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Relationships among major clades of Opuntieae and the circumscriptipuofias.s.
were unresolved prior to this stud@puntias.s., as currently circumscribed, comprises-2Q0
species, occurring natively throughout the Americas. @pentiahumifusaspecies complex
(OHC) is taxonomically misunderstood due to high morphologiaahbility, frequent
hybridization, and polyploidy. There is no comprehensive phylogeny of either the genus or the
O. humifusacomplex. The goal of this study was to reconstruct the phylogeny of Opuntieae to
elucidate major clade relationships, divergetimes, and the biogeographic historyOgfuntia
s.s. Evolutionary relationships and ploidal levels ofHlenifusaclade [HC (including the
OHCQC)] were assessed to provide the foundation for a taxonomic revision@HtBeBased on
sequence dat@puntias.s. forms a welsupported clade, including the gerNigpalea and is
sister to a clade containifigacingaandBrasiliopuntia Opuntias.s. originated in the late
Miocene in southern South America and then dispersed to North American deserts. Numerous
taxa originating through reticulate evolutionary processes were discove@gulimtias.s. The
HC originated in northeastern Mexico/southwestern United States in the late Pliocene or early
PleistoceneOpuntia lilaewas resolved iTacingaand transferred tthat genus. Although

placed in synonymy witl. triacantha, Q abjectais not closely related, and was recognized as
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a separate specig3puntia cubensiandO. ochrocentrawere found to be of hybrid origin

derived from different parental taxa, and wémast considered distinct from one another.
Chromosome counts of the HC revealed that 66% of 277 accessions were polyploid and
displayed a much larger distribution (from the southern United States to Canada) than diploid
members [restricted to the southwestéSW) and southeastern (SE) United States in presumed
Pleistocene refugia]. The SW and SE diploids each formed strongly supported clades; however,
many polyploids formed as a result of the union of members of the SE and SW clades.
Phylogenetic, cytologal, and morphological analyses showed that the most widespread member
of theOHC, O. humifusas.l., was polyphyletic and is now recognized as several distinct taxa.

The taxonomic revision presented here includes seven species of the OHC

13



CHAPTER 1
GENERAL INTRODUCTION

The Cactaceae are a wslipported clade endemic to the NewoNdl and consist of
between 1438 (Hunt et al. 2006) and 1850 species (Nyafft#Eggli 2010) of mostly stem
succulents that produce characteristic short shoots, embedded within the long shoot (i.e.,
areoles), modified leaves in the forms of spines, aadies deeply embedded in stem tissue or
pericapels (Mauseth 2006). Two eattipverging cladesPereskiaandRhodocactusretain
ancestral features (e.g., large photosynthetic leaves, lack of succulent stems, cymose
inflorescences, basal placentation,exigr ovaries) of the family (Edwards et al. 2005). Of
primary importance, in terms of species diversity, are the two major subfamilies, Opuntioideae
(349 species) and Cactoideae (1498 spedidjdler andEggli 201@), which represent the
most iconic gowth forms within Cactaceae, exhibiting succulent photosynthetic stems, with a
drastic reduction or even loss of leslgoot leaves (although, there are exceptions to this).
Subfamily Opuntioideae is unique in producing small,-hlaé retrorselybarbed smes (i.e.,
glochids; Mauseth 2006) and seeds with a hard funicular girdle and funicular envelope covering
the seed (Stuppy 2002). Tribe Opuntieae of Opuntioideae consists mostly of species with
flattened stems and sympodial grow@pgntias.s.,Tunilla), although Brasiliopuntia,
ConsoleaandTacingademonstrate indeterminate growth to some extent (Anderson 2001,
Taylor et al. 2002). The Opuntieae consists of seven geéBsi|iopuntia, Consolea,
Migueliopuntia, Opuntia.s.,SalmiopuntiaTacingg andTunilla (Majure et al. 2013).
Although Nyffeler and Eggli (2010) concluded th@bnsoleashould be considered a synonym of
Opuntias.s., Majure et al. (20apdemonstreed that the genus forms a wsiipported clade and

is evolutionarily divergent fror®puntias.s. Evolutionary relationships among the genera of
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Opuntieae are still unresolved and the actual circumscription of the culturally, economically, and
medicinally important genu§puntias.s., is undetermined.

Opuntias.s. is one of the largestrera in Cactaceae, with aroutD-200 species
(Anderson 2001Nyffeler andEggli 201@), and exhibits the widest distribution of any genus in
Cactaceae, as it occurs from Canada to Argentina (Anderson 2001) in habitats ranging from
tropical to subtropidadry forests, moderate deserts, and even temperate forests (Benson 1982).
Opuntiaalso has been introduced throughout the world for use as a foodstuff for humans and
animals and as ornamentals (Anderson 20@jlese et al. 200NefzaouiandSalem 2002).

Opuntiais renowned for hybridization and polyploidy (Benson 1,388kava 2002
Majure et al. 2012,b; Majure et al. in review) andlso for its morphological variability, wherein
certain morphological characters expressed within an individual aréydioged to
environmental factors (Benson 19&ebmarandPinkava 200;lMajure 2007). Species of
Opuntiaalso are notoriously difficult to work with from herbarium specimens, as methods used
to collect specimens are typically inefficient, leading to [Epa@cimen preservation, and the
complete loss of most taxonomically useful characters as a result of the succulent nature of the
plants ReyesAgueroet al. 2007)Opuntiaspecies also are poorly collected, as a consequence of
the difficulties in specimepreparation (RebmasndPinkava 2001), and their highly
bothersome glochids and spin€eyesAgueroet al. 2007).

One poorly understood group with@puntiais theO. humifusacomplex of the eastern
United States. This group is distributed over a waige from Ontario, Canada, south to the
Florida Keys, and west to Wisconsin, lowa, Missouri, Arkansas, and Texas (Benspn 1982
Pinkava 2003Majure et al. 2011). Species within th®. humifusacomplex are known to

hybridize (Benson 1982), contain numerous polyploid entities (Majure et abR@h2 are
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poorly represented in herbaria (MajanedErvin 2008), which has provided for a taxonomically
complex history and nebulous species limithwg, theO. humifusacomplex presents an
opportunity to explore species boundaries, consequences of polyalimdiand hybridization,
andevolutionary history.

The primary goals of this study were:

1  to determine the circumscription, date of origin, and biogeographic hist@guitias.s.,
as well as the limits of thdumifusaclade (including th®. humifusacomplex);

1 to clarify the phylogenetic placement©f lilae and the morphological synapomabrgs of
the genugacinga

1 to clarify the phylogenetic placement and taxonomic stat@ abjectaandO.
triacanthg and determine the origin of putative hybri@s,cubensigndO. ochrocentra

1 to carry out chromosome counts for members ofthbeumitisacomplex and relate ploidy
to historical biogeography and the formation of polyploid taxa;

1 to reconstruct the phylogeny of tReimifusaclade, with an emphasis on determining the
origins of the many polyploid taxa in the group;

1  to produce a taxonomicvision of theO. humifusaspecies complex.

These goals amiscussedn the following seven chapters. Ghapter 2, | reconstruct the
phylogeny of Opuntieae, determine relationships among the genera of Opybeaks a
circumscription ofOpuntias.s.and theHumifusaclade, and use the phylogeny to test the origin
of the many polyploids in the genus, adlvas the biogeographic histoand divergence dates of
Opuntias.s.

In Chapter 3, | use previously gathered data to build a phylogeny of memitlees of
Opuntieae and determine theotutionary placement dD. lilae. | then use the phylogeny to
determine which morphological characters may be synapomorphic for theTgennga and

formally transfelO. lilae to Tacinga
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In Chapter 4, | reconstruct tiphylogeny of several clades Opuntias.s. This work
shows thatO. triacanthais not monophyletic, as currently circumscribed, and consists of several
taxa:O. abjecta, O. militarisandO. triacantha OpuntiacubensisandO. ochrocentraare shown
to be of hybrid origin, but they are derived from different parental species and should not be
considered synonymous.

In Chapter 5, reportchromosomeumberdor 277 accessions of members of the
Humifusaclade and determine that the origime&ny polyploids in the group is most likely the
result of hybridization between the two diploid clades ofHhenifusaclade at the end of the
Pleistocene.

In Chapter 6, | reconstruct the phylogeny of Heémifusaclade and use the diploid
topology to dscover hybrid, polyploid derivatives from the union of diploid members of the two
subclades, SE and SW, of tHamifusaclade. The widespredd. humifusas.l. also is
determined to be polyphyletic and should be recognized as several taxa.

In Chapter 7, present a taxonomic revision of t@e humifusacomplex of eastern North
America, in which | recognize seven species (Oe.abjecta, O. austrina, O. cespitosa, O.
drummondii, O. humifusa, O. nemorabsdO. ochrocentraand three infraspecific taxa thin
O. humifusgvar. humifusa var.lata, and varpollardii).

In Chapter 8, | provide general conclusions about the phylogenetic structure of
OpuntieaePpuntias.s., theHumifusaclade, and th®. humifusacomplex, as well as
informationdiscoveredthrough this study) about reticulate evolution and polyploidy in these

groups.
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CHAPTER 2
PHYLOGENY OFOpuntiaS.S. (CACTACEAE): CIADE DELINEATIONS, GEOGRAPHIC
ORIGINS, AND RETICUIATE EVOLUTION

Background

Cactaceae, comprising a wslipported cladéHershkovitz and Zimmer 1997; Applequist
and Wallace 2001; Nyffer, 20022007 Edwards et al. 20Q%pparently sister to
Anacampserotaceae (Nyfégland Eggli 2010h are endemic to the New World except for the
occurrence of one specid®hipsalis bacdera (Mill.) Stearn in the Old World tropics (Benson
1982). Other Cactaceae have been introduced, however, to locations around the world (Britton
and Rose 1920; Anderson 2001). Although no reliable fossils have yet been found, the clade is
suggested to repsent a young radiation that evolved as a result of aridification in the Americas
at the end of the Eocene through the beginning of the Miocene, ca. 30 million years ago (Ma)
(Hershkovitz and Zimmer 1997). This date has been corroborated by the phylaganalyses
of Arakaki et al. (2011) who estimated an age of ca. 35 Ma for the origin of Cactaceae. Arakaki
et al. (2011) also suggested that many of the major radiations within Cactaceae were initiated at
the end of the Miocene (ca. 1® Ma), concomitanwith increased atmospheric gé@nd aridity
in the Americas.

Cactaceae comprise ca. 1500800 species (Anderson 2001), which have been divided
variously into 3’ 6 subfamilies (Crozier 2004). Pereskioideae were generally considered to be
sister to theest of the family, but Edwards et al. (2005), Barcenas et al. (28dd Hernandez

Hernandez et al. (2011) have shown that this subfamily is paraphyletic, forming two separate

Reprinted with permission from the Botanical Society of America. Original publication: Majure, L.C., R. Puente,
M.P. Griffith, W.S. Judd, P.S. Soltis, and D.S. Soltis. 2012. Phyloge@®pohtias.s. (Cactaceae): reticulate
evolution, geographic origingnd clade delineatiolmerican Journal of Botar§9: 847864.
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clades that are the successive sisters to the rest of the family (Edward@98§alCurrently,
t wo primary subfamilies are recognized within
very reduced leaves and primarily rely on stem photosynthesis: sensu Mauseth 2006), Cactoideae
and Opuntioideae (Edwards et al. 2005).

Opuntioideae encompas3puntiaMill. s.l. and four associated gendzumulopuntiaF.
Ritter s.l.,MaihueniopsisSpeg. s.l.PterocactuK. Schum.PunaR. Kiesling s.l.; [Griffith and
Porter 2009 ]), althougl®puntias.l. (e.g., Benson 1982) was shown tlgiounolecular
phylogenetic studies to be polyphyletic (Wallace and Dickie 2002; Griffith and Porter 2009).
Thus,Opuntia(hereafteilOpuntias.s.) has been reduced drastically in size with many segregate
genera [e.gAustrocylindropuntieBackeb. Brasiliopuntia (K. Schum.) A. Berger,
Cylindropuntia(Engelm.) F. M. Knuth] now recognized (Anderson 2001;Wallace and Dickie
2002; Hunt 2006; Griffith and Porter 200€urrently, five tribes (Wallace and Dickie 2002
and 15(Anderson 200} 16 (Stuppy2002), or 18(Hunt 200§ genera are recognized within
Opuntioideae.

Tribe Opuntieae (platyopuntioids) is a wellpported clade within Opuntioideae (Wallace
and Dickie 2002Griffith and Porter 2009HernandeHernandez et al. 20} 1hat consists of
Brasiliopuntia(K. Schumann) A. BergGonsoled_emaire,MiqueliopuntiakF r i | ex F. Ri t
NopaleaSalmDyck, Opuntias.s.,SalmiopuntigF r i |  gGuigds201LQgTaaingaBritton
& Rose, andrunilla Hunt and llliff. The platyopuntioids were so hamed by Britton and Rose
(1920) for the flat, photosynthetic stem segments (i.e., cladodes) characteristic of most members,
although they did not includdiqueliopuntig Tacinga Tunilla, Nopalea or Salmiopunt in the
group. Species dflaihueniopsiss.l. were also recovered in Opuntieae (Griffith and Porter

2009), but this genus is often placed in tribe Cumulopuntieae (Hun}.2002
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DNA studies have provided conflicting results regarding the placemé&idrsfoka
(outside ofOpuntias.s. or nested withi@puntias.s.), but the morphologically distinct genus
Nopaleahas consistently been nested wit@ipuntia However, due to low resolution and/or
insuffi cient taxon sampling, the circumscription@pbuntias.s.remains unclear (Wallace and
Dickie 2002; Griffith and Porter 2009; Barcenas et al. 2011; Herndddarandez et al. 2011).
Opuntias.s. (nopales, prickly pears; excludi@gnsoleais the largest genus in Opuntioideae
and the most widespread genus in @eeae, distributed natively from Canada to Argentina
(Anderson 2001). There are 150 (Stuppy 2002) to 180 recognized species (inslopiaiga
Anderson 2001; Hunt 2006vithin the genus, which is suggested to have originated as recently

as 5.6 £ 1.9) mya(Arakaki et al. 2011).

Members ofOpuntias.s. are cultivated worldwide as fruit and vegetable crops (Inglese et
al. 2002) and are increasingly used as forage and fodder for livestock in arid areas of the world,
such as parts of Brazil, Mexico, westerrigdsnd northern and southern Africa (Nefzaoui and
Salem 2002 Medicinally,Opuntiapolysaccharides have been shown to protect brain tissue
from glucose and oxygen deprivation (Huang et al. 200Buntia ficusindica (L.) Mill. has
been used to protedtd liver from harmful organophosphorous pesticides (Ncibi et al. 2008),
and variouOpuntiaspecies have shown hypoglycemic effects in diabetic patients, returning
blood glucose to normal leve[$rejo-Gonzélez et al. 1996; Laurenz et al. 20@untia
streptacantha_em. has even been used as a bioaccumulator ircte#dminated waters
(Miretzky et al. 2008

Species oDpuntiaare also known as some of the most highly invasive species in arid
areas of their nonnative range such as Australia (Fre&8t#), the Mediterranean region (Vila

et al. 2003, and Africa. Millions of hectares invaded ®puntia stricta(Haw.) Haw. (Dodd
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1940) were eventually brought under control in Australia using akmellvn biological control
agent,Cactoblastis cactorurBerg (Zimmermann et al. 2000This moth is now wreaking havoc
in the native range of prickly pears in North America (Simonsen et al. 2008). The nutritive
tissues and high production ratesofstricta,introduced into Kruger National Park (South
Africa), make it irresistible to the native fauna, primarily baboons and elephants; thus, this
species is easily dispersed, increasing its invasion in th€Rankhardt and Rossou200Q
Foxcroft et al2004 Foxcroft andRejmanek2007). In its native range)punta s.s. provides
food for numeroudherbivores, including tortoises, iguanas, birdbpits, deer, bats, sloths,
squirrels, coyotes, bears, pigs, and bi@dellink and RiojasLopez 2002, this also clearly
underscorethe ecological importance of prickpear.Opuntiaalso is culturallymportant. In
Mexico, where species @puntiahave beemrultivated fo at least the last 14 000 ydsas and
Barbera 200p theyrepresent an iconic nationagyfire, illustrated on the countiylag. The
large, tredike Opuntiaspecies©. megasperma. echios andO. galapaegiaare some of the
most conspicuous speciekthe Gal@agos Islands. Even Charles Darwin could not résest
intrigue of Opuntiawhen he collected the fi rst specimerfgalapaegiglaterdescribed by
Henslow 183Y.

