mann (MS Museum of Natural Science),
M.]. Moore (Oberlin College), B. Nichols (NH Natural Heritage Bureau), K.D. Philley
(MS College), D.]. Pinkava and M. Baker (ASU), C. Reid (LA Natural Heritage Pro-
gram), E. Ribbens (WIU), B. Wellard, T. Frates, D. Woodruff (Utah Native Plant
Society), G.P. Johnson, T. Witsell (AR Natural Heritage Program), T. Harrison (West-
minster College), B. Snow, and K. Sauby (UF) for some specimens used in counts, Key
Deer National Wildlife Refuge for access to their property, B. Connolly (MA Natural
Heritage Program) for help with permits, E Axelrod (UPR), T.C. Majure, C. Dofhitt,
G.N. Ervin (MSU), and B. Patenge for help with fieldwork, and M. Pajuelo (UF) for
help with fieldwork and illustrations. We also thank two anonymous reviewers for
comments on an earlier version of this manuscript. This work was supported in part by
funding from the USGS Biological Resources Discipline (#04HQAGO0135) to Gary
N. Ervin, a New England Botanical Club graduate research grant, the American Soci-
ety of Plant Taxonomists Shirley and Alan Graham student research award, a Cactus
and Succulent Society of America research grant, the Florida Plant Conservation Pro-
gram, and NSF Dissertation Improvement Grant (DEB-1011270). Publication of this
article was funded in part by the University of Florida Open-Access Publishing Fund.

References

Adams KL, Wendel JF (2005) Polyploidy and genome evolution in plants. Current Opinion in
Plant Biology 8: 135-141.

Al-Rabab’ah MA, Williams CG (2002) Population dynamics of Pinus taeda L. based on nuclear
microsatellites. Forest Ecology and Management 163: 263-271.

Althoff DM, Pellmyr O (2002) Examining genetic structure in a bogus yucca moth: sequential
approach to phylogeography. Evolution 56: 1632-1643.

Anderson EF (2001) The cactus family. Timber Press, Portland, 776 pp.

Babcock EB, Stebbins GL (1938) The American species of Crepis: their relationships and dis-
tribution as affected by polyploidy and apomixis. Carnegia Institution of Washington,
Publication No. 504, 199 pp.

Baker M, Rebman J, Parfitt B, Pinkava D, Christy C, Salywon A, Puente-Martinez R, Zim-
merman A, Cota JH (2009a) Chromosome numbers of miscellaneous angiosperm taxa.
Journal of the Botanical Research Institute of Texas 3: 279-283.

Baker MA, Rebman JP, Parfict BD, Pinkava D], Zimmerman AD (2009b) Chromosome num-
bers in some cacti of Western North America-VIII. Haseltonia 15: 117-134.

Barrow M, Meister A (2003) Endopolyploidy in seed plants is differently correlated to sys-
tematics, organ, life strategy and genome size. Plant, Cell and Environment 26: 571-584.

Benson L (1962) Plant Taxonomy. The Ronald Press Company, New York, 494 pp.



70 Lucas C. Majure et al. | Comparative Cytogenetics 6(1): 53-77 (2012)

Benson L (1982) The Cacti of the United States and Canada. Stanford University Press, Stan-
ford, 1044 pp.

Bowden WM (1945a) A list of chromosome numbers in higher plants. I. Acanthaceae to Myrt-
aceae. American Journal of Botany 32: 81-92.

Bowden WM (1945b) A list of chromosome numbers in higher plants. II. Menispermaceae to
Verbenaceae. American Journal of Botany 32: 191-201.

Britton NL, Rose JN (1920) The Cactaceae. Vol. I. Carnegie Institute of Washington, Wash-
ington, DC., 236 pp.

Cota JH, Philbrick CT (1994) Chromosome number variation and polyploidy in the genus
Echinocereus (Cactaceae). American Journal of Botany 81: 1054—1062.

Davis MB, Shaw RG (2001) Range shifts and adaptive responses to Quaternary climate change.
Science 292: 673-679. doi: 10.1126/science.292.5517.673

DeWet JM]J (1971) Polyploidy and evolution in plants. Taxon 20: 29-35.

DeWet JM], Stalker HT (1974) Gametophytic apomixis and evolution in plants. Taxon 23:
689-697.

Doyle JD (1990) Systematics of the Opuntia humifisa complex. Ph.D. Dissertation. University
of North Carolina, Chapel Hill, NC., 350 pp.

Doyle J]J, Flagel LE, Paterson AH, Rapp RA, Soltis DE, Soltis PS, Wendel JF (2008) Evolu-
tionary genetics of genome merger and doubling in plants. Annual Review of Genetics 42:
443-461. doi: 10.1146/annurev.genet.42.110807.091524

Felker P, Zapata R, Wang X, Medina D, Bunch R, Paterson A (2010) Fruit characters among
apomicts and sexual progeny of a cross of the Texas native Opuntia lindpeimeri (1250) with
a commercial fruit type Opuntia ficus-indica (1281). Journal of the Professional Association
of Cactus Development 12: 48—66.

Futuyma D]J (1998) Evolutionary Biology. Third Edition. Sinauer Associates, Inc., Massachu-
setts, 763 pp.

Grant V (1981) Plant Speciation. Second Edition. Columbia University Press, New York, 563 pp.

Grant V, Grant KA (1982) Natural pentaploids in the Opuntia linheimeri-phaeacantha group in
Texas. Botanical Gazette 143: 117-120.

Griffith MP (2003) Using molecular data to elucidate reticulate evolution in Opuntia (Cacta-
ceae). Madrofo 50: 162—169.

Griffith MP (2004) The origins of an important cactus crop, Opuntia ficus-indica (Cactaceae):
new molecular evidence. American Journal of Botany 91: 1915-1921.

Hamrick JL, Nason JD, Fleming TH, Nassar JM (2002) Genetic diversity in columnar cacti.
In: Fleming TH, Valiente-Banet A (Eds) Columnar cacti and their mutualists: Evolution,
Ecology, and Conservation. University of Arizona Press, Tucson, AZ, 122-133.

Hanks S, Fairbrothers DE (1969) Diversity of populations of Opuntia compressa (Salisb.) Mac-
br. in New Jersey. Bulletin of the Torrey Botanical Club 96: 641-652.

Harlan JR, DeWet JMJ (1975) On O. Winge and a prayer: the origins of polyploidy. Botanical
Review 41: 361-390.

Hewitt G (2000) The genetic legacy of the Quaternary ice ages. Nature 405: 907-913.



Cytogeography of the Humifusa clade of Opuntia s.s. Mill. 1754... 71

Husband BC, Schemske DW (1998) Cytotype distribution at a diploid-tetraploid contact zone
in Chamerion (Epilobium) angustifolium (Onagraceae). American Journal of Botany 85:
1688-1694.

Ionta GM, Judd WS, Williams NH, Whitten WM (2007) Phylogenetic relationships in Rbexia
(Melastomataceae): from DNA sequence data and morphology. International Journal of
Plant Sciences 168: 1055—-1066.

Jansen DH (1986) Chihuahuan Desert nopaleras: defaunated big mammal vegetation. Annual
Review of Ecology and Systematics 17: 595-636.

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph PE, Tomsho LP,
Hu Y, Liang H, Soltis PS, Soltis DE, Clifton SW, Schlarbaum SE, Schuster SC, Ma H,
Leebens-Mack J, dePamphilis CW (2011) Ancestral polyploidy in seed plants and angio-
sperms. Nature. doi: 10.1038/nature09916

Kato A (1999) Air drying method using nitrous oxide for chromosome counting in maize.
Biotechnic and Histochemistry 74: 160-166.

Leitch IJ, Bennett MD (1997) Polyploidy in angiosperms. Trends in Plant Science 2: 470-476.

Lewis H (1967) The taxonomic significance of autopolyploidy. Taxon 16: 267-271.

Lewis WH (1980) Polyploidy in species populations. In: Lewis WH (Ed) Polyploidy: biological
relevance. Plenum Press, New York, 103—144.

Loik ME, Nobel PS (1993) Freezing tolerance and water relations of Opuntia fragilis from
Canada and the United States. Ecology 74: 1722-1732.

Majure LC (2010) Towards an evolutionary understanding of the Opuntia humifiusa complex.
Cactus and Succulent Journal 82: 156-163.

Majure LC, Ervin GN (2008) The Opuntia (Cactaceae) of Mississippi. Haseltonia 14: 111-126.

Majure LC, Ribbens E (in press) Chromosome counts of Opuntia (Cactaceae), prickly pear
cacti, in the Midwestern United States and environmental factors restricting the distribu-
tion of Opuntia fragilis. Haseltonia.

Naumova TN (1993) Apomixis in angiosperms: nucellar and integumentary embryony. CRC
Press, Inc., Boca Raton, FL.