Polyploidy is a common phenomenon throughout tribe Opuntrgdaieh has ben well
studied cytologicallyRinkava2002 Majure et al2012; L. C. Majure et al. unpublished
manuscript)In fact, diploids (2h = 2x = 22) are radtively rare in the tribe makingp only
26.2% of the 164 species with reported chromoscooats (L. C. Majure et al. unpublished
manuscript). Polyploidaxa withinOpuntiarange from triploid (2 = 3x = 33) to octoploid2n
= 8x = 88), and many speadave multiple ploidal level®inkava2002 Majure et al2012;

L. C. Majure et alunpublished manuscriptSpecies limits are still poorly understood, assult
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of the high frequency of polyploid taxa, morphological variabiliyor representatioim
herbaria, and freque interspecifichybridization inOpuntias.s.(Cota and Philbrick 1994
Rebmarand Pinkava 20QPinkava 2002Majure et al. 20113).

Furthermore, there is no comprehensive phyloger@pmintias.s.,so limits of major
clades are largely unknown. Numeransrphological and cytological studies have been
conducted omarge groups of taxa and species complexes (e.g., Doyle Pag@ 1991
Leuenberger 200Majure et al. 2011), butOpuntias.s. has ot been studied comprehensively
using molecular dat&riffi th and Porter (2009) included 28 specie®ptintias.s. intheir
molecular phylogeny of Opuntioideae but were unable to reselagonships withirOpuntia
s.s. using ITS and the plastidergenic spacetrnL-F . HernandezHernandez et al. (2011) and
Bércenas et al. (2011) recovered South Ameridanntias.s. specieand South American
species oDpuntiaplus Tunilla erectocladgBackeb.) Hunt & llliff, respectively, as sister to the
rest ofOpuntias.s. However, Herndndeéfernandez et al. (2011) ordyrveyed seven species of
Opuntig and Bdcenas et al. (2011) had resolution among clades. In addition, although a
number ofOpuntias.|. species hasbeen shown to be interspecifiybridsusing molecular data
(Mayer et al2000; Griffith 2003, theprevalence of reticulation in this group has not been
extensivelysurveyed.

We broadly sampled species in tribe Opuntieae using nuhelgplastid sequence data
and produced a phylogeny of tbkadeto (1) determine the circumscription ©@puntias.s. and
the majorclades within it, (2) resolve the placement of the problematic g&uwersoleaand
Nopalea (3) investigate the geographic origind subsequent spread@puntias.s., and (4)

surveyfor potentialreticulate evolution.
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Material and Methods
Taxon Sampling

We sampled 112 taxa (98 speciesPgiuntig nine speciesf Nopalea six species of
Consoleafour species ol acinga,andBrasiliopuntiabrasiliensis(Willd.) Berg. Our sampling
includes members from all 29 series of subgdtas/opuntiarecognized by Britton and Rose
(1920) andhus represents a broad sampling of the most likely memb@puoftias.s.Other
members of Opuntiea®)aihueniopsi<f. ovaa (Pfeiffer) F. Ritter Miqueliopuntiamiquelii
(Monwville) F. Ritter,Salmiopuntia salmiané]. Parmentieex Pfeiffer) Guiggi, and unilla
corrugata(SalmDyck) Hunt and llliff wereused as outgroups based onffiéh and Porter
(2009) and HernandgZemandezet al. (201) GenBank accession numbers and voucher data
are given iPAppendix A
DNA Extraction, PCR, Sequencing, Sequence Editingand Alignment

Total genomic DNA was extracted using a modifi ed CTAB me({bmyle andDoyle,

1987. Although cacthave highly mucilaginous tissues, we successtilyacted higkquality

DNA from live plants, silicadried material, or herbariuspecimens using this method. When
possible, we used the smaphhemeral leaves, which are produced as new cladodes develop.
This producedhe highest quality and cleanest DNA of any samples used. Otherwise we used
epidermal tissue with the cuticle removed (cf.fl@h and Porter, 2003We sampled four

plastid intergenic space(atpB-rbcL, ndhFrpl32, pshJpetAandtrnL-F, following Mavrodiev et

al. [2010] M. J. Moore, Oberlin Collegrinpublished data], Shaw et al. [200&hd Taberlet et

al. [1991] respectively), the plastid geneatK (http://www.kew.org/barcoding/uptahtml), ca.

900 bp fromtheR] end of t ycfé(K.Neudig, FloridaVugeum ef Natural History,
unpublished data), the nuclear g@pe (HemardezHemardez et al2011), and the nuclear

ribosomal internal transcréd spacers (ITS; following \Mte et al.1990. We designed new
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primersfor atpB-rbcL, ndhFrpl32,t h e 3 NjpsbIpalAspaderydflardppcafter the

initial sequencing of those PCR produiable2-1). A sequencef matKfor Tacinga funalis

Britton & Rose was downloaddtbm GenBankAppendix A). Mixturesfor 25 ¢ L

amplification reactions were as follows: 0.3 ¢ tlLe nopfl at e DNA, 9.4 ¢ L H
Aa buffer, 2.5 ¢ 1L eofL 205f nm@mo5l /mmoMg al DRPNTPs, 2
5 ¢ mol / hdO p ad iTagealymerase (produced in the Soltis lab fr&mcoli producing
theTaggene). PCR cycling conditions for the plastid intergenic spacemnatitfollowed

Shaw et al. (2007 plthough the initial annealing temperature waxlified to 55°C andthe

number of cycles was increased to 35. PCR cydorglitions for ITS were an initial

denaturation at 9%C for 2 min; followed by5 cycles of 95C for 1 min, 53°C for 1 min, and 72

°C for 2 min; followed by40 cycles of 98C for 1 min, 48°C for 1 min, and 72C for 2 min;

with a fi nalextension step at 7Z for 12 min. PCR cycling conditions f@pcwere 95°C for 5

min; followed by 44 cycles of 94C for 1 min, 55°C for 1 min increasin@.3 °C/cycle, and 72

°C for 2.5 min; with a fi nal extensn of 72°C for 10 min.PCR cycling conditions foycfl

followed Neubig et al. (2008) with moddationof the initial annealing temperature from 8D

to 63°C. Plastidycflandnuclearppcwere only sequenced for diplo@puntiataxa.All PCR
productswere initially sequenced directly, except for presutmgarids and polyploid taxa

surveyed from each clade (discussed later) s@&eched for nucleotide polymorphisms in

sequence chromatograms of I'ESpecially in polyploidDpuntig and cloned those prodis

using the TOPO TAlnvitrogen, Carlsbad, California, USA) or Stratagene cloning kit

(Stratagened,a Jolla, California). We also cloned at least one polyploid member from each

maj or c¢clade recovered in our fH ahytapdthoughtso onl vy

be of hybrid origin. Eight clones per accession were dirseityienced at the Interdisciplinary
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Center for Biotechnology Research at thaversity of Florida using bacterial primers (T37)
from the kits. A subsaeidf polyploid taxawas cloned and sequenced ppcto ascertain the
degree ohucleotide polymorphism among taxa. However, the ugppofor analysis of
polyploids was discontinued, as sequence divergence in this gene was lelsattb&iTS.
Sequences were edited eitethe program Sequencher 4.2.2 (Gene Cosles Arbor,

Michigan, USA) or Geneious Pro 5.1 (Biomatters Ltd., Auckldely Zealand) and
automatically aligned using the program Mug@&egar2004); this alignment was then adjusted
manually in the prograr8e Al v2.0 (Rambauf007). All gaps introduced during alignment were
coded as missindata.

PhylogeneticAnalyses

Opuntiahas been well studied cytologically (déekava2002, and we have made
extensive chromosome counts, addingi8ilv counts of previolss uninvestgated taxa (L. C.
Majure et alunpublishednanuscript). Using this cytological information, we established
multiple datasets: (1) nuclear data for diploids, (2) ITS for all cytotypes, (3) plastid data for
diploids, (4) plastid data for atlytotypes, (5) combined nuclear and plastid f@ataliploids, and
(6) combined nuclear and plastid data for all cytotypes (évidence). We conducted separate
analyses of diploids only (1) because allopolyplaldshot arise via cladogenesis, and their
inclusion in phylogenetic analysean result in misleading resu(Rieseberg et al. 1996; Soltis
et al.2008, and (2) to test the parentage of potential allopolyploids using phylogemettiods
(Mavrodiev et al. 2008; Soltis et &009. All data set were analyzesgeparately using
maximum parsimony (MP) in the program PAULBH (Swofford2002, Maximum likelihood
(ML) using the program RAxMI(Stamataki006, and Bayesian methods (BI) in the program
MrBAYES (Huelsenbeck and Ronquiad0]). The MP amlyses were conducted on all data sets

with 10 000 random additiosequence replicates, and support was evaluated by running 1000
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nonparametribootstrap (bs) pseudoreplicates, each with 10 random addition sequence
replicates. The ML analyses were carmeed in RAXML by partitioning eachegion under 25
rate categories using the GTR model of molecular evolathahcarrying out 10 000
nonparametric rapid bootstrap pseudoreplicates faseparate and combined data sets. For Bl
analyses, models of molecukevolutionfor each marker were determined using the program
ModelTest(Posadand Crandall998 and the Akaike information criterion (AIC). Analyses
werecarried out by partitioning the data by marker, each with its correspomtidg| of
molecular evaltion, and using four heated chains for 20 million generatsampling a tree
every 1000 generations. We determined stationantythus the number of generations
consi deriend 0Of ubsui rnngiracetvel.5 ghttpo//tyee.biored.ac.uk/softwaeser/).
Incongruence length difference (ILD) tegkzarris et al1995 betweerplastid and nuclear
data sets were carried out in PAUSwofford2002. Weinitially ran analyses using plastid and
nuclear data separately with only kno®puntiadiploids.Visual inspection of tree topologies of
separate nuclear vglastid data analyses (MP, ML, BI) also was used to determine whether any
strong incongruence existed between nuclear and plastid data sets tied justticombining
data(Johnson and Soltis998 Fishbein et al2007). Due to thdack of resolution along the
backbone of the phylogenies using either plastiduatear data alone and the resolution of many
of the same clades using the dsgés separately, hard imggruence (sensu Seelanamalei997)
usingabootstrapal ue of O 70% was not apparent, so
nuclear data sets for further MP, ML, and Bl analy®és.then ran separate plastid and nuclear
analyses using all of the aforementiompéylogenetic methadwith all taxa sampled, including
polyploids, todetermine from which putative progenitors (at the clade level) many of the

polyploid taxa withinOpuntias.s. may have originated. We also analyzedHa8otypes from
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the combined diploid/polyploid datatsae the program TC81.21(Clement et al2000 to take
into account potential incomplete lineag@ting in ITS and inherent problems with the inclusion
of reticulate taxa in hifurcating phylogeny. Polyploid taxa that were recovered in disparate
cladesusing nuclear or plastid data alone in phylogenetic analyses or that wereddwawe
ITS haplotypes from more than one putative progenitor or the sapletype of a taxon whose
relationshp di f f er ed f s @acementn plasid@hylpgernaoanatyses were
considered interclade allopolyploiddorphological characters of the putative interclade hybrids
anddistributions of taxa also were compared with members of putative progeaies to
provide further evidence for their hypothesizedepsage We then removed interclade
allopolyploids from further analyses. Polyploid taxa infetiete intraclade polyploids (i.e.,
polyploids derived from within a givetriade) were not removed from our total evidence
phylogenetic analyses (i.@nfraclade phylogeny), because we were interested primarily in clade
delimitationand not necessarily species delimitation, which may be obscured inglisaon of
intraclade allopolyploids when employing both nuclear and plasdidkers in a combined
analysis
BiogeographicAnalysis and Divergence Time Estimation

We used the programs Mesquite v. 2.73 (Maddison and Maddisoh &20d ®RASP (Yu et
al. 201) to infer the geographic origin @puntias.s. and major clades by coding all diploid
taxa for geographidistribution based on literature (Britton and Rose 1#2@lerson 200fand
personal experience. We coded seven geographic areas for @plantiataxa and outgroups
based on generalized distributions of the diploid taxa. Those geographic areag were (1
southwestern South America (western central Chile, Chaco + Monte regigreds{@rn South
America (Caatinga), (|3vestern South America (Central Andean valleyg)n@tthern South

America (Caribbean region),)(&entral America (includingropical dry brest of southern
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Mexico and the Caribbean),)(Borth American desert region,)(@nd the southeastern United
States. Geographic areas for South America are based on Sarmienjo (1975

In Mesquite v. 2.73, we implemented the maximum likelihood Mk1 modaiguour
diploid ML topology), which is a Markok -state tparameter model that allows for an equally
probable change from one character state to the next (Lewis@ddlison and Maddison
2010), but without allowing polymorphgtates for taxa. In RASRe used the Bayesian binary
Markov chain Monte Carlo (MCMYanalysis method (Olsson et al. 208&nmartin et al. 2008
Yu et al. 201} by implementing the JC model with equal rates (Sanmartin et al)&@0DB0
000 MCMC cycles with 10 chains using theds from our Bayesian analysis of diploid taxa as
input. We built a condensed (consenduse from those Bl input trees to use as a fi nal tree for
ancestral area reconstruction.

We also used RASP to perform a DIVA (Ronquist )2talysis and infer dispsal
scenarios based on our Bayesian trees.

Divergence time estimates were obtained using the program r8s v.1.71 (Sanderyon 2003
and implementing the penalized likelihood method (Sanderson) 260@ the TN algorithm.
We calculated smoothing using th@ssvalidation technique (Sanderson 2003). No fossils are
known in Cactaceae (e.g., Hershkovitz and Zimmer 1997), so we used a fi xed age of 5.6 (+ 1.9
Myr for the crown node oDpuntias.s. based on dates proposed by Arakaki et al. J2@tich
coincides with an inferred late Miocene increase in lineage diversifi cation rates in the clade
(Arakaki et al. 2011). We fi xed the age of our outgroup node at 15)MgrQwhich is the
inferred age of the crown node of Opuntioideae, to test the effectt@fdlitaration on
subsequent age estimates witBipuntias.s. We also constrained the divergence time of the

North American clade with a minimum age of 3 Myr based on the proposed timing for the
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closure of the Isthmus of Panama (Marshall et al. 1979) hwincwild support migration rather
than longdistance dispersal of the most recent common ancestor of the North American clade
into North America.

Results

We observed very low sequence divergence among the mastiduclear sequences in
diploid data set§Table 22), andvery little nucleotide polymorphism was observed in directly
sequenced ITS products from polyploid taxa. Neither nudeaplastid data for diploid taxa
alone fully resolved relationshiggnong major clades, but many of the major clade®
recovered using either data set separately, although oueHt®showed a signifant difference
between all nuclear compartaall plastid sequencgR = 0.01). It is well known, howevethat
the ILD test is extremely sensitive and used akitald not be an indicator of data set
combinability (e.g., Yodeet al. 200). Rate heterogeneity among sites and small nunabers
parsimonyinformative characters may resultrgjectingcongruence among data s@srlu and
Lecointre2002. Therewas no hed incongruence based on comparison of the nuckealastid
trees using a bootstrap enff of 70% using eitheMP or ML.

Combining the diploid data sets resulted in veelpbportectlades in the diploidenly
analysig(Fig. 2-1). Well-supportectlades e named based on the series recognizeBiribypn
andRose (192)) Engelmann (18560r a morphological feature afgiven clade. Our analysis of
diploids and polyploids placedany polyploid taxa in different clades in the separate ITS and
plastid treege.g.,Opuntia tomentosa in theNopaleacladewith ITS and theéBasilaresclade
with plastid dataFig. 25 and B, see Supplemental Data with the online versidhi®rticle).
Those taxa also were recovered in disparate locatiomsr analysis of I'B haplotypes using
TCS. Howevermany taxa sharing ITS haplotypes were not resolved in ctagdether in our

phylogenetic analysis of ITS due to the laclsphapomorphies for certain clades. We inferred
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these taxa to biatercladederived allopolyploid¢Fig. 2-2). Those interclade allopolyploiddso
reduced clade support when analyzed wh#hcombined nuclear/plastid data set (data not
shown). The intracladehylogeny exhibits welsupported clades (bootstrpo s ] )é@nd 7 0 %
agrees with the diploitbpology, but specie®lationships within subclades are generally poorly
supported b s  ©OFig52BYdI, ML, and MP topologies are virtualigientical except for
reduced clade support and resolution amdades with MP.
Relationships in Opuntieae

Subgenu®latyopuntiaasrecognized by Britton andose (192Pwas paraphyletic, given
that most ofTacingaandNopaleaare not included in this subgenungheir classiftation.
Consoledormed a clade with botplastid and ITS data as shownFig. 25. However, plastid
data resolve@€onsoleaoutside ofOpuntias.s. (bs = 53%), and ITS data pla¢aahsoleawithin
Opuntias.s. (bs = 75%Fig. 25), placements that have befenind in previous studigdVallace
and Dickie2002 Griffith and Porte2009 usingplastid and ITS data, respectivejowever,
Consoleavas well supported (bs = 8§%s sister t@ clade containinBrasiliopuntia, Tacinga
andOpuntias.s. ina diploidsonly analysis using combined nuclear and pladdith Fig. 2-6).
Tacingaformed awell-supported clade (bs = 8)%hat includedOpuntialilae Trujillo and
Ponce, an@rasiliopuntiaandOpuntiaschickendantzir.A.C. Weber formed a clade (bs = 8/%
sisterto Tacinga. TheBrasiliopuntiaTacingaclade was not recoveréd MP analyses. The
Brasiliopuntia, O. schickendantziiacingaclade was resolved as sister to the walpported
Opuntias.s. clade (bs = 84%)lopaleawas nested withi®@puntias.s., as in otherwdies (e.g.,
Wallace and Dicki002 Wallace and Gibso2002 Griffith and Porte2009 Barcenaset al.
2011 HernandezHern&dez et al. 2001 Altogether,our phylogenetic analyses recovered 10
major clades oDpuntias.s.(Figs.2-1, 2-3), which are recognized based on high supyaiues.

These 10 major cthes were recovered in Bl, MP, alfl analyses.
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Opuntias.s.

In the ML analyses, thElataeandMacbrideiclades of South America (ArgenthBolivia
and central Perugspectivelywere successive sisters to NoftimericanOpuntia which
comprised two speciasch and morphologically diversdades(Fig. 2-1). However, the sister to
the North Americarclade was unresolved with Bl or MP analyses. The more morphologically
extreme of the two large North American cladeasists of thélopaleaandBasilaressister
clades. For examplée Nopaleaclade contais species with flowers modafi for
hummingbirdpollination. Subclades of tHgasilarescladehave dryfruited species (subclade
Xerocarpg, rhizomatougaxa (subclad®hizomatosh dioecious species, such@sstenopetala
(Parfitt 1985, and the iconic and deceivingtyrmles€. microdasygbunny ear prickly peaof
theMicrodasyssubclade. The other of the two large North Americlades consists of three
subcladegScheerianagylacrocentrg andHumifusg, all containing taxa that, despite extensive
vegetativemorphological diversity, are fairly homogeneous in tfigral ard fruit morphology,
all with fleshy fruits and open entomophilduswers.

Of the 29 series of subgenBityopuntiaof (Britton andRose1920, 26 series roughly
conformed tdpuntias.s. (i.e.excludingBrasiliopuntia ConsoleaandTacinga inamoena Of
those 26 series, no single series corresponds exactly thaal®yrecovered in our topolagy
however there was often generagireement between clades and series composition. For
example seriesBasilares(Britton and Rosd 920 includesO. basilaris O. rufi dg andO.
microdasyswhich formed parof theBasilaresclade in our phylogengFig. 2-1).

Inter clade Allopolyploids and Hybrids

We recovered 2ihtercladederived taxa. Of these, 20 are inferred to be allopolypldixis
5x, 6x, 8%, and %), and one is an interclade homoplbigbrid (Table2-3). We have not yet

determined ploidyn O. bellaBritton & Rose,O. pittieri Britton & Rose, 01O. schumannii
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F.A.C. Weber ex A. Berger, but they also imferred to be of interclade origin. Twenty of these
taxa arederived from withinOpuntias.s., but four taxa were determited be @ i nt er gen
hybridsbased on current taxonon@puntia acauliEkman & WerdermanrQ. bahamana
Britton & Rose, an®. lucayanaBritton are derived fronConsoleaandOpuntias.s., and.
bellais apparently deriveftom TacingaandOpuntias.s. It was not possible to determthe
parental species of all of these allopolyploids u$irfgy possibly as a result of complete
concerted evolution itTS (Alvarez and Wende2003 Kovarik et al. 2005Kim et al. 2008
Soltis et al. 2008 Concerted evolution in ITBas also been infiexd in polyploid species of
GalgpagosOpuntia(Helsen et al. 2009educing the ability to determinelationships among
those species. Furthermore, we havesaotpled all extant taxa, and some parental diploids may
beextinct. We discovered two or moreSThaplotypes in mosioned accessions, and certain
haplotypes were not representedny other taxa. Although, we recover@dleucotrichaas an
interclade allopolyploid, we are uncertain aboupleecement, given that ITS data place the
species (althagh poorly supportedbs = 53% in theHumifusaclade, withwhich O. leucotricha
neither shares morphological charactessis sympatri¢Table2-3; Fig. 2-2).

Opuntia acaulisO. bahamanagandO. lucayanaare all derivedrom hybridization
between members @fonsoleaand amember of thé&cheerianaelade, most likelD. dillenii
(Ker Gawlep) Haw., which occurs sympatrically witbonsoleaspecieghroughout their range.
Morphology provides support fonis interclade hybridation.Opuntia acaulihas the
indeterminateladode growth form o€onsoleabut O. bahamanandO. lucayangossess the
determinate cladode growth form@©puntias.s. All three taxa show strongly tuberculate
areoleswhich characterize certain spece#<onsoleabut generallyhave mostly yellow spines

and a shrubby growth form like. dillenii; these three hybrids are mosaics, with some

32



morphologicalkraits from each parent, and can be distinguished brottn of their putative
progenitors.

Opuntia botinghii Britton & Rose an®. sp. nov. (RPuente, unpublished dataere
recovered as interclade produbttween thé&lopaleaclade and th&cheerianaelade.Nopalea
was recovered as the maternal donor anddeerianaelade as the paternal donor. Boaxa
have fbral characterthat combine the morphologiesgbpalea(erect,reddishpink tepal3and
O. dillenii (entomophilous fiwerswith spreading tepals).

Opuntia cubensiBritton & Rose has long been considerduyhrid derived fronO.
militaris Britton & Rose (currently aynonym ofO. triacanthgandO. dillenii (Britton and Rose
1920. Cloned products of ITS suggest tRatcubensiss aninterclade allopolyploid betweeD.
abjecta(currently treateés a synonym dD. triacanthgof theHumifusaclade and anember of
the Scheerianaelade, likelyO. dillenii with whichit is sympatricOpuntia cubensibas a
combination of yellowsmooth, fattened spines lik®. dillenii and whitish, retrorseligarbed,
cylindrical spines that turn gray in agkdiO. abjectaThe overall growth form and size Gf.
cubensiss more similato O. dillenii, but O. cubensislemonstrates disarticulating cladodiks
O. abjecta

Opuntia bakerE. Madsen. bisetos&ittier,O. bravoanaE. M. Baxter,O. eichlamii
Ros, O. fi cusindica (L.)Mill., O. megacanth&almDyck, O. pillifera F.A.C. WeberQ.
pittieri , O. schumannjiandO. tomentos&almDyck arose fronhybridizations between the
Nopaleaand theBasilarescladeg(Fig. 2-2). However, it is possible thadditional clades from
our diploids analysis, not recovered with our data for interadldpolyploids, may have been
involved in these allopolyploidizatiogvents given that many of these taxaleea and

octoploids(Table2-3).
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Intraclade Allopolyploids

Determining parentage of allopolyploidsrived from within a given subclade ©puntia
s.s. was diftult because of sequence similarity among citetsives. However, certain cases
were straightforward and am®ted here. Hexaploi®. aureaMcCabe eXxe. M. Baxter and
octoploidO. pinkavadParfitt (Parfitt 1991, 1997 are likely intracladallopolyploids of the
Xerocarpaclade, both involving. basilaris,and members of th®. polyacanthaomplex.
Parfitt (1991 suggested this relationship fOr aurea, but notO. pinkavae Plastid data place
both of these taxa with high supporttheO. polyacanthaomplex(O. pinkavads strongly
supported as sister @. erinaceagEngelm. & J. M. Bigelowand Benson include@. pinkavaen
his concept 0D. erinaceavar. utahensigeEngelm)L. D. BensonParfi tt, 1997, but ITS
sequence data do not support this relationship and rather suggesting to haplotype
analysis, a relationship wifD. basilarisEngelm. & J. M. Bigelow. Combined plastid and ITS
analyses plac®. basilarisandO. aureaas subsequent sistdostheO. polyacanthaomplex
(Fig. 2-3) andO. pinkavaeas sisteto O. erinacedFig. 2-3). BothO. aureaandO. pinkavae
displaynumerous morphological characters that are mobaivgeerO. basilarisand members
of thePolyacanthaclade.Opuntia pinkavaexhibitspubescent cladodes and pingvlerslike O.
basilaris andO. aureaexhibits pubescent cladodes like basilarisbut thegreen stigmas,
mostly yellow fbowers, seedwith a broad fuitular girdle, and pollen morphology similar to
members of th®. polyacanthaomplex(Parfitt 1991). OpuntiaaureaandO. pinkavaeare
found where the geographic distributiarfgdiploid O. basilarisand polyploid members of the
O. polyacanthaomplex overlagParfitt 1997 Pinkava20032.

Opuntia carstenjiO. depressaandO. robustawere recoveredithin theBasilaresclade

with plastid data and a gradentaining mostly members of tBasilaresclade with ITSdata
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(Fig. 25, 2-6), but it wasnot possible to determingarentage of those taxa from among the four
clades (i.e.ExcelsaMicrodasys RhizomatosaXerocarpag.

Biogeography andDivergence Time Estimationof Opuntias.s.

Our biogeographic analysis supports a southwe&euth Americarorigin for Opuntia
s.s. with subsequent disperstaighe Central Andean Valleys of Peru and the wedtenth
American desert regioffrig. 2-4). The most recent commamcestor oBrasiliopuntiaand
Tacingaalso appears thave dispersed from southwest&wouth America, and one lineage,
lilae, dispersed to the Caribbean region of Venez(lép 2-4). Both ML (Mesquit¢ and
Bayesian (RASPresultssupport an origin of the North Americ&puntiaradiation inthe
deserts of western North America. From Mmth Americandesert region, thBopaleaclade
dispersed into the tropicdty forest of Mexico, Central America, and the Caribbé&xther
North American clades continued to radiate in the NArtterican desert region and in some
cases signitiantly inceasedheir ranges via the formation of polyploid taxa. Erample O.
fragilis of the Xerocarpaclade moved from theouthwestern United States into Canada and the
upper Midwes(Parfitt 1991, Majure and Ribbens, in prgsater formationand theHumifusa
clade migrated from the west into the southeadt@ited States forming a small radiation in the
Gulf Coastal Plain. Divergent diploid members of themifusaclade from the west and east
eventually formed contact zonesd allopolyploid taxa expandedrth after the last glacial
maximum, far surpassing the distributions of diploid t@ajure et al. 2018).

Our divergence time estimates suggest that the North Amerligde originated 5.1¢+
1.6) Ma (Fig. 27), which according to our ancestral areaonstruction woulglace the North
American clade in the western North Americisert region before the presumed closure of the
Isthmusof Panama at 3 M@arshall et al. 1970 Constraining th&orth American clade at 3

Ma had no effect on divergentime estimates. Subclades within the North American clade
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subsequently originated fromi5L.5 Ma (i.e., from the earlgliocene through the early
Pleistocene)however, the majoritpf those subclades originated during the middle Pliocene
(Fig. 27).

Discussion
Consolea

The Caribbean genonsoleaconsists only ohexaploid and octoploid species (L. C.
Majureet al.unpublishednanuscript), and the clade could have originated via an
allopolyploidization event between other members of @pentieagNegrénOrtiz 2007,

Griffith and Porte2009. Theconflicting placement based on ITS vs. plastid sequence data of
species ofConsoleacertainly support this possibilitfonsoleas supported as monophyletic
with either ITS or plastid sequendata Fig. 25). Consoleas not resolved asister to any clade
of Opuntiain analyses of ITS data alone (ITsSinsufficiently variable to illuminate relationships
among cladewithin Opuntias.s., as shown in Griffith and Por@&09, andplastid data place
Consokaas sister to th&acingaBrasiliopuntiaOpuntiaclade Fig. 2-5). Furthermore,
combinedanalyses of nuclear and plastid diploid data sets @aosoleawith strong support

(bs = 86% as sister to th&@acingaBrasiliopuntia Opuntiaclade Fig. 26), soConsoleashould
notbe consrdéyed B Opuntdgse as suggestby Nyffeler and Eggli
(2010D. If Consoleas a result of ancientticulation, concerted evolution and subsequent ITS
divergencemay obscure progenitor discovery,tbe putative progenitormay have since gone
extinct. On the contrary, thacement oConsoleawithin Opuntias.s. may represent
incompletdineage sorting or homoplasy in ITS data. Furthierk will be necessary to resolve
the placement o€onsolea

Consoleashares morphological characters with numerous Ehx@se include monopodial

trunks, as irBrasiliopuntig hairy seedsis inBrasiliopuntig Tacingg and some members of
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Opuntias.s.(Stuppy2002), hookshaped embryos as Tracinga(Stuppy2002), and expanded
floral nectaries for hummingbird pollinati@s inTacinga(Taylor et al.2002 and several
Opuntiaspeciege.g.,0. quimilo, NopaleaDiaz and Cocuc@003 Puente2006).However,
members offonsoleaalso demonstrate unique charactedsich do not appear elsewhere in the
Opuntieae, except imterclade allopolyploids witiConsolege.g., reticulate epidermand
cryptic dioecy Strittmatteret al.2008. Consoleahas diversified into at least nine species
(ArecesMallea2001 NegrénOrtiz 2007) and should not be regarded as synonymous with
Opuntias.s., as proposed by Nyffeler and Eggli (2010b

Opuntia lilae and Opuntia schickendantzii

Previous analysdsave shown that one of our outgroups, previously regaasi©guntia
Salmiopuntia salmiam is resolved outside @puntias.s.(Griffith and Portei2009. Our
analyses indicatetthatO. lilae andO. schickendantzalso are not members Opuntias.s.(Fig.
2-1). The placement of these two species outsfd@puntias.s. was unexpected giverat
Trujillo and Ponce (199Pconsidered. lilaeto be a member ddpuntiaseriesTunaeof Britton
and Rose (1920andO. schickendantzhas traditionally been considered a membedpdintia
seriesAurantiacae(Britton and Rosd920. Our sequence dakeereand morphological analyses
(L. C. Majure and R. Puente unpublishednuscripfindicate thaDO. lilaeis a Venezuelan
Caribbean member of the mostly Brazilibacingaclade. Thaligict. of Cactaceae congeners
from the Caatinga of easteBnazil to the Caribbean region of northern South Amehaa been
observed previouslgSarmiental975. More researcks essential to determine haw
schickendantzshould bdreated taxonomically, given that it does not share obvious
morphologicalcharacters witlBrasiliopuntia (Nyffeler and Eggl20103, its sister taxon in our

analyses.
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Nopalea

Our results indicate that the hummingbpdllinatedNopaleais nested withirDpuntias.s.,
in agreement with othemalysegWallace and Dicki002 Griffith and Porte2009, Barcenas
et al.2011, HermrandezHernandezet al.2011). Hence Nopaleashould not be recognized at the
generic levebut does form a clade and could still be recognized wilfpantias.s. In our
combined diploid analysi®yopaleaforms awell-supported clade (bs = 9§%hat also includes
insectpollinatedO. caracassangD. guatemalensj®©. jamaicensisO. sanguinegandO.
triacantha Shifts from insect pollinatioto hummingbird pollination have occurred several
times inOpuntieae (e.gTacingg O. quimilg O. stenopetalaNopalea data not shown). In
Nopalea this shift resulted in pronouncédoral morphological changes (e.qg., short, erect tepals,
andexerted stamens and styles). Such pollinator shifts are comnamgiosperms anaften
result in major morphological chang@sg., GrantL994 Fensteret al.2004 Penneys and Judd
2005 Crepet and Nikla2009.