Negrén-Ortiz V (2007) Chromosome numbers, nuclear DNA content, and polyploidy in Con-
solea (Cactaceae), an endemic cactus of the Caribbean Islands. American Journal of Botany
94: 1360-1370.

Nesom GL (1983) Gualax (Diapensiaceae): geographic variation in chromosome number. Sys-
tematic Botany 8: 1-14.

Nobel PS, Bobich EG (2002) Environmental Biology. In: Nobel PS (Ed), Cacti, biology and
uses. University of California Press, Berkeley and Los Angeles, 57-74.

Otto SB, Whitton ] (2000) Polyploidy incidence and evolution. Annual Reviews in Genetics
34: 401-437.

Parfitt BD (1991) Biosystematics of the Opuntia polyacantha (Cactaceae) complex of Western
North America. Ph.D. Dissertation. Arizona State University, Tempe, AZ, 115 pp.

Pinkava D] (2002) On the evolution of the North American Opuntioideae. In: Hunt D, Taylor
N (Eds) Studies in the Opuntioideae (Cactaceae). David Hunt, The Manse, 59-98.



72 Lucas C. Majure et al. | Comparative Cytogenetics 6(1): 53-77 (2012)

Pinkava DJ (2003) Opuntia. In: Flora of North America Editorial Committee (Eds) 1993+.
Flora of North American North of Mexico. 12+ vols., New York and Oxford, 123—148.

Pinkava D], McLeod MG (1971) Chromosome numbers in some cacti of western North
America. Brittonia 23: 171-176.

Pinkava DJ, McLeod MG, McGill LA, Brown RC (1973) Chromosome numbers in some cacti
of western North America-II. Brittonia 25: 2-9.

Pinkava DJ, McGill LA, Reeves T, McLeod MG (1977) Chromosome numbers in some cacti of
western North America-III. Bulletin of the Torrey Botanical Club 104: 105-110.

Pinkava DJ, Parfitt BD (1982) Chromosome numbers in some of the cacti of western North
America-IV. Bulletin of the Torrey Botanical Club 109: 121-128.

Pinkava D], Baker MA, Parfitt BD, Mohlenbrock MW (1985) Chromosome numbers in some
cacti of western North America-V. Systematic Botany 10: 471-483.

Pinkava D], Parfitt BD, Baker MA, Worthington RD (1992) Chromosome numbers in some
cacti of western North America-VI, with nomenclatural changes. Madrofo 32: 98-113.

Pinkava DJ, Rebman JP, Baker MA (1998) Chromosome numbers in some cacti of western
North America—VII. Haseltonia 6: 32—40.

Powell AM, Weedin JF (2001) Chromosome numbers in Chihuahuan Desert Cactaceae. III.
Trans-Pecos Texas. American Journal of Botany 88: 481-485.

Powell AM, Weedin JF (2004) Cacti of the Trans-Pecos and adjacent areas. Texas Tech University
Press, Lubbock, TX, 509 pp.

Powell AM, Weedin JF, Powell SA (2008) Cacti of Texas: a field guide. Texas Tech University
Press, Lubbock, TX, 383 pp.

Ramsey J, Schemske DW (1998) Pathways, mechanisms and rates of polyploid formation in
flowering plants. Annual Review of Ecology and Systematics 29: 467-501.

Rebman JP, Pinkava D] (2001) Opuntia of North America: an overview. The Florida Ento-
mologist 4: 474-483.

Remington C (1968) Suture-zones of hybrid interaction between recently joined biotas. Evo-
lutionary Biology 2: 321-428.

Remski MF (1954) Cytological investigations in Mammillaria and some associated genera.
Botanical Gazette 116: 163-171.

Reyes-Agiiero JA, Aquirre RR, Valiente-Banuet A (2006) Reproductive biology of Opuntia: A
review. Journal of Arid Environments 64: 549-585.

Ribbens E (2008) Opuntia fragilis: Taxonomy, distribution, and ecology. Haseltonia 14: 94—
110.

Sahley CT (1996) Bat and hummingbird pollination of an autotetraploid columnar cactus,
Weberbaureocereus weberbaueri (Cactaceae). American Journal of Botany 83: 1329-1336

Segura S, Scheinvar L, Olalde G, Leblanc O, Filardo S, Muratalla A, Gallegos C, Flores C
(2007) Genome sizes and ploidy levels in Mexican cactus pear species Opuntia (Tourn.)
Mill. series Streptacanthae Britton et Rose, Leucotrichae DC., Heliabravoanae Scheinvar and
Robustae Britton et Rose. Genetic Resources of Crop Evolution 54: 1033-1041.