South-North American Disjunction in Opuntia

The NorthAmericanOpuntiaclade is nested within the South Ameri€@puntiaclades
(Fig. 21); the ancestral area reconstruction forMecbridei(Andean Valleys of Peru and
Ecuadoy + North American clade suggests that their most recent common aneestérom
southwestern South America (66% proportidikalihood; Fig. 24). Thus, our data suggest that
the most recerdommon ancestor of North Americ&puntiamigrated nortlror was dispersed
long distance from South America to westBiorth America. Our DIVA analysis agrees with
the longdistancalispersal scenario, althoughtiwia low probability (0.50). Thdigct. of North
and South America@puntiahas nobeen proposed previously, presumably because species of
Opuntiaexist throughout the Americas from Argentina to Can@aelerson2007). Similar

patterns of digt.s betwea South America and North America can be seen in Cactoideae
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(HermandezHerrandezet al.2011), elsewhere in Opuntioided€riffith and Porte2009, as
well as in the close relatives oécti, Grahamia(Nyffeler 2007 andPortulaca(Hershkovitzand
Zimmer2000.

There are other ileknown examples of similardtistic digct.s between southern South
America and the southwestddmited States/northern Mexig¢dohnstoril94Q Axelrod 1948
Raven1963 Solbrig1972 Lia et al.2001, Simpsonret al.2005 Bessegat al.2006 Mooreet al.
2006 Hawkinset al.2007), although there is still speculation as to why stigjet.s occur
(Solbrig1972. Many of these disjuncts alsgppear to have their origins in South America
(Johnstorll940. Most analyses suggebat these North South American djst.s must have
formed via longdistance dispersal ever{Raven1963 Simpsonret al.2005 Bessegat al.2006
Mooreet al.2006), since vey few species of the overalbilas areshared between the two areas
(e.0.,2%; Ravenl972, many ofthese disjunct taxa are not host to the same insect faunas, and
the same vertebrates often are not found in the two geogtaphtons(Raven1963 1972).

Further supporting londistance dispersal @puntig the cactophagous ath,

Cactoblastis cactorurBerg (Pyralidae)which occurs naturally in southern South America, our
proposedjeographic origin oDpuntig does not occur naturally iorth America. In fact, as
aforementioned, introduced populatiaf<C. cactorumare useas a biocontrol agent to destroy
introduced populations of North Americ&puntia which have not evolved to cope with its
gregarious feeding habi¢Stiling 200Q Stiling and MoorR001;, Mariscoet al.2010. Likewise,
cactophagous moths in North Ameriead.,Melitara Walker) are in a different clade fro@.
cactorum suggestinghat the internal feeding behavior of these pyralid mettwved several
times within this lineage after the initial evolutiohcactophagy in the Pyralidé8imonsen,

2008.
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It is presumed that African, Malagasy, Sri Lankan, and Inglgrulations of the epiphyte,
Rhipsalis(Cactoideae), originateda longdistance dispersal by birds from their natigage in
South AmericgThornel973 Bensonl982 Barthlott1983 Anderson2001). Longdistance
dispersal of Didiereaced®mm South America to Africa also has been postulégxblequist
and Wallace200]). Birds (e.g., species @eospizaare also known to disperse the seeds of
GalgpagosOpuntiaat least for short distancéSrant and Grani981). Numerousther species
of birds have been recorded eating fruits s@elds oDpuntiain other areas as wdDean and
Milton 200Q Mellink and RiojasL6pez2002), so there may be a link betweinds and the
long-distance dispersal @puntiaseeds irSouth and North America.

Species oDpuntias.s. currently exist throughout the neotropéasg] it is possible that
ancestral populations of the NoAlmerican clade once occurred in local refugia throughout
CentralAmerica, a scenario thalso has been proposed for othgd-adapted disjunct taxa
(Solbrig1972. It has been establish#tat a desertifieénvironment did not exist throughout the
neotropics from the Miocene through the Pliocéieelrod 1948 Ravenl1963), although
isolatedp at ¢ h e s o f halfitatssmaphaue existg8olbrig1972. These local refugia
may have acted as A steppi nfjomSouth Areesicato bet we en
western North AmericéRavenl972 Solbrig1972, with northwardmigrating populatns
eventually going extinct in more southerly locations. Regardilesdsthmus of Panama did not
create an impassible barrier the continued northern migration ©@puntias.s. considerinthat
the closure of the Isthmus of Panama is proposed totaker place 3 my@Marshallet al.

1979, and divergence timestimates for the North American radiation (5.12 £M&j place the

origin of the clade before that time.
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The North American Radiation

Our phylogeny suggestsatOpuntias.s. radiated rapidhyith substantial morphological
diversification after its movement into North America. Thedern day Sonoran and
Chihuahuan deserts were hotsgdotsthe formation of new clades and rampant speciation, as
evidenced by the great diversity©@puntiain the® regionfGdmezHinostrosa and Heédmdez
200Q Herrandezet al.2001; Powell and Weedi@004). Our dating analysis indicatésat the
North American clade originated 5.{21.6) Ma. All subclades of the North American clade
originated from 5 1.5Ma, swggesting that diversiéation of the clade was facilitatég the
expansion of arid habitats during the rRitlocenethrough the early Pleistocef#xelrod 1948
and possibly coincidingith the middle Pliocene warm peri¢gdxelrod 1948 Haywoodet al.
2001; Haywood and Valde2004). Speciatiorwithin and among North American clades was
further increasebly hybridization and subsequent allopolyploidy, whicham@amon inOpuntia
s.S. In contrast, there is little evidenceifderclade allopolyploids betwadhe South American
cladeand other clades, suggesting that those clades remained isoititedodern times with
the human introduction of North Americtaxa into South America or naturally southward
migratingtaxa(Kiesling 1998 Novoa2006).

Reticulate Evolution in Opuntia

Hybridization betweespecies and subsequent polyploidization (i.e., allopolyp)osy
common speciation process in plaf8sebbinsl 950 1971 de Wet1971, Grant1981; Gibson
and Nobell986 Ramseyand Schemsk&998 Soltis andSoltis2009. In Opuntia,the
production of allopolyploid species is very common and hatléake origin of many new
speciegPinkava2002. These polyploidsften are not completely reproductively isolated from

other speciefGrant and @G&ant1982. However, these new genongombinations often result in
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morphologically distincentities, which may propagate themselves indefi nitely via
agamospermyyegetative apomixis, or sexual reproductiebmarand Pinkav&001).

Most crosses leading to the fornmatiof interclade allopolyploidare naturalhowever, a
few appear to have been hummaadiatedKiesling 1998 Griffith 2004 ReyesAgueroet al.
2005. Evidence for the use @puntiain central Mexico as Bodstuff by Native Americans,
where many of thee polyploidtaxa occur, has been found dating to at least 14 000 \iCagas
and Barber2002. Kiesling (1998 suggested an 8068000 yr-old date for the domestication of
the polyploid,O. ficusindica, a species still cultivated and used widely &saalstuff today
(Ingleseet al.2002 Felkeret al.2009.

Many of the shrubby to arborescent allopolyploid taxa, rabgthich are octoploids,
occurring from central Mexico througiorthern South America, are derivatives of Nepalea
clade,which contans the arboresceiopaleamembers, and one arore of two other clades
(e.g.,Basilares ScheerianagFig. 2-2). Baker (2002 noted the possible relationship between the
EcuadoriarPeruvian octoploid®. soderstromianaand theintroduced central Mexican
octoploid,O. ficusindica. Bergerconsidered. schumanniio be intermediate betwe&opalea
andOpuntia(Britton and Rose, 1920These taxa have putatigeogenitors in common from the
Nopaleaclade and th®&asilaresclade(Fig. 2-2). This was unexpéed, as several South
American taxa (e.gQ. bisetosaO. boldinghij O. pittieri, O. schumanj)iare actually derived
from the North Americaclade, suggesting that they originated from speci€¥paintia
migrating south from North America or those bethgpersedouth by humans or other fauna
(e.g.,0. ficusindica).

The common consumption of the fruit@puntiaby humansand many other animals

would allow for the facile disseminati@i seeds and thus dispersal by migrating frugivores.
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Sixty-ninespeces of vertebrates (not includikpmo sapienshavebeen recorded eating the
fruits and/or seeds @puntiaspeciegMellink and RiojasLopez2002. Davis et al. (1984
foundseeds oDpuntiain wooly mammoti{Mammuthusdung,which confrms the use of
Opuntia s.s. by Pleistocene megafalaral further emphasizes potential lesigtance dispersal
via migrating herbivores.

Interclade taxa involving thBcheerianaelade consistentlizave a member of the
Scheerianaelade as the paternal doraord the other elde involved as the maternal donor (e.g.,
O. acaulis O. bahamangaO. boldinghii O. cubensisO. lucayanaOpuntiasp. nov. 1). This is
most likely the result of specializgallination syndromes (primarily bird pollinatifin
ConsoleaandNopalea since hummingbirds presumably rarely visit @mtomophilous fl owers
of ScheerianaeHowever, insects occasionallisit hummingbirdpollinated taxa, such &3.
quimilo (Diaz and Cocuc@003 andNopalea(Puente2006. In thecase of the allopolyploi®.
cubensisthe putative paternal progenitOr dillenii of theScheerianaelade is much larger than
the putative maternal progenitdr abjectaand may thus bmore easily accessible to insect
pollinators, leading to highéransfer rates of pollen frof. dillenii to receptive stigmas @.
abjecta Alternatively, genetic interactions may determivigether reciprocally formed
polyploids are both viable.

The precise origins of those species designated intraotdgeloids are not clear for
several reasts. First, limited sequenckvergence among closely related species precludes
determinatiorof the specifi ¢ origins of true intraclade polyploi8&cond, concerted evolution
of ITS in an allopolyploid magonceal one of the putative progenitohévarezand Wendel
2003 Kovarik et al.2005 Kim et al.2008 Soltiset al.2008 such that a true allopolyploid

(interclade or intracladevould not be detected as such. Finally, autopolyploidy, rather than
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allopolyploidy, could explain a pattern of shasstjuencebetween diploids and polyploids.
Some taxa included in oanalyses are composed of more than one ploidal level@e.g.,
macrocentraO. pusillg O. strigil; Pinkava2002 Powell andWeedin2004 Majureet al.

201%); samples of different cytopesare sometimes morphologically similar and form clades
(e.g.,0. pusillg Fig. 2-3), suggesting autopolyploidy. Autopolyploidave been found
elsewhere in Cactaceae, althoughlibst documented are restricted to subfamily Cactoideae
(Sahley1996 Hamiick et al.2002 Nassaret al.2003. Autopolyploidsmay play a much larger
role in plant speciation than is currentgcognizedJuddet al.2007 Soltiset al.2007 and may
havebeen infuential in the diversifi cation ddpuntias.s. as wellDeterminng theorigins of all
intraclade polyploids thus woulak especially informative.

Summary

Opuntias.s. is a welsupported clade, whidbriginated in southwestern South America
and quickly diversified after a northern migration or latigtance dispersaito the arid regions
of western North America. Reticulate evolutiamd polyploidization have played a major
evolutionary role irthe clade by producing novel phenotypes and increasing spietiesss.
The complexity of phylogenetic relationships amepgcies and major clades is increased by
polyploids, so determinintihe ploidy of all taxa is imperative to the constructiommiaccurate
evolutionary history of the clade. Detailed phylogenetiorphological, and fi eld studies of taxa
within each cladsvill be necessary to fully understand relationships and biogeognaati@ns
at the species level.

Given the proposed recent ages@muntias.s. (5.6 + 1.Ma; Arakakiet al.201]) and its
subclades given her®puntias.s. shows the signature of ad¢ that has undergone a rapid
radiation (i.e., broad distribution, high morphological and speliessity, and low molecular

marker divergenceMalcomber2002. The nuclear and plastid data do not fully resolve species
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relationships within clades, andweral nodes along the backbaf¢he phylogeny lack high
bootstrap support, although thejor clades oOpuntias.s. are generally well supported. Rapid
radiations are often constrained by the lack of support for ciagonships (e.g., Fishbeat 4.
2001 Malcomber2002 Valenteet al.2010.

Increased taxon and marker sampling is an importantstegtin determining relationships
among all species @puntias.s. Species delimitation will require development of appropriate
markers to allow for th discovery of intraspecdivariation,using multiple accessions from each
potential species describadthin that clade. This work will also allow for the potential
discovery of morphologically cryptic species within taxa compadedultiple ploidal leels and

for illuminating the originsand evolutionary role of the abundant polyploids in the clade.
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Table 21. DNA regions and associated primers used in this study.

Region Primer name: sequence or reference
atpB-rbcL at pB.-GpAAACIATGTCGAAATTCTTTGC-3 6
at pB.-GpPAAACTATGTCGAAATTCTTTGC-3 6
matK matKx: (http://www.kew.org/barcoding/update.html)
matK5: http://www.kew.org/barcoding/update.html)
ndhFrpl32 ndhF. OBCTGAATAGACAGCTTCA-3 6
rpl 32-TGRTCAARACGAATCTTTG-3 6
psbdpetA psbJ: (Shaw et al. 2007)
pet A. @TAACABCAAGTTCGTAACAAG-3 6
trnL-F trnE: (Taberlet et al. 1991)
trnF:  (Taberlet et al. 1991)
ycfl ycf 1. Op ACIBARCTCBIBACTTCTCCAAGCTCi3 6
ycf l. Op LliZZEGATTAABGIAGGTGGATGTG3 6
nriTS ITS4: (White et al. 1990)
ITS5: (White et al. 1990)
ppc ppc. Op -GAGATCGAGEHCAGGGATGAGTTACTTCG3 0
ppc. Op. 5 EPABCCAACABGCAAACATC -3 6

Table2-2. Statistics ofegionssequencech this studybased on the diploid data s€ffe length
(bp) of aligned sequences includes gaps introduced during alignment.

Region Length (bp) No. pars. infor. characters Model selected
atpB-rbcL 861 20 HKY
matK 905 27 F81+I+G
ndhFrpl32 1699 43 GTR+I+G
psbdpetA 1169 72 K91luf+l
trnL-F 441 14 K81uf
ycfl 873 51 K81uf+l+G
ITS 599 39 TVM+G
ppc 469 37 HKY+G
cpDNA combined 5948 227 o}
nuclear combined 1068 76 o}

All Combined 7016 303 0
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Table 23. Interclade derived taxa recovered in our analyBksdy is given for each species
where known based on Majure et al. (submitted).

Species Putative progenitors Source

0. acaulis(8x), O. bahamana Consolea Plastid data

(6x), O. lucayang4x) Scheerianaelade ITS data

O. bella(unknown) Basilaresclade Plastid data
Nopaleaclade ITS data
Tacinga ITS data

O. bakeri(9x), O. bisetos#6x), Basilaresclade
O. bravoang6x), O. eichlamii Nopaleaclade
(6x), O. ficusindica (8x), O.

fuliginosa(8x), O. megacantha

(8x), O. pilifera(8x), O. pittieri

(unknown) O. schumannii

(unknown) O. soederstromiana

(8x), O. tomentos48Xx)

Basilaresclade
Nopaleaclade

O. boldinghii(6x), O.sp. nov. 1  Nopaleaclade Plastid data

(2x) Scheerianaelade ITS data

O. durangensi$4x), O. oricola Basilaresclade Plastid data

(6x), O. sp.nov. 2 (&) Scheerianaelade ITS data

O. cubensig5x) Humifusaclade Plastid data
Scheerianaelade ITS data

O. phaeacanthb6x) Scheerianaelade Plastid data
Macrocentraclade ITS data

O. leucotricha(4x) Basilaresclade Plastid data
Humifusaclade? ITS data

Consolea Sister toTacinga, Plastid data
Brasiliopuntia,
Opuntias.s. clade ITS data

Opuntias.s.?
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Salmiopuntia salmiana
Miqueliopuntia miquelii

1007+

B7/+

Opuntia s.s.

unilla corrugata

Outgroups

Tunilla corrugata
+

92 T
1004+
99/
85/ Maihueniopsis ovata

Maihueniopsis ovata

hickendantzii

87/+

Brasiliopuntia brasiliensis

93| Tacinga inamoena

Opuntia Brasiliopuntia
Opuntia lilae

Tacinga palmadora

Tacinga inamoena Tacrnga
Tacinga funalis
Tacinga saxatilis
Opuntia q

61/

BB+

g6h Opuntia arechavalatae
100/+ Opuntia retrorsa
Opuntia elata

o5/ Opuntia macbridei

—— Opuntia sanguinea

Elatae

sepeld
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Figure 21. Diploid phylogeny oDpuntias.s. Most likely topology from our RAXML run with
10 000 bootstrap pseudoreplicates using our combined nuclear (ITH@nand
plastid data set for diploid taxa only (i.e., all presumably polyphyletic taxa excluded).
Opuntia schickendantzs resolvedas sister t@rasiliopuntia brasiliensisandO.
lilae is resolved as sister #acinga palmadoraTheBrasiliopuntiaTacingaclade is
sister toOpuntias.s. inwhich Nopaleais deeply nested. Wedlupported clades are
named based on series recognized bigdh and Rose (1920), Engelmann (1856), or
a orphological feature of a given clade. Bootstrap values are given to the left above
branches and posterior probabilities (right) are denoted as + for values of 8.0 and
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Figure 24. Ancestral area reconstruction and putative dispersal pathw&ysuttiaclades.
Ancestral reconstructions are represented as (A) southw&siath America, (B)
Caatinga, (C) Central Andean valleys, (D) northern Séutkerica (Caribbean
Region), (E) tropical dry forests (Mexico, Centlatherica, Caribbean), (F) western
North American desert region, and (G) southeastern United States. Proportional
likelihoods are given for each nodetive phylogeny. Dispersal probabilites are given
alonga given pathway on the mappuntias.s. originated in southern South America
(A), and then expanded the Central Andean Valleys (C) and the western North
American desert region (F) from where it expanded in distribution and diversifi ed
into eight sub@des From the southwestern North American desert region, the
Nopaleaclade dispersed into the tropical dry forests of Mexico, Central America, and
theCaribbean (E), and tHéumifusaclade dispersed into the southeastern United
States (G). The ancestartheTacingaBrasiliopuntiaclade (B), an easteBrazilian
clade of the Caatinga, also originated in southwestern South America. One l{Deage,
lilae, dispersed to the northern South American Cariblfieen the Caatinga region

(D).
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CHAPTER 3
Opuntialilae, ANOTHER TacingaHIDDEN IN OpuntiaS.L. (CACTACEAE)

Background

Tribe Opuntieae within subfamily Opuntioideae of Cactaceae consBtasifiopuntiaA.
Berger Consoled_em., MiqueliopuntiaFri| ex F.Ritter, Opuntia schickendantzh. A. C.
Weber,OpuntiaMill. s.s.,SalmiopuntiaFril ex Guiggi TacingaBritton & Rose, andTunilla D.
R. Hunt & lliff (Wallace and Dickie 2002; Griffith and Porter 2009; Majure eR@ll2g. Most
of the aforementioned genera were historically includgdgantias.l. (Britton and Rose 1920),
but have recently been segregated based on morphological and molecular data (Stuppy 2002;
Wallace and Dickie 2002). Britton and Rose (1920), however, separated the distinctive genus
Tacingafrom their broadly circumscribe@puntias.|.

At the time of its description by Britton and Rose (192&¢ingaincluded only one
species]. funalisBritton & Rose, from Bahia, Brazil. This species was discovered in the
characteristic dry caatinga (spelled catinga in Britton and Rosg ¥6g6tation and was thus
named for it using the anagraracinga(Britton and Rose 1920Molecular phylogenetic
analyses have increased the size of the genus, showing that species previously considered part of
Opuntias.l. are more closely related to mesns ofTacingathan to other species dacinga
(e.g.,T. inamoendK. Schum) NP. Taylor & Stuppy T. palmadorgBritton & Rose) NP.
Taylor & Stuppy T. saxatilig(F. Ritter) N.P. Taylor & Stuppy T. werneri(Eggli) N. P. Taylor
& Stuppy; Wallace amh Dickie, 2002). Taylor et al. (2002) subsequently transferred those species
to Tacinga which now includes seven species (includindpraunii EstevesaandT. subcylindrica
(M. Machado & N.P. Taylor) M.Machado & N.P. Taylor; see Lambert 2009 and Menezes et al.
2011) and one hybrid taxom, x quipa(F. A. C. Weber) Taylor & Stuppy (Taylor et al. 2002).

Morphological analyses of those taxa have also illuminated potential synapomorphies for
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members off acinga(Stuppy2002), which distinguish members of this clade filOpuntias.s.
and other genera in Opuntieae.

As found in some other members of Opuntieae (Egnsolea, Nopaleaf Opuntias.s.),
species ofracingaproduce hummingbirghollinated flowers with tepalsarying in color from
green (greeniskwhite) to red or orange. The tepals are spreading to recurved in some species
(e.g.,T. funalis, T. inamoenabut may be erect and form a tube in other members of the clade
(e.g.,T. palmadora, T. werneri Stamens arathigmonastic, and in some taxa one or two rows
of staminodia are produced (Stuppy 2002; Lambert 2009). The fruiscaigahave a
characteristic deep and narrow umbilicus (Stuppy 2002). Membé&iecofgaalso develop a
hookshaped embryo, unlike tlwiled embryo oDpuntias.s., and have relatively reduced
perisperm formation relative to the small embryo size, as compared to the very reduced
perisperm and large embryo sizedpuntias.s. (Anderson 2001; Stuppy 2002). Species of
Tacingaproduce seds with a hairy funicular envelope, asdme speciedisplay indeterminate
growth, two characters shared by other members of OpunBeasil{(opuntia, Consolea

Trujillo and Ponce (199nd Ferédndez (1995onsidered. lilae Truijillo & Ponce to
represent part oDpuntiaseriesTunaeof Britton and Rose (1920), although Trujillo and Ponce
(1990) mention that thepeciesloes not have the easily disarticulating cladodes of the other
members of that series. The geographic locatidd. difae in the northeastern portion of
Venezuela and the proximity to the Caribbean, where other members offserdesccur (e.g.,
O. caracassan&almDyck, O. triacanthaWilld.) Sweet), presumably were influential in
decisions regarding relationships to attexa.Opuntiabella Britton & Rose from Colombia,
which was placed in seri@gainaeby Britton and Rose (1920) and shares charactersQvititae

(erect tepals, included stamens at anthesis), is suggested to be an intergeneric hybrid between
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Opuntias.s.andTacinga(Majure et al20123. The morphological similarity d. bellaandO.
lilae may also have encouraged Trujillo and Ponce to indludéae in the serie§unag as no
other members of the series share obvious morphological characte€. Wak.

Recent molecular analyses@puntias.s. using plastid and nuclear sequence data revealed
thatO. lilaeis most closely related to members of Tlazingaclade (Majure et ak012a). Here
we reconstruct thphylogeny showing the relationship ©f lilae with Tacingaand use the
phylogeny to search for putative synapomorphies of tengaclade. We then describe
morphologicalapomorphiesf O. lilae (based on the type collection ©f lilae), which are
shared with other members of thacingaclade

Materials and Methods
Taxon Sampling and Phylogenetic Analysis

We performed a phylogenetic analysis including four speci@da@hga (T. funalis, T.
inamoena, T. palmadora, T. saxatilis), Brasiliopuntia, Opuntia lilae, O. schickendamizii,
threespecies of South Americ@puntias.s, O. arechevalata8pegazziniO. macbrideBritton
& Rose, and. quimiloK. Schum. Miqueliopuntia miqueli{Monv.) F.Ritter, Tunilla corrugata
(SalmDyck) D.R. Hunt & lliff, and Salmiopuntia salmian&]. Parm. exPfeiff.) Guiggi were
used as outgroups. Our molecular data and morphological observat@nilaé¢ were based
upon the holotypesge also Appendix)BWe used previously gathered data from Majure et al.
(20123; the plastid intergenic spaceaspB-rbcL, ndhFrpl32, psbdpetA, trnl-F, plastid genes,
matKandycfl, the nuclear gengpc and the nuclear ribosomal internal transcribed spacer
(ITS). A sequence ahatKfor T. funaliswas downloded from GenBank (see Appendi¥ BVe
performed a maximum likelihood analysis of combined plastid and nuclear data sets (see Majure

et al.2012a), however, with theduced taxon datet described above, in RAXML (Stamatakis
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2006) implementing 10000 rapid bootstrap (bs) pseudoreplicates 25 rate categories using
the GTR+i model of molecular evolution.

Ancestral State Reconstruction

We coded the following 11 morphological characters for those taxa used in our
phylogenetic analysis: 1) growth determinate vs. indeterminate, 2) piolfiraindrome, i.e.,
insect vs. hummingbird, 3) embryo shape coiled vs. hooked, 4) funicular envelope with or
without hairs, 5) stomata placement at the epidermal surface or = sunken vs. raised above the
surface ) pollen exine conditigrbullate, reticulte, punctate, or tectapunctate, 7) perisperm
production n relation to embryo sizgyeatly reduced vs. reduce®) umblicus shallow and
broad vs. deep and narrow, 9) bud shape acute vs. compressed, 10) stamen movemest absent
present, and 11) stanudia absent or present.

We performed an ancestral state reconstruction in Mesquite v. 2.73 (Madison and Madison
2010) using maximum likelihood (ML) and maximum parsimony (MP) methods with unordered
states to determine which characters exhibite®bjlae may represent likely synapomorphies
of theTacingaclade. Under ML we implemented the Mk1 model of evolution, which is a
Markov k-state iparameter model that allows for an equally probable change from one character
state to the next.ewis 2001; Maddisn and Maddison 2010). We also crassnpared
morphological characters of the type collectior©ofilae with other members of thEacinga
clade to support likely species relatships with regartb the phylogeny.

Results
Phylogenetic andMorphological Analysis

Opuntialilae is well supported (bs = 92) as a member oftheingaclade. The
phylogeny suggests a close relationshi@ofilae with T. palmadorgFig. 31). Unlike

members of the hummingbhubllinatedOpuntiaclade,Nopalea which develop acute flower
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buds (Fig. 2A), O. lilae has the typical compressed flower bud apex (F2BBof most
Tacingaspecies (e.gT. inamoena, T. palmadora, T. saxatilis, T. werheHowever,Tacinga
brauniiandT. funalishave relatively log, acute flower buds (see photos in Taylor et al. 2002;
Lambert 2009). The flowers @. lilae have a tubular, oranged corolla (Fig. 2B-D), much

like that of T. palmadoraor T. werneri(Anderson 2001 Taylor et al. 2002; Lambert 2009).

Analysis of tle fruit shows the characteristic deep, narrow, umbilicus of Giheingaspecies

(Fig. 3-2F), hairy seeds, a strongly hooked embryo, and reduced perisperm development (Fig. 3
2H), of otherTacingaspecies, as compared@puntias.s. (Fig. 2G). Opuntialilae also shows

the characteristic tectapinctate pollen (not shown) of othBaicingaspecies (Taylor et al.

2002).

Ancestral State Reconstruction

Of the 11 characters used in our analyfeigt of those appear to represent synapomorphies
for theTacingaclade under both ML and MP methods (Fig2)3 Species of th€acingaclade
have: 1) hoolshaped embryos with 2) reduced perisperm, 3) raised stomata (as evident in
Opuntia lilae, Tacinga inamoena, T. palmadoaadT. saxatilig, and 4) a deep, narrow
umbilicus. These features contrast with the coiled embryos with greatly reduced perisperm, and
superficial or sunken stomata©@puntias.s.,Brasiliopuntia andOpuntia schickendanztiin
general, other members of Opuntieae halatively shallow and broader umbilici than those of
Tacinga(Fig. 3-3).

Although, all species ofacingastudied thusdr have tectatpunctate pollenmembers of
Opuntias.s. also have punctate pollen, which may either be finely tquiattate, asi
members of th&lopaleaclade (sensu Majure et @0123, or punctate with large slitke
apertures, as i@. macbrideiandO. stenopetalésee Leuenberger 1976). The switch from

reticulate to punctate pollen @puntias.s. appears to be related tdtsito hummingbird
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pollination, as thos®puntiaexhibiting punctate glen are generally hummingbhabllinated
(e.g.,0. stenopetalanembers of th&lopaleaclade). Interestingly, the finely tectgpenctate

pollen of some species dacinga(e.g.,T. funalis, among those studied) and of thepalea

clade ofOpuntias.s.is strongly associated with hummingbird pollination and the possession of
flowers with greatly exerted stamens and stigmas. However, other spetasngfa(O. lilae,

T. inamoena, Tpalmadora, T. werneyiandOpuntias.s. (e.g.0. macbridei, O. stenopetgla

exhibit coarsely tectatpunctate pollen and have flowers that may be more commonly visited by
both hummingbirds and insects. This variational pattern highlights the facotlest pharacters

in Opuntieae are homoplasious and likely dependent on pollingtainesne.