Small JK (1933) Manual of the Southeastern Flora. Privately printed, New York, 1554 pp.
Soltis DE (1980) Karyotipic relationships among species of Boykinia, Heuchera, Mitella,
Sullivantia, Tiarella, and Tolmiea (Saxifragaceae). Systematic Botany 5: 17-29.



Cytogeography of the Humifusa clade of Opuntia s.s. Mill. 1754... 73

Soltis DE (1984) Autopolyploidy in 7o/miea menziesii (Saxifragaceae). American Journal of
Botany 71: 1171-1174.

Soltis DE, Morris AB, MaClachlan JB, Manos PS, Soltis PS (2006) Comparative phylogeogra-
phy of unglaciated eastern North America. Molecular Ecology 15: 4261-4293.

Soltis DE, Mavrodiev EV, Doyle JJ, Rauscher J, Soltis PS (2008) ITS and ETS sequence data
and phylogeny reconstruction in allopolyploids and hybrids. Systematic Botany 33: 7-20.

Soltis PS, Soltis DE (2009) The role of hybridization in plant speciation. Annual Review of
Plant Biology 60: 561-588.

Spencer JL (1955) A cytological study of the Cactaceae of Puerto Rico. Botanical Gazette 117:
33-37.

Stace C (2000) Cytology and cytogenetics as a fundamental taxonomic resource for the 20th
and 21st centuries. Taxon 49: 451-477.

Stamatakis A (2006) RAXML-VI-HPC: Maximum Likelihood-based phylogenetic analyses
with thousands of taxa and mixed models. Bioinformatics 22: 2688-2690.

Stebbins GL (1940) The significance of polyploidy in plant evolution. The American Naturalist
74: 54-60.

Stebbins GL (1942) Polyploid complexes in relation to ecology and the history of floras. The
American Naturalist 76: 36-45.

Stebbins GL (1950) Variation and evolution in plants. Columbia University Press, New York,
643 pp.

Stebbins GL (1971) Chromosomal evolution in higher plants. Addison Wesley, London, 216 pp.

Stockwell P (1935) Chromosome numbers of some of the Cactaceae. Botanical Gazette 96:
565-570.

Swanson CP (1957) Cytology and cytogenetics. Prentice-Hall, Inc., New Jersey, 596 pp.

Swenson NG, Howard D] (2005) Clustering of contact zones, hybrid zones, and phylogeo-
graphic breaks in North America. The American Naturalist 166: 581-591.

Tate JA, Soltis DE, Soltis PS (2005) Polyploidy in plants. In: Gregory TR (Ed) The Evolution
of the Genome. Elsevier Academic Press, San Diego, 371-426.

Tate JA, Symonds V, Doust AN, Buggs RJA, Mavrodiev E, Majure LC, Soltis PS, Soltis DE
(2009) Synthetic polyploids of Tragopogon miscellus and 1. mirus (Asteraceae): 60 years
after Ownbey’s discovery. Amercan Journal of Botany 96: 979-988.

Thiers B (2011) Index Herbariorum: A global directory of public herbaria and associated staff.
New York Botanical Garden’s Virtual Herbarium. http://sweetgum.nybg.org/ih/. Accessed
18 Oct 2011.

Waltari E, Hijmans R], Peterson AT, Nydri AS, Perkins SL, Guralnick RP (2007) Locating
Pleistocene refugia: comparing phylogeographic and ecological niche model predictions.
PLOS ONE 2: €563. doi: 10.1371/journal.pone.0000563

Webb SD (1990) Historical biogeography. In: Myers RL, Ewel JJ (Eds) Ecosystems of Florida.
University Press of Florida, Gainesville, 70-100.

Weedin JE Powell AM (1978) Chromosome numbers in Chihuahuan Desert Cactaceae. Trans-
Pecos, Texas. American Journal of Botany 65: 531-537.

Weedin JE Powell AM, Kolle DO (1989) Chromosome numbers in Chihuahuan Desert Cac-
taceae. II. Trans-Pecos, Texas. The Southwestern Naturalist 34: 160—164.