Seeds with a hairfunicular envelopeare pleisiomorphic ifacingaas, according to our
analyses, the most recent common ancestor of Opuntieae is reconstructed as having hairy seeds.
Hairy seeds have subsequently been lost in other groups (c@ptamias.s., Tunilla) but were
retained inTacinga Bud shape, growth fm, pollination syndrome, the presence of staminodia,
and athigmonastic stamens are apparently homoplasious characters, as they have been derived
separately in other lineages of Opuntieae. Eveid #uengaclade shows a shift in bud shape:
from generally ompressed in most members to acut€.ifunalisandT. braunii Tacingaalso
exhibits variation in growth form, with some species showing determinate growtlQelitag,

T. inamoena, T. saxatilisnd others indeterminate growth (e1g.praunii, T.funalis, T.

palmadorg, and staminodia are lacking in most members of the genus, but have been acquired
in T. braunii, T. funalisandT. werneri(Taylor et al. 2002). Considering our phylogeny,
indeterminate growth and staminodia evolved twicEaninga However, a more complete

taxon sampling (i.e., including. braunii, T. subcylindricaandT. werner) and a welresolved

phylogeny are necessary to fully explore character shifts in the clade.
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Discussion

It is clear not only from our molecular phylogsic analyses, but also from our
morphological investigation th&. lilae from northeastern Venezuela,a member of the
Tacingaclade Opuntia lilaehas a hoolshaped ovary (Fig.-3A, Fig. 33H) with reduced
perisperm relative to emyo size (Fig. 2B, Fig. 33H) and a very deep umbilicus (Fig-2BD,
Fig. 3-3F), as compared to most specie©plintias.s.; all of these are synapomorphic for the
Tacingaclade. Opuntia lilaehas a characteristic epidermis, which feels like sand paper to the
touch. Fernandez (1995) showed this to be the result of raised stomata (se® kigs. 1
Ferréndez 1995)Tacingainamoena, T. palmadorandT. saxatilisalso have raised stomata
but wehave noexamired this charactan other members of thEacingaclade (Fig. 32C).
Stomata are superficial or slightly sunkerBirasiliopuntia Opuntia schickendanztii
Salmiopuntiaand species dDpuntias.s.that have been surveyed (Eggli 1984, Majunpubl.
data). Thus, at least based on the taxon sampling of our analysis, this distinctive anatomical
condition is also an apomorphy Bécinga

Opuntia lilaealso possesses erect, orange tepals forming a tube, included stamens
(unlike hummingbirépollinatedNopaleaof Opuntias.s., which has exserted stamens), and a
hairy funicular envelope, as do other speciefaafinga(Stuppy 2002; Taylor et al. 2002).
Brasiliopuntia, Consoleaand some species Opuntias.s. also have a hairy funicular erops
(Stuppy 2002), so although characteristida€inga this character is not sgpomorphic for the
genus (see &sults).

Opuntia lilaeappears to bmostclosely related td@. palmadoraandlikely alsoT.
werneri,considering vegetative morphology, floral characters, and the close relation3hip of
palmadoraandO. lilaein our phylogeny. The yellowish spines@f lilae (Fig. 3-21) suggest a

closer relationship witf. palmadorahan toT. werneri The hexaploidhromosome count @.
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lilae (Majure et al. in review), however, differs from the morphologically similar but didloid
palmadora(de Castro 2008suggesting thad. lilae andT. palmadoraare likely not
conspecific. AlsoQ. lilae does not show the intlgminate growth displayed @y palmadora
(Taylor et al. 2002). Ploidy of. wernerialso needs to be determined, and detailed
morphological comparisons of all three taxa need to be undertaken. WhetheOolilaatis
derived from hybridization and baequent genome duplication or merely intraspecific genome
duplication also requires further study.

Tacingahad been considered to be endemic to Brazil (Taylak. @002; Lambert 2009);
however, the distribution of this clade must now be extended thamorvVenezuela, a
disunction of ca. £85km from the northwestemost population oTacinga (T palmadorg in
Pernambuco, Brazil, based on distributions given by Taylor et al. (2002). Divergence time
estimates and ancestral area reconstructions suggéesacingaoriginated in Brazil during the
Pliocene and subsequently dispersed to northern South America (Majur20d2al. Tacinga
may have once possessed a contiguous distribution from eastern Brazil to at least the western
cordillera of Colombia, where the intelade hybrid betwee@puntias.s. andracinga O. bellg
is found (Britton and Rose 1920; Majure et20123. Alternatvely, Tacingadispersed to
Venezuela and Colombia, becoming an apoendemic taxon (sensu Stebbins 1971) in Venezuela
and hybridizing withOpuntiain Colombia (Majure et ak0123. Sarmiento (1975) noted
numerous floristic similarities (i.e., shared gen®&etveen the caatinga and Caribbean dry
region of Venezuela and suggested that these two areas may have once been closely linked by a
broader dry region spanning the two areas or that the vegetation of both areas may be derived
from a common origin. Therpsence 00. lilaein Venezuela would suggest a common origin

scenario for certain vegetational elertsein these two areas, althouglostOpuntias.s. species
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found in Venezuela (e.gQ. boldinghii, O. caracassanare derived from North American
cladegMajure et al20123 and not those from South America.

Trujillo and Ponce (1990) stated tltatlilae is naturally rare in Venezuela and is known
from only two states, Lara and Suci@puntia lilaeis known to produce vegetative propagules
(i.e., to eemonstrate proliferous growth) even from mature fruit (Trujillo and Ponce 1990) that
contain apparently viable seeds, so the species regularly produces vegetative clones from parent
plants. The role of sexual reproduction, however, is not known, butgestegl to be low
(Trujillo and Ponce 1990). More research is warranted to determine whether or not apomixis
may play a role in seed formation in this uncommon, highly clonal, hexaploid species. Also,
better taxon sampling will be necessary to determinedtosely related. lilaeis toT.
palmadora T. werneri,or other members of thEacingaclade.Phylogeneticallypased
morphological analyses, including athcingaspecies, will be necessary to fully evaluate
morphological character shifts within the déa

Becauseas discussed above, our molecular and morphological phylogenetic analyses
strongly support the transfer Gfpuntia lilaeto the genu3acinga we provide the following
new combinationTacinga lilae(Trujillo and M. Ponce) Majure and R. Puentanb. nov.

Basionym:Opuntia lilaeTrujillo and M. Ponce, Ernstia 580: 1 1990.
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Figure 31. Phylogram ofracingaand other members of Opuntieae from a combined analysis of
nuclear and plastid loci in RAxMtarrying out 10000 bootstrap pseudoreplicates
under 25 rate categories and implementing the GI'Riodel of molecular
evolution. Bootstrap values are given above the branChmsitia lilaeis resolved as
sister toTacinga palmadoran the well supportedacingaclade. Low bootstrap
support and resolution for the subclad& atingacontainingT. funalislikely is the
result of lack of data (i.e., onlpatKwas available fofl. funalig and taxon sampling.
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Figure 32. ML characterstate reconstructions for A) embryo shape, B) perisperm development,
C) stomatal placement, and D) umbilicus structure. Hook shaped embryos, reduced
perisperm development, raised stomata, and deep, narrow umbilici are putative
synapomorphies of thEacingaclade as shown in our reconstructions.
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Figure 33. Morphological characters dfacinga lilaefrom the type collectionTrujillo & Ponce
18643 A) acute flower bud of the hummingbimbllinatedOpuntiacochenilliferg
contrasting with B) the dorsalljompressed flower bud &. lilae, C-D) red flowers
with erect tepals forming a tube and included stamens typical of certain members of
Tacinga(i.e., T. palmadora, T. werneyi E) shallow umbilicus oDpuntiamacrorhiza
(LCM 3510 as compared to F) tlieep, narrow umbilicusf O. lilae (scale = 1cm)

G) cross section of a seed©f macrorhizeshowing greatly reduced perisperm
development (arrow) with relation to embryo size and a coiled embryo compared to
H) O. lilae with moderately reduced perisperm development (arrow) with relation to
embryo size and a hoahaped ovary, (scale = 3mm), and I) cladod®.dflae

showing spine production resemblifigpalmadoraandT. wernet.
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CHAPTER 4
A CASE OF MISTAKEN DENTITY, Opuntiaabjectg LONG-LOST IN SYNONYMY
UNDER THE CARIBBEANSPECIES QO triacanthg AND REASSESSMENT ®© THE
ENIGMATIC O. cubensis

Background

John Kunkell Srall, a plant systematist and Curator of the New YorkaBatal Garden
from 18981934, ,wrote a flora for the Southeastern United States for his RlsBertation
(http://sciweb.nybg.org/science2/libr/finding_guide/small)aste produced three &abns of
his treatment of the Southeastetark from 19031933 (Small 1903, 1913, 1933) in which he
paid special attention to the cacti of the southeastern United States. Small described 16 species
of Opuntiafrom Florida alone. Two speciég®puntia aljectaSmall andO. ochrocentre&Small,
were described from Big Pine Key, Florida (in BriteamdRose 1920). The population Of
abjectaat Big Pine Key was the only population that Small mentioned when he described the
species and was the only populatairihe taxon known until recently (K. Bradley, Institute for
Regional Conservation, pers. comnQpuntia ochrocentrapparently was knen from the type
locality and father north (135 km) at CapRomano (Small 1933), althoughly specimens from
Big Pine Key and Big Munson Islandhiie ever been seen (Benson 198ajure et al. 2012b
Lyman Benson (1982) produced the beauti full
United States and C&.mbataanddhe CubawyihilitacidBritioreandp | a c e d
Rose (BrittorandRose 1919) in synonymy with the Greater and Lesser Antillean spécies,
triacantha(Willd.) Sweet. Since that publication, the na@etriacanthahas been used, mostly
without question, for material from the Florida Keiogle 1990 Pinkava 2003Wunderlinand
Hansen 2003, 2011). In&stingly, Anderson (2001) treaté€d abjectaas a synonym aD.
triacantha but didnot include the Florida Keys within the geographic distribution of that

species.Opuntia abjectgunderO. triacanthg is considered an endangered species in Florida
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(Coile andGarland 2003) and thought to be the northernmost population tofacanthain
North America, occurring as a northern disjunct from the nearest populatirtredicanthain
southeatern Cuba (i.e.Q. militaris; Benson 1982).

Opuntia cubensiBritton andRose was originally described from the Guantanamo Bay
area of Cuba (BrittoandRose 1912), as a putative hybrid betw@emilitaris andO. dillenii
(Ker-Gawl.) Haw. (BrittonandRose 1920). Benson (1982) later determined that another
speciesQ. ochrocentre&Small, also described by J.K. Small from Big Pine Kdgrida, was
synonymous wittD. cubensisalthoughBritton andRose (1920) had consider®d ochrocentra
to be a close relative @. dillenii. Most authors have foll owed Be
includedO. ochrocentrawithin O. cubensigAnderson 2001Pinkava 2003Wunderlinand
Hansen 2003, 2011).

Phylogenetic analyses Gfpuntia(Majure et al2012g ard morphological studies of
Opuntiafor the monograph of thidumifusaclade Chapter J suggest thaD. abjectais a
different species and evolutioigrdivergent fromO. triacanthaand another of its synonynis,
militaris. Majure et al. (2012b) determend t hat @.ectbensi@ aflr o tihe FI or i
was likely derived from hybridization betweén abjectaand most probabl®. dillenii, instead
of O. militarisfrom Cuba. We expand upon those previous analyses here with the inclusion in
our phylogeny ofO. cubensiandO. militaris from Cuba. We also present a detailed
morphological examination @. abjecta, O. cubensis, O. ochrocen@adO. triacanthato
provide a clear understanding of wlly abjectaO. triacantha,0. cubensisandO. ochro@ntra
should not be considered conspecific. We also discuss the relation€hipnditaris to O.

triacanthafrom a morphological and phylogenetic perspective
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Materials and Methods

Previously gathered data fraime plastid intergenic spacetpB-rbcL, ndhF~rpl32, psbd
petA, trnl-F, the plastid genegcflandmatkK the nuclear ribosomal internal transcribed spacers
(ITS; White etal. 1990) and the nuclear gepec (Majure et al20128 were used for our
phylogenetic analyses. However, we enhanced anplgag to includeO. cubensiaindO.
militaris from Cuba. Live material dDpuntia cubensig/as obtained from fieldollected
(Cuba;Areces s.n material now grown at Gemini Botanical Garden, Florida. Although no
recent specimens @. militaris exist, to our knowledge, we were able to extract and amplify
DNA from a specimen collected in 193R.N. Jervis 1033VIICH) from the Guantanamo Bay
area (see ApperxdiC). Both tepal and epidermal tigssproduced usable DNA, althoutgpal
tissue was super in quality (i.e., DNA was less degraded) to the epidermal tissue used.
Opuntia triacanthaalso was sampled from an herbarium samidler( et al. 22693 NY), as we
did not have live material of that species. We cloned ITSan@®CR products oD. aubensis
andO. ochrocentrausing the Stratagene cloning kit (Stratagene, La Jolla, CA) and sequenced
eight clones of eadlising bacterial primers (¥B7) from the kits. We sampled the type
(diploid) population ofO. abjecta(Majure et al. 2012bandO. odrocentra(pentaploid) from
Big Pine Key, as well as available herbarium material for morphological work, including the
type specimens.

We also included diploid members of tHamifusaclade, the closely relatédacrocentra
andScheerianaelades, and mmabers of théNopaleaclade (sensu Majure et al. 20} 2a which
O. triacanthais morphologically most similar (e.dJ. caracassana, O. guatemalensis, O.
jamaicensiy. South American species Opuntia, O. retrorsandO. macbrideiwere used as

outgrougs based on results from Majure et al. (2012b) (Table 1).
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For reaction specifications for each DNA region ysese Majure et al. (201Ra
Sequences were edited either in Sequencher'.@Gene Codes, Inc., Ann Arbor, MUSA) or
Geneious Prd" 5.1 (Biomatters Ltd., Auckland, NZand the alignment was adjusted manually
in SeAl v2.0 (Rambaut, 2007). All gaps introduced during alignment were coded as missing
data.

Combined nuclear and plastid regions were analyzed for all putativeddigia (see
Majure et al. 2012ausing maximum likelihood (ML) in RAXML (Stamatakis 2006) carrying out
10000nonparametric rapidootstrap pseudoreplicates under 25 rate categories and
implementing the GTR model of molecular evolution. Separate plastid and nuclesetdata
containingO. cubensigndO. ochrocentrahen were analyzed using the same methods.

Morphological characters (e.g., cladode shape, flower color, glochid color, growth form,
spine color/development pattern) were obseraed measurements were takeym herbarium
specimens 0D. abjecta, O. cubensis, O. militar®. ochrocentraandO. triacantha and live
material ofO. abjecta, O. cubensiandO. ochrocentra As mentioned abovepriive material
of O. militarisor O. triacanthawas available for study. We also compa@dnilitaris andO.
triacanthato herbarium specimens of a closely related Caribbean sp@ciespengsee Majure
etal. 2012pa

Results

Phylogeny

Opuntia abjectaandO. triacanthaare resolved in disparateades. Opuntia abjectas
nested in the southeastern United States subclade ldtith#usaclade, and. triacanthais
closely related to the Caribbean and Central American @xegracassana, O. jamaicensisd

O. guatemalensisf theNopaleaclade (kg. 4-1; see also Majure et al. 20)2®puntia militaris
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also is nested within thdopaleaclade and is not closely related@o triacanthabut is resolved
as closely related 0. caracassana

Opuntia cubensis.|. is recovereth three places). odrocentras.s. (from the Florida
Keys) is nested within thidumifusaclade using plastid datdhe samplef O. cubensis.s. is
nested in th&lopaleaclade using plastid data (Fi4r2A). This suggests that the maternal parent
of O. ochrocentras a menber of theHumifusaclade and the maternal parent©f cubensiss a
member of théNopaleaclade. Two ITS copy types were discovered for lidticubensieandO.
ochrocentraafterexcluding putative recombinants. One ITS haplotyp®.afchrocentravas
recoveredn theHumifusaclade and another is unresolved in a grade containing members of the
Scheerianaelade, which contains one of the putative parent3.ajchrocentrgbased on
morphology),O. dillenii. One ITS haplotype d. cubensiss resolved within theNopalea
clade, as closely related @ militaris (i.e., one haplotype is nearly identical@o militaris), and
the other haplotype is unresolved within a grade containing membersSdhberianaelade
(Fig. 4-2B). Two copy types atswere found irppcclones ofO. ochrocentrawhich were
placed in theHumifusaclade and in a grade of other tappg¢data provide very poor resolution
at the clade levelyespectivelyhowever, only one copy type ppcwas found fronO.
cubensiswhich shared synapomorphies only with thepaleaclade (Fig4-2C).

Morphology 8 O. abjectavs. O. triacantha

Opuntia abjectas strikingly different fromO. triacanthain growth form, spine color and
production, flower bud shape, flower color, and colorrebkar trichomes and glochids.
Opuntia abjectas a small spreadingascending shrub with basally disposed, radiating branches
that reach up to 30 cm in heigh@puntia triacanthas a small erect to sersrect shrub
generally with a central, seraylindrical trunk much like that of its close relati@e repens

Bello, and reaches heights of up to 40 cm or more. The spi@sabifectaare strongly
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retrorsely barbed like those Gf triacantha but they are a lustrous, dark reddslown during
developmat, instead of dull yellow as . triacantha(Fig. 4-3), and they mature to a bright
white instead of pale white color. The spines of both taxa become dark gray in age. Upto 3
spines are produced from the areoles of terminal cladod@saifjectaand thesera usually all

in the same planef symmetry (e.g., all spreading, all reflexed, etc.). Up to 6 spines are
produced from the areoles Of triacantha,and they are in two plane$ symmetry with the
central spine typically divergent (porre¢tta O 70A angle) from the | owe
3), as in the closely related speci®s repensandO. caracassanaThe spines oD. triacantha

are also shortesn average¢han those 00. abjecta(3.7 cm vs. 4.4 cm)Opuntia abjectdas a
roundedflower bud apex, whil®. triacanthahas an acute flower bud®puntia abjectéhas
completely dark yellow inner tepals, while triacanthahas sulfutyellow inner tepals that are
often tinged pink along the midrib. Tepals are obovaf®.iabjectawith a rounded to flat apex
with a mucronate tip, and oblong to obovat®intriacanthawith a rounded apex, often without
a mucro. The areolar trichomes @. triacantha, O. militarisandO. repensare yellowish,

while the areolar trichomes &f. abjectaare white. Opuntia abjectdhas stramineousolored
glochids on younger cladodes, whide triacanthahas bright yellow glochids on younger
cladodes. In generdD. abjectamay be differentiated fror®. militaris by the same features as
used to distinguish from O. triacantha becauseas indicated in the next sectidd, militaris
andO. triacanthaare morphologically very similar.

Morphology 8 O. militaris vs. O. triacantha

Opuntia militarisis strikingly similar toO. triacantha althoughin generalO. militaris is
smaller tharO. triacantha Like O. triacantha O. militaris grows erect with one central trunk
eventually producing a small, branching shrub to 30 cm high (BattdifRose 1920). Flower

color of O. militarisandO. triacanthais similar,with both having sulfuyellow inner tepals that
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may be tinged pink along the midvein and do not have a strong mucronate tip. Flower buds in
both species are acute, as in other species tdpaleaclade. The average cladode length and
width of O. militaris contrasts withD. triacantha(6.2 x 2.8 cm fo©O. militarisand 7.8 x 3.9 cm

for O. triacanthg. Spine lengths and diameters also are smaller militaris, as compared to

O. triacantha(2.5 cm long x 0.5 mm in diameter vs. 3.7 cm long x 0.76 mdhameter).

Opuntia triacanthamay have up to 6 spines per areole, @ndhilitaris may have up to 4 spines

per areole, although difference in spine number needs to be explored further in the field, as it can
be a highly variable characte@puntia miltaris also exhibits the porrect spines@f

caracassana, O. repenandO. triacantha

Morphology 8 O. cubensis/s.O. ochrocentra

Opuntia ochrocentrdrom the Florida Keys an@. cubensisrom Cuba share
morphological features suggesting tlatdillenii could be one of the parents of both. This
similarity likely led BrittonandRose (1920) to include these taxa in the same ser@s as
dillenii, i.e.,OpuntiaseriesDillenianae In both taxa the spines are produced in apsern
from the areoles (Figl-3); they also produce radial spines that are basally flattened(as in
dillenii. Most developing radial spines ©f ochrocentraare lustrous yellow as i@. dillenii,
but central spines are produced that are mottled to banddm@aah, as in the developing spines
of O. abjecta Althoughthe spines 0D. cubensisre produced from the areole agiindillenii
(i.e., in a stapattern), the young developing spines aré yllow to creamy whitgas inO.
militaris andO. triacantha Cladodes 0D. ochrocentraare on average larger than thos®of
cubensig15.6 x 7.5 cm vs. 12.3 x 4.8 cm) and produce longer central spines (5.3 vs. 3.1 cm
long). Average spine diametease nearly the same for both taxa (1.05 vs. in@f). The
central spines of bot@®. ochrocentraandO. cubensisre generally round in cross section and

may or may not be twisted at the base, &3.iabjectaandO. militaris. Mature spines dD.
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ochrocentra turn dark gray in age and become strongly deflexed, while mature spi@es of
cubensisapparently turn light brown in age and do not deflex. Both species also hdye eas
disarticulating cladodes, likbose of their putative parental speci@sabpectaandO. militaris.
Below we provide a key to distinguigh abjectaO. militaris, O. triacantha,O. cubensis,
andO. ochrocentra We also include the widespread spe€esepensa close relative of and
morphologically similar t@®. triacantha as $iared characters of those two taxa often lead to
misidentifications. This artificial key is based both live material and herbarium specimens

Key to the Species

1. Spines disposed from the areoles in algtarpattern, radiating in all directions, radial spines
1. Spines disposed from the areoles in the same plain, or with sones ppimect, spines

(including radials and centrals, if both present) round in cross section or merely twisted at

the base, but not f |éatétéctreed&éébecééécéd.e.é.

2. Developing spines dull yellow to cream or dull light brown in color, spines &i@i1
(2.2-4.2) cm long, with one central sgirfround in cross section)
Eééééeééeécécécéeéeeee. . éééééé. O.cubensis

2. Developing spines bright, lustrous yellow to orainge or mottled yellow and reddish
brown banded in color, spines delicate t® @..75.8) cm long, with multiple
central spines (round or twisted in cross section)
Eééeééécécéeéeeeeeeeeéeeée. . . &é&. 0. ochrocentra

3. Mature plants cespitose (with numerous branches arising from the base), inner tepals entirely
yellow, developing spinesadk redbrown to mottled redbrown and white, spines mostly

spreathg from the areolesinonepa( at O 45A), fl ower buds

cladodes rotund to obovate inouth e, gl oc hi ds...s.t.r.a.@iabjec@au s ,
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3. Mature pants with solitary stems (although these may form dense patches from the
disarticulation of terminal cladodes), inner tepals yellow to yeljpgen, often tinged
with pink along the tepal midvein, developing spines dull to lustyellsw or creamy
white, usually spreading with one to two large porrect spines and 1 to numerous deflexed
spines (at O 70A), flower buds with an acu
obovate glochids YEIIOW..........cco e 4
4. Cladodes subylindrical to flat, narrow, on average 5 cm long, 1.8 cm wide,
developing spines lustroy®llow, spines flexible (delicate), on average 0.44 mm
in diameter, 3.3cmiwg, pl ants deéd é .c@adée.é Oérepéns é
4. Cladodes flat, wider, on average-8.8 cm long, 2.88.8 cm wide, developing spines
dull-yellow, spines stout, on average-0.56 mm in diameter, 23.7 cm long,
pl ants robustééééeéeé. . ééée. ééeeéeed é.
5. Cladodes 7.8 ¢20.9) cm long, 3.8 (2-5.8) wide, spines 3.7 (2@2) cm long
and averaging 0. 76 émn éwi.detdacahthaé € é
5. Cladodes 6.2 (4-8.5) cm long, 2.8 (2-3.5) wide, spines 2.5 (:3.1) cm long

andaveraging 0.50 mm..w.i.d.e.é.Q. miltaris

Discussion
Opuntia abjectavs. O. triacantha

Chromosome counts reveal that the type population abfectais diploid, while other
material from the Florida Keys isttaploid (Majure et al. 2018). Also, material cultivated at
Big Pine Key in a residentdés yard obtained fr
(LCM 3318 Majure et al. 2012h suggesting that another populatiorOofabjectamay exist
somewheren the lower keys. The population ©f abjectaon Long Key is morphologically

identical to that of other tetraploid material and thus is most likely tetraploid as@mitia
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ochrocentrahas been recorded as pentaplo£55) from threeaccessionsMajure et al.
20121, andO. cubensisvas tetraploid (& = 44) from one countreces s.n.made by Majure et
al. (in review). Spencer (1955) reported a diploid coun®iariacanthafrom Puerto Rico;
however, we have not been able to confirm this codltt chromosome counts are available for
O. militaris.

Benson (1982) likely place@. abjectain synonymy withO. triacanthg because¢hese
taxa share several morphological features, such as disarticulating cladodes, and terminal
cladodes that often extit 2-3 spines per areole. Spines of both species overlap in length and
diameter, and cladode shapes and sizes slightly overlap, as does the height of both species.
Opuntia abjectas only found in the Florida Keys and was considered merely a northern
extension of the Caribbedd. triacantha(Benson 1982Pinkava 2003). This southern
Florida/Caribbean dpsnctionis very common for a wide variety of taxa (WundedimdHansen
2003). In Cactaceae alorganthocereus, Consolea, HarrisemdPilosocereusre shared
with neighboring Caribbean Islands (Acevea®odriguez 1996) Opuntia triacanthas
commonly found on @awRoaesl128)DpuntidabjkcedikewieBsrfaundt o n
on limestone outcrops (Key Largo Limestone) within 0.5 km or le#secoceanBenson 1982;
Majure pers. obsv.). Additionally, the misidentification of the interspecific hybrid presumably
involving O. triacantha O. ochrocentrgasO. cubensis added further evidence for the northern
disjunct distribution oD. triacanthain the Florida Keys (Benson 1982).

Coincidentally,O. austrinaSmall, another endemic species to Floridanuch more
similar morphologically to tru®. triacanthathan isO. abjecta Opuntia austringorms treelets
(i.e., theammophilaentity) to large shrubs and generally is characterized by a single, cylindrical

stem, which may be copiously spiny agintriacantha(Fig. 4-3). Opuntia austrinalso is a
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member of théedumifusaclade, so these morphologically similar characters are merely
convergent betwee®. austrinaandO. triacantha Opuntia austrinas morphologically similar

to O. abjectaas well, having similar spine characters, glochid and flower colors, and cladode
shapes. Consequently, Benson (1982) also misidentified someahat&i abjectafrom the
Florida Keys a®©. austrina Although Anderson (2001) includ€l abjectan synonymy with

O. triacantha,as mentioned above, he didt include the Florida Keys within the distribution of
the species, although his photoftriacanthais actually ofO. abjectafrom the Florida Keys!

O. militaris vs. O. triacantha

Considering the limited data here and poor resolution in the diploid phylogeny{Bigit
is still premature to determine whether or @otmilitarisandO. triacartha should be considered
the same specie©puntia militarisshares numerous morphological features Withriacantha
althoughit is generally less robust and has fewer spines, characters that may be influenced as a
result of different environmental cstnaints across the distribution of the two taxa. However,
even with the limited data presented here, it is obviousQhatacanthaandO. militaris are not
genetically identical (e.gQ. militarisis more closely related ©. caracassanan our diploid
phylogeny; Fig4-1). Thus, our phylogenetic data suggest @atiacanthaandO. militaris
represent distindineages Opuntia militarisis also disjunct from the nearest populatio®of
triacanthaon Desecheo Island, Puerto Rico,day 765 km. It will be necessary to study
morphologicalcharacters and ploidivels of living material o©. militaris, O. triacanthaand
other closely related species within the Greater and Lesser AntilleXdeagracassana, O.
jamaicensis, O. ggens, O. taylorBritton andRose) to determine species limits within this
group. HoweverQ. militaris is tentatively onsidered specifically distineind is included in the

above key.
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The Opuntia cubensi€nigma

Benson (1982) consider&al ochrocentré&Small described from Big Pine Key to be a
synonym ofO. cubensislescribed from Guaatamo, Cuba (BrittomndRose 1912).Opuntia
cubensisas generally been considered a hybrid betv@ettllenii andO. militaris (Britton and
Rosel1920), and molecular tasupport the hybrid origin @. cubensigrom the Florida Keys
(i.e.,O. ochrocentrabetween a member of tiumifusaclade andD. dillenii (Majure et al.
2012a see Fig4-2A-B in this study). However, this study suggests @amilitarisis not
conspecific withO. abjectaand may be more closely related to, although likely not conspecific
with, O. triacantha ThereforeQ. cubensisn Cuba is derived from different putative
progenitorsO. militarisandO. dillenii, than that of the Flafa Keys material, which is derived
from a member of thelumifusaclade Q. abjecta and a member of tHecheerianaelade Q.
dillenii). Thust he i nt er c O.aubensido rai sdfiednd byrifiajufe et al. (2012a
should be referred to &. odrocentra,given thatO. cubensieandO. ochrocentraare not
synonymousas shown here.

Characters 0D. abjecta and O. militarie x hi b i @. eudendisy. Ii. 06 coul d easi
mistaken for any of those putative progenitbe;aus¢hose characters diffentiatingO.
cubensidrom O. dillenii are spine color and shape, the smaller growth form, and cladode
disarticulation, all characters shared to some degree by the other putative maternal progenitors
(O. abjectaandO. militaris). ldentifying these spees is made more difficult when using only
herbarium material, as most identifying characters of these stem succulents, other than spine
characters, are mostly lost during the drying prodesyé€sAguiero2007).