74 Lucas C. Majure et al. | Comparative Cytogenetics 6(1): 53-77 (2012)

White TJ, Bruns T, Lee S, Taylor ] (1990) Amplification and direct sequencing of fungal ri-
bosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White T]
(Eds), PCR protocols: a guide to methods and applications. Academic Press, San Diego,
315-322.

Whittemore AT, Olsen RT (2011) Ulmus americana (Ulmaceae) is a polyploid complex. Ameri-
can Journal of Botany 98: 754-760.

Whitton J, Sears CJ, Baack EJ, Otto SP (2008) The dynamic nature of apomixis in the angio-
sperms. International Journal of Plant Sciences 169: 169—182.

Appendix |

Currently recognized Opuntia species investigated are listed (1-6). Synonyms of rec-
ognized species (sensu Benson 1982, Pinkava 2003, and Powell et al. 2008 in part;
see Table 1) and their respective ploidy are given below the recognized species name.
Recognized species are split by ploidy, where species have more than one cytotype.
Their somatic chromosome number is given along with locality, collector, and reposi-
tory according to Index Herbariorum (Thiers 2011). Taxa counted for the first time or
cytotypes not previously recorded for a species are delimited with an asterisk (*). All
counts were made by L.C. Majure.

1) Opuntia abjecta Small

* Opuntia abjecta Small; 2n = 22 Florida, Monroe Co., LCM 3908 (FLAS). *
Opuntia abjecta Small; 2n = 44, Florida, Monroe Co., LCM 3318 (FLAS), Monroe
Co., KS s.n. (FLAS).

2) Opuntia humifusa (Raf.) Raf.

Opuntia humifusa (2x) taxa: Opuntia ammophila Small; 2 = 22, Florida, Bre-
vard Co., LCM 2087 (MISSA), Broward Co., KS 62 (FLAS), Flagler Co., LCM 3222
(FLAS), Indian River Co., LCM 4182 (FLAS), Indian River Co., LCM 4183 (FLAS),
Indian River Co., LCM 4184 (FLAS), Lake Co., LCM 3246 (FLAS), Lake Co., LCM
4093 (FLAS), Marion Co., LCM 2753 (FLAS), Marion Co., LCM 2754 (FLAS),
Marion Co., LCM 2826 (FLAS), Marion Co., LCM 3247 (FLAS), Okeechobee Co.,
LCM 4185 (FLAS), Okeechobee Co., LCM 4186 (FLAS), Orange Co., LCM 2086
(MISSA), Orange Co., LCM 3962 (FLAS), Osceola Co., LCM 3702 (FLAS), Osceola
Co., LCM 4181 (FLAS), Osceola Co., LCM 4189 (FLAS), Putnam Co., LCM 3248
(FLAS), St. Johns Co., K.S. 5s.n. (FLAS), St. Lucie Co., LCM 3704 (FLAS), St. Lu-
cie Co., LCM 3705 (FLAS), St. Lucie Co., LCM 3708 (FLAS), Seminole Co., LCM
2085 (MISSA), Volusia Co., LCM 3224 (FLAS), Volusia Co., LCM 3232 (FLAS).
Opuntia austrina Small; 2n = 22, Florida, Charlotte Co., KS 45 (FLAS), Highlands
Co., FL KS 64 (FLAS), Highlands Co., LCM 3450 (FLAS), Highlands Co., LCM
3975 (FLAS), Highlands Co., LCM 3976 (FLAS), Highlands Co., LCM 3978 (FLAS),
Okeechobee Co., KS 29 (FLAS), Okeechobee Co., KS 42 (FLAS), Palm Beach Co.,
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LCM 3970 (FLAS), Palm Beach Co., LCM 3973 (FLAS), Polk Co., KS s.n. (FLAS),
Polk Co., LCM 3979 (FLAS). Opuntia lata Small; 2n = 22, Alabama, Autauga Co.,
LCM 2043 (MISSA), Mobile Co., LCM 4194 (FLAS), Florida, Alachua Co., LCM
3991 (FLAS), Alachua Co., LCM 4061 (FLAS), Alachua Co., LCM 4064 (FLAS),
Hernando Co., LCM 3948 (FLAS), Highlands Co., LCM 3977 (FLAS), Lafayette
Co., LCM 2795 (FLAS), Lake Co., KS 15 (FLAS), Lake Co., LCM 4117 (FLAS), Levy
Co., LCM 3645 (FLAS), Manatee Co., LCM 4065 (FLAS), Okaloosa Co., LCM 3954
(FLAS), Okeechobee Co., LCM 4187 (FLAS), Okeechobee Co., LCM 4188 (FLAS),
Orange Co., LCM 4174 (FLAS), Palm Beach Co., LCM 3971 (FLAS), Putnam Co.,
LCM 4106 (FLAS), Sumter Co., LCM 3238 (FLAS), Sumter Co., LCM 4066 (FLAS),
Georgia, Charlton Co., LCM 4190 (FLAS), Crawford Co., /H s.n. (FLAS), Irwin Co.,
LCM 3785 (FLAS), Perry Co., LCM 3786 (FLAS), Tatnall Co., /H s.n. (FLAS), Mis-
sissippi, Newton Co., LCM 938 (MISSA), Wayne Co., LCM 1290 (MISSA), South
Carolina, Aiken Co., LCM 3588 (FLAS), Horry Co., LCM 3832 (FLAS).

Opuntia humifusa (4x) taxa: * Opuntia allairei Griffiths; 2n = 44, Texas, Liberty
Co., LCM 3504 (FLAS). *Opuntia cespitosa Raf.; 2n = 44, Alabama, Bibb Co., LCM
2042 (MISSA), Colbert Co., LCM 2610 (MISSA), Lawrence Co., LCM 2609 (MIS-
SA), Arkansas, Garland Co., LCM 2198 (FLAS), Garland Co., LCM 4203 (FLAS),
Garland Co., LCM 4205 (FLAS), Saline Co., LCM 2194 (MISSA), Yell Co., GP]J s.n.
(FLAS), Illinois, Cass Co., IL ER s.n. (FLAS), Jo Daviess Co., IL ER s5.n. (FLAS),
Kentucky, Anderson Co., LCM 3276 (FLAS), Louisiana, Caddo Parish, LCM 4200
(FLAS), Caddo Parish, LCM 4201 (FLAS), Caddo Parish, LCM 4202 (FLAS), Mas-
sachusetts, Dukes Co., BC s.n. (FLAS), Mississippi, Lee Co., MS JH s.n. (FLAS),
Lowndes Co., LCM 755 (MISSA), Oktibbeha Co., LCM 1380 (MISSA), Scott Co.,
LCM 2563 (MISSA), Tennessee, Bledsoe Co., LCM 1938 (MISSA), Cannon Co.,
LCM 2072 (MISSA), Davidson Co., /H s.n. (FLAS), Fayette Co., LCM 1956 (MISSA;
note O. cf. cespitosa), Fayette Co., JH s.n. (note O. cf. cespitosa FLAS), Franklin Co.,
BLS 2061 (FLAS), Lewis Co., JH s.n. (FLAS), Marshall Co., /H s.n. (FLAS), Ruther-
ford Co., /H s.n. (FLAS), Texas, Lamar Co., BS 2069 (FLAS), Virginia, Fredrick Co.,
LCM 3806 (FLAS). Opuntia humifusa (Raf.) Raf.; 2n = 44, Alabama, Marion Co.,
AL JH s.n. (FLAS), Delaware, Sussex Co., LCM 3824 (FLAS), Georgia, Dekalb Co.,
GA LCM 3787 (FLAS), Jackson Co., LCM 3789 (FLAS), Marion Co., /H s.n. (FLAS),
Maryland, Alleghany Co., LCM 3810 (FLAS), Massachusetts, Barnstable Co., MA
LCM 3814 (FLAS), Mississippi, Calhoun Co., MS JH s.n. (FLAS), Carroll Co, LCM
799 (MISSA), Choctaw Co., KP 499 (MMNS), Grenada Co., LCM 1833 (MISSA),
Marion Co., /H s. n. (FLAS), Marshall Co., LCM 1293 (MISSA), Montgomery Co.,
LCM 768 (MISSA), Stone Co., M s.n. (FLAS), Webster Co., KP 498 (MMNYS), Yalo-
busha Co., LCM 767 (MISSA), New Hampshire, Rockingham Co., BN s.n. (FLAS),
New Jersey, Atlantic Co., VD s.n. (FLAS), Burlington Co., LCM 3821 (FLAS), North
Carolina, Bladen Co., /H s.n. (FLAS), Currituck Co., LCM 3825 (FLAS), Dare
Co., LCM 3827 (FLAS), Onslow Co., LCM 3829 (FLAS), Rowan Co., LCM 3793
(FLAS), Surry Co., JH s.n. (FLAS), South Carolina, Pickens Co., LCM 3790 (FLAS),
York Co., LCM 3791 (FLAS), Virginia, Fredrick Co., LCM 3807 (FLAS), Page Co.,
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LCM 3799 (FLAS), Warren Co., LCM 3800 (FLAS), West Virginia, Hampshire Co.,
LCM 3808 (FLAS), Mineral Co., LCM 3809 (FLAS), Pendleton Co., ER s.n. (FLAS).
*Opuntia nemoralis Griffiths, 2n = 44, Arkansas, Garland Co., LCM 2192 (MIS-
SA), Garland Co., LCM 2196 (MISSA), Garland Co., LCM 4204 (FLAS); Louisiana,
Beauregard Parish, CR s.n. (FLAS), Cameron Parish, LCM 4196 (FLAS), DeSoto Par-
ish, LCM 4198 (FLAS), Red River Parish, LCM 4199 (FLAS), Winn Parish, BLS
2053 (FLAS). *Opuntia cf. nemoralis Grifliths, 2n = 44, Arkansas, Pulaski Co.,
BLS 2131 (FLAS), Yell Co., TW s.n. (FLAS). *Opuntia pollardii Britton & Rose;
2n = 44, Alabama, Baldwin Co., LCM 1082 (MISSA), Florida, Santa Rosa Co., LCM
1075 (MISSA), Walton Co., LCM 1067 (MISSA), Walton Co., LCM 1070 (MISSA),
Louisiana, Washington Parish, CR s.z. (FLAS), Mississippi, Forrest Co., LCM 806
(MISSA), Hancock Co., LCM 748 (MISSA), Jackson Co., LCM 1921 (MISSA), Jack-
son Co., LCM 1297 (MISSA), Jackson Co., LCM 4057 (FLAS), Jackson Co., LCM s.n.
(MMNS), Neshoba Co., LCM 1201 (MISSA), Noxubee Co., LCM 1156 (MISSA),
Stone Co., TM s.n. (FLAS), Winston Co., LCM 769 (MISSA).

3) Opuntia macrorhiza Engelm.

Opuntia macrorhiza (2x) taxa: * Opuntia xanthoglochia Griffiths, 2n = 22,
Texas, Bastrop Co., LCM 1982 (MISSA), Bastrop Co., MJM 949 (FLAS), Fayette
Co., LCM 1983 (MISSA), Harris Co., BLS 2089 (FLAS), Milam Co., TX MJM 947
(FLAS), Smith Co., BLS 2082 (FLAS).

Opuntia macrorhiza (4x) taxa: *Opuntia fusco-atra Engelm.; 2n = 44, Texas,
Fayette Co., LCM 3505 (FLAS). *Opuntia grandiflora Engelm.; 2n = 44, Arkan-
sas, Miller Co., BLS 2062 (FLAS), Mississippi, Bolivar Co., LCM 1680 (MISSA),
Holmes Co., HS s.n. (FLAS), Yazoo Co., LCM 2366 (MISSA), Texas, Anderson Co.,
BLS 2077 (FLAS), Austin Co., BLS 2091 (FLAS), Henderson Co., BLS 2081 (FLAS),
Jack Co., LCM 3536 (FLAS), Leon Co., BLS 2074 (FLAS), Marion Co., BLS 2086
(FLAS), Smith Co., LCM 3540 (FLAS), Van Zandt Co., BLS 2083 (FLAS). Opuntia
macrorhiza Engelm., 2n = 44, Arkansas, Nevada Co., BLS 2130 (FLAS), Newton
Co., MC s.n. (FLAS), Pulaski Co., LCM 4206 (FLAS), Arizona, Coconino, 7H s.n.
(FLAS), Coconino, BW s.n. (FLAS), Nebraska, Keith Co., NE ER s5.n. (FLAS), Lan-
caster Co., TH s.n. (FLAS), New Mexico, Torrance Co., LCM 3530 (FLAS), Texas,
Calhoun Co., TX MJM 962 (FLAS), Dallas Co., LCM 3539 (FLAS), Gonzales Co.,
MJM 958 (FLAS), Kimble Co., LCM 3511 (FLAS), Kerr Co., LCM 3508 (FLAS),
Kerr Co., LCM 3510 (FLAS), Palo Pinto Co., LCM 3537 (FLAS), Utah, Salt Lake
Co., TH s.n. (FLAS), Sevier Co., TH s.n. (FLAS).

4) Opuntia pusilla (Haw.) Haw.

* Opuntia pusilla, 2n = 22, Alabama, Lamar Co., /H s.n. (FLAS), Florida, Ala-
chua Co., LCM 4003 (FLAS), Bay Co., KS 307 (FLAS), Bay Co., KS 309 (FLAS),
Columbia Co., LCM 4191 (FLAS), Escambia Co., KS 328 (FLAS), Franklin Co.,
KS 301 (FLAS), Franklin Co., KS 330 (FLAS), Gulf Co., KS 325 (FLAS), Hamilton
Co., LCM 4192 (FLAS), Hamilton Co., FL LCM 4193 (FLAS), Levy Co., LCM 2819
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(FLAS), Mississippi, Clarke Co., LCM 1270 (MISSA), Forrest Co., LCM 756 (MIS-
SA), Jasper Co., LCM 766 (MISSA), Lamar Co., LCM 1548 (MISSA), Lauderdale
Co., LCM 2094 (MISSA), Lauderdale Co., LCM 3919 (MISSA), Lowndes Co., LCM
843 (MISSA), Newton Co., LCM 828 (MISSA), Newton Co., LCM 937 (MISSA),
Newton Co., LCM 4211 (FLAS), Perry Co., LCM 757 (MISSA), Smith Co., LCM
753 (MISSA), Wayne Co., TM s.n. (FLAS), Wayne Co., TM s.n. (FLAS). * Opuntia
pusilla, 2n = 33, Alabama, Baldwin Co., LCM 1091 (MISSA), Florida, Flagler Co.,
LCM 3221 (FLAS), St. Johns Co., LCM 3219 (FLAS), Walton Co., LCM 1066 (MIS-
SA), Mississippi, Hancock Co., LCM 1033 (MISSA), South Carolina, Horry Co.,
JH s.n. (FLAS), Horry Co., LCM 3833 (FLAS). Opuntia pusilla, 2n = 44, Florida,
Duval Co., LCM 3700 (FLAS), Nassau Co., CJ s.n. (FLAS), St. Johns Co., LCM 3218
(FLAS), St. John’s Co., KS 9.4.10 (FLAS), Georgia, Dekalb Co., LCM 3788 (FLAS),
Glynn Co., TM s.n. (FLAS), Mississippi, Jackson Co., LCM 955 (MISSA), Jackson
Co., LCM 1920 (MISSA), North Carolina, Dare Co., LCM 3828 (FLAS), Dare Co.,
LCM 3836 (FLAS), New Hanover Co., LCM 3830 (FLAS), South Carolina, York
Co., LCM 3792 (FLAS).

5a) Opuntia stricta (Haw.) Haw.

Opuntia dillenii (Ker-Gawl.) Haw., 2z = 66, Florida, Charlotte Co., LCM 3949
(FLAS), Flagler Co., LCM 3220 (FLAS), Monroe Co., LCM 3319 (FLAS), Hillsbor-
ough Co., LCM 3952 (FLAS), Puerto Rico, Cabo Rojo, LCM 3843 (FLAS). Opuntia
stricta (Haw.) Haw., 27 = 66, Alabama, Mobile Co., LCM 823 (MISSA), Florida,
Clay Co., LCM 3701 (FLAS), Levy Co., LCM 2820 (FLAS), Monroe Co., LCM 3320
(FLAS), St. Johns Co., LCM 3217 (FLAS), Seminole Co., LCM 2083 (MISSA), Mis-
sissippi, Jackson Co., LCM 1922 (MISSA).

5b) Putative hybrids involving Opuntia stricta.

Opuntia alta Griffiths 27 = 66, Louisiana, Cameron Parish, LCM 4195 (FLAS),
LaFourche Parish, CR s.n. (FLAS). * Opuntia ochrocentra Small, 2n = 55, Florida,
Monroe Co., LCM 3907 (FLAS), Monroe Co., LCM 3968 (FLAS), Monroe Co., LCM
3969 (FLAS).

6) Opuntia tortispina Engelm. & J.M. Bigelow.

Opuntia tortispina, 2n = 44, New Mexico, Quay Co., LCM 3531 (FLAS),
Opuntia tortispina, 2n = 66, New Mexico, Benalillo Co., LCM 3528 (FLAS), Sierra
Co., LCM 3521 (FLAS), Oklahoma, Cimarron Co., ER s.n. (FLAS), Texas, Carson
Co., LCM 3532 (FLAS), Hutchinson Co., LCM 3533 (FLAS), Hutchinson Co., LCM
3535 (FLAS).