Opuntia cubensiandO. ochrocentrahowever are morphologically separabl@puntia
ochrocentrashares the mottled yellow to reddislown colored young spines ©f. abjecta and

O. cubensisas dull yellow young spines, as dé2striacanthaandO. militaris. The spine
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patterrs of O. ochrocentraandO. cubensisre slightly different, wittO. cubensislways having
one strong, porrect, cylindrical central spine @xachrocentravith several weaker, cylindrical
or basally twisted central spines. The spiné3.imchrocentradeflex and become ppessed
along the stem in age, a character apparently not demonstra@ectblgensis Opuntia cubensis
generally has shorter spines and smaller cladode<thachrocentraas mentioned above. The
cladodes oD. cubensisre typically elliptical in outline, while cladodes ©f ochrocentranay

be either elliptical or obovate

Summary

The true identities of the FloridiapeciesO. abjectaandO. ochrocentravere long
obscured as a result of incorrect assumptions madediag phytogeographic relationships of
Opuntiafrom the Florida Keys and the Caribbean region (Benson 1932)ntia abjectand
O. triacanthaare distinct species morphologically and phylogenetically. Thus, material from
Florida should not be referréd asO. triacantha but rather represents a species endemic to the
state, which should be recognizedasabjecta Opuntia cubensis a Cuban taxon that does
not occur in Florida and which originated via hybridization betw@emilitaris of theNopalea
clade and likelyO. dillenii of theScheerianaelade, as suggested by BrittandRose (1920).
Mat er iQaclbersi§ . i . 0 from t he FI or iOdoahroteatpawhicls houl d
is of hybrid origin most likely betwee®. abjectaof the Humifusaclade andD. dillenii. More
research will be necessary to determine whether ad@notilitarisis distinct fromO. triacantha
but given the limited morphological and phylogenetic data presented Beggest thaD.

militaris should be regardeak a separate species.
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Figure 41. Putative diploid ML phylogeny (most likely topology) Opuntias.s. using South
American speciesq. macbridei, O. retrorgaas outgroups. It is welupported that
O. triacanthais in a different clade (i.e., tidopaleaclade) tharD. abjecta
(Humifusaclade). Opuntia militaris although nested within tidopaleaclade, is not
resolved as sister ©. triacantha with which it is currently placed in synonymy.
Opuntia abjectaO. militaris, andO. triacanthaaredenoted by asterisks. Bootstrap
values are indicated above branches.
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Figure 42. Most likely topologies (from RAXML) from ITS (Appc(B), and (C) plastid

phylogenies including the putative hybrid ta®acubensigndO. ochrocentra
(indicated withasterisks). ITS clones @. ochrocentraare resolved in thElumifusa
clade and unresolved wit. dilleniiandO. ellisianaof the Scheerianae clade, while
ITS clones of0. cubensiare resolved in thHopaleaclade, as well as unresolved
with O. dillenii andO. ellisiana ppcclones ofO. ochrocentraare also resolved with
theHumifusaclade and unresolved with members of @3oheerianaelade, while
only one copy type gbpcwas discovered fdD. cubensishat is unresolved with a
member of thé&Nopaleaclade. Opuntia ochrocentras resolved in thélumifusa
clade, and. cubensiss resolved in th&lopaleaclade in the plastid phylogeny. D)
represents the putative hybrid scenario, wi@rechrocentravas derived fron©.
abjecta(maternal lineage) an@. dillenii (paternal lineage), whil®. cubensisvas
derived fromO. militaris (maternal lineage) an@. dillenii (paternal lineage).

Bootstrap values are given above branches-@. A



Figure 43. Morphological characters @f. abjecta, O. triacantha). cubensis, O. ochrocentra,

O. dillenii, andO. repensA) O. abjecta(LCM 3909 showing reddistbrown

developing spines, white mature spines and stramineous glochi@stf&cantha

(P. Duss 3071showing solitary, mostly erect trunk O) triacantha(A.C. Smith

10442 showing dull yellow developing spines, pale white mature spines, and yellow
glochids, DE) O. ochrocentrgLCM 3907 showing one and two year old cladodes
with the younger cladodes showing yellow spines &3.idillenii, and the older
cladodes showing spines turning white in age; in E) young spines of ca. 6 mo. in age
showing mottled color (banding) typical Of abjecta ~G) O. cubensigAreces s.r).
showing yellow glochids and young developing spines that are pale yellow initially
aging to white; bottO. ochrocentraandO. cubensifiave spine growth patterns

similar toO. dillenii, H) O. dillenii (Buckaneer State Park, FL), andJ) repens

(LCM 3839, a close relative of and morphologically simil@aiO. triacanthashowing
porrect cetral spines, as described above for certain Caribbean members of the
Nopaleaclade.
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CHAPTER 5
CYTOGEOGRAPHY OF THEHumifusaCLADE OF OpuntiaS.S. MILL. 1754
(CACTACEAE, OPUNTIODEAE, OPUNTIEAE): CGRRELATIONS WITH PLESTOCENE
REFUGIA AND MORPHOLGSICAL TRAITS IN A POLYPLOID COMPLEX

Background

Ploidy has a long tradition of utility for illuminating species boundaries, hybrid zones, and
interspecific relatiaships among plants (e.g., Stace 2000). Knowing the ploidal levels of taxa
used in phylogenetic analyses can also aid in detecting potential hybridization events through
incongruence in reconstructions using biparentally inheribetear loci (lonta et ak007;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 @gurgia(Pinkava
and McLeod 1971RPinkava eal. 1973, 1977, 1985; ¥édin and Powell 1978; Pinkava and
Parfitt 1982;Weedin efal. 1989; Pinkava et al. 199Rpwell and Weedin 2001, 2004).

Subfamily Opuntioideaedpuntias.l., as previously recognized; Benson 1982) is known to have
the highest number of polyploids in Gateae (Cota and Philbrick 1998inkava 2002), and
Opuntias.s. is well known for interspecific hybridization (e.g., Grant and Gré82;Griffith

2003) and subsequergmpme duplication (Pinkava 2002C. Majure (LCM), R. Puente (RP),

P. Griffith (PG), WS. Judd (WSJ), P.S. Soltis (PSS), D.E. Soltis (DES) unpubl. data).

The significance of polyploidy in plant evolution and speciation has long been recognized
(Stebbinsl940, 1950, 1971; Swanson 1957; DeWet 1$¥drjan and DeWet 197%rant 1981
Leitch ard Bennett 1997/Ramsey and Schemske 1988lams and Wendel 200%ate et al.

2005 Doyle et al. 2008Soltis and Soltis 20Q9iao et al. 2011). As stated by Stebbins (1950), p.

Reprinted with permission from the authors. Original publication: Majure, L.C., D.E. Soltis, P.S. Soltis, and W.S.
Judd. 2012b. Cytogeography of the Humifusa clademfntias.s. (Cactaceae: Opuntioideae): Correlations
with geographic distributions and morphological differentiation of a polyploid com@lexparative
Cytogenetic$: 5377.
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369), Apolyploidy é is one of tradieallydiffesent, r api d
but nevertheless vigorousandwald apt ed genotypes. o0 Polyploidy
unequivocal means of true sympatric speciation (Futuyma; I8 and Whitton 2000) and is
considered to be common in plants (Stebbin®1B4Wet 1971 Ramsey and Schemske 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 2D@)wise, polyploidy is very

important throughout Cacta@e (Pinkava 2002), and withidpuntias.s., polyploids previously

have been recorded @puntia humifusgRaf.) Raf., 1820, and relatives (Bowden 1945a, b

Pinkava et al. 1983owell and Weedin 20Q08aker et al. 2009a,, Majure and Ribbens in

press) otheHumifusaclade (sensu LCM, RP, PG, WSJ, PSS, DES unpubl. data). There are
currently six species recognized in tHemifusaclade,O. abjectaSmall, 19230. humifusaO.
macrorhizaEngelm., 18500Q. pottsiiSalmDyck, 1849,0. pusilla(Haw.) Haw., 1812andO.
tortispinaEngelm. & J.M. Bigelow, 1856 (Pinkava 2003; LCM unpubl. datag Humifusa

clade is distributed widely from the western U.S. and northern Mexico (represer@ed by
macrorhizas.l., O. pottsij andO. tortisping and throughout the eash U.S. including the upper
Midwest (e.g., Michigan, Minnesota, Wiscomsand southern Ontario (Bensb®82;

represented b§. abjectaO. humifusas.l., O. macrorhizas.l., andO. pusillg.

Opuntia humifusa.l. is composed of numerous morphologicaitiestthat have been
recognized in certain taxonomic treatments as different species (see Small 1933). Throughout its
range,O. humifusas.l. has been divided into as many as 14 taxa (Britton and RosgSiaal
1933 Benson 1982Majure and Ervin 2008). Thu€§). humifusas.|. is occasionally referred to as
a species complex (Doyle 1990). Currently, two taxa are recognif2dhomifusas.l. O.

humifusavar.ammophila(Small) L.D. Benson an®. humifusavar. humifusa Pinkava 208).
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Likewise,Opuntia macrorhizdas been divided into as many as 11 taxa (see Benson 1982).
Opuntia macrorhizavas previously considered a variety@fhumifusgsee Benson 1962; see
Table5-1 for synonyms 0O. humifusas.l. andO. macrorhizas.l. samptd in this study)O.
pottsiiwas considered a variety ©f macrorhizaandO. tortispinawas placed in synonymy
with O. macrorhizaBenson 1982)Opuntia pusillahas been divided into several spec(@s:
drummondiiGraham, 184]10. frustulenteGibbes, 188, O. impeditaSmall, 1923 O. pescorvi
LeConte, 1857andO. tracyiBritton, 1911 (Britton and Rose 1928mall 1933); however,
Benson (1982) placed them in synonymy under the r@npaisilla Opuntia triacanthgWilld.)
Sweet, 1826, also has been deddnto several species, i.8., abjectaof the Florida KeysD.
militaris Britton & Rose, 1919, of Cuba, a triacanthafrom different parts of the Greater
and Lesser Antilles (Britton and Rose 1920), but all of these have since been placed in gynonym
within O. triacantha(Benson 1982). Phylogenetic and morphological studies have indicated that
O. abjectas not even in the same cladestriacantha(LCM, WSJ unpubl. data) and so here
is treated a®. abjecta

Contributing to the confusing taxononticstory of this clade is the high degree of
morphological variation exhibited by most taxa, the lack of complete sampling throughout the
range of the clade, the absence of cytological and phylogenetic evidence, reliance on poorly
prepared and sparse hatiben collections (Majure and Ervin 2008CM unpubl. data), and
hybridization and polyploidy (Benson 198ebman and Pinkava 2001). Careful examination of
morphological characters across the geographic range of the widely distfbutachifusas.|.
andO. macrorhizsas.l. reinforces the hypothesis that hybridization may have preceded the origin
of geographical morphotypes, because morphological characters displayed by certain taxa appear

to be introgessive betweéh humifusas.l. andO. macrorhizas.l. (Table5-2). For instanceQ.
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cespitosaRaf., 1830, from the eastern U.S. and recently recognized by Majure and Ervin (2008),
has yellow tepals that are basally tinged crim$ororangered, a characteristic typical @f.
macrorhizaand occasionall®. tortispinafrom western North America (Benson 1982nkava

2003 Powell and Weedin 2004), but the spine characte@ cespitosare typical ofO.

humifusas.l. (see Majure and Ervin 2008).

Although chromosome counts have been reported for many Gfgheia taxa from the
southwestern U.S. and other areas (Stockwell 19B88ncer 195FPinkava and McLeod 1971
Pinkava et al. 1973, 1977; Weedin and Powell 1P1i8ava and Parfitt 198Pinkava et al.

1985 Weedin et al. 198%Pinkava et al. 1992Powell al Weedin 2001Pinkava 2002Negion-

Ortiz 2007 Segura et al. 20QBaker et al. 2009a, b), few chromosome counts have been
reported for taxa dDpuntiain the eastern and midwestern U.S. (Majure and Ribbens in press),
and most of those taxa belong to Bhemifusaclade. Bowden (1945a, b), Hanks and

Fairbrothers (1969), Doyle (1990), and Baker et al. (2009 a, b) have all made counts of members
of theHumifusaclade from the eastern U.S. Bowden (1945a, b), Doyle (1990), and Baker et al.
(2009a) recorded dipid (2n = 22) and tetraploid (2= 44) material oD. humifusdrom the

eastern U.S., and Bowden (1945a) recorded tetraploid 421) material oD. impedita

(currently syn. oD. pusillg. 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 tetraploi@®s béimifusas.l. andO. macrorhiza

s.l. from the Midwest, suggesting that the northernmost poputatibthose taxa are polyploid.
Opuntia macrorhiza, O. pottsiandO. tortispinahave all been counted extensively in the
southwestern U.§Pinkava and McLeod 197Pjnkava et al. 197 3inkava et al. 197 Pinkava

et al. 1992Pinkava et al. 1998owell and Weedin 20Q0Powell and Weedin 2004), whe@e
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macrorhizaandO. pottsiihave been recorded exclusively as tetraploids Gartdrtispinahas
been recorded as either tetoa hexaploid.

Chromosome counts reported for species irHifusaclade do not encompass all of
the taxa within the range of the clade nor the wide distributions exhibited by several of the more
common species. To further our understanding of species complexes and the evolution of
polyploids within those complexes, cytoloagl data are needed from the entire distribution of a
given species (Babcock and Stebbins 1$38bbins 1942Stebbins 1950). Thus, an-depth
study of the distribution of cytotypes and correlations between cytotypes and morphology is
desperately needed order to aid in the delimitation of potentially unrecognized and cryptic
species and to elucidate relationships inHoenifusaclade.

Here we present chromosome counts for all taxa considered to be par©ohtimaifusa
complex and all taxa of theumifusaclade (LCM, WSJ, 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 thiumifusaclade based on nrITS data to
investigate the relationship between geographic distribution and evolutionary relationships. We
provide counts for another common species in the southeaster®UsBicta(Haw.) Haw.,

1812, because it has been hypothesized to hybridize with memberd-ofitieisaclade

(Benson 1982). In addition, ploidy of the putative hybrid betw@eabjectaandO. stricta i.e.,

O. ochrocentré&&mall, 1923, was analyzed. Ploidy deterations of theHumifusaclade,

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.
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M aterial and Methods
ChromosomeCounts

Methods follow those of Majure and Ribbens (in press). Briefly, root tips were collected
from early morning throughout early afternoon and placed in 2afyd8oxyquinoline (Sols
1980) for up to 8 hours at@°or in NO (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-fid Binutes (depending on the size of
the rod) at room temperature. Squashes were performed in 60% acetic acid and stained with 1%
aceteorcein dye and viewed on a Zeiss Photomicroscope Il (Carl Zeiss, Oberkochen,
Germany). To confirm each count, at least three to five metaphase cells were peunted
specimen. These multiple counts per sample alleviated concerns regarding endomitosis, which
has been reported in the allopolyploic)4Opuntia spinosibacc®.S. Anthony, 1956, (Weedin
and Powell 1978), tetraploid. pusilla(Bowden 1945b), as well & many other angiosperms
(e.g., Barrow and Meister 2003, Tate et al. 2009, |. Jefdeaen, pers. comm.). We counted
chromosomes of 277 individuals of tHemifusaclade, 14 individuals dD. strictas.l., three
samples of the putative hybr@. ochrocatra, and two individuals of the putative hyb@ alta
Griffiths, 1910. Generally, only one accession per population was counted.

Taxonomy

Taxa used for ploidyrealysis are listed in Appendix.[3pecies delimitations withi@.
humifusas.l. andO. macrohizas.l. are problematic, so we recognize bOtrhumifusandO.
macrorhizaas broadly circumscribed (Tablel}. Thus, we have arranged our counts of plants
within these two species (see Appendixdacording to their various segregates to determine
whether the morphological variation of these segregate entities (T-2blis Borrelated with

cytotype and/or geographical and phylogenetic patterns.
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CytogeographicAnalysis

We mapped the localities for all of the individuals for which we determinedyp{2i¥ in
number) and incorporated previous counts (n = 41) (Bowden 1B#dava and McLeod 1971
Pinkava et al. 1973Veedin and Powell 197®inkava and Parfitt 198Pinkava et al. 1985
Weedin et al. 198Doyle 1990 Pinkava et al. 1992Pinkava etl. 1998 Powell and Weedin
2001 Baker et al. 2009a,; IMajure and Ribbens in press) to cover the majority of the geographic
distribution of each taxon. This allowed us to explore the geographic boundaries of the different
ploidal levels encountered inishclade and construct hypotheses regarding polyploid formation
and speciation.

PhylogeneticAnalysis

We generated sequences from the nuclear ribosomal internal transcribed spacer (nriTS:
White et al. 1990) for a sample of diploid (n = 6) and polyploid taxa (n = 8) ¢fuh@fusa
clade from the eastern and western U.S. (Talde ®Opuntia basilarisEngem. & J.M. Bigelow,
1856, was used as an outgroup based on previous analydpesrifa(LCM unpubl. data). A
phylogenetic analysis of these data was carried out to determine whether the geographic
distribution of ploidy (as determined here) was correlatia the evolutionary history of the
clade. We carried out a Maximum Likelihood analysis using RAXML (Stamatakis 2006) running
10000 bootstrap pseudoreplicates under 25 rat
evolution.

Results

The base chromosonmeimber for Cactaceae has been well establishgedd4 (Remski
1954 Pinkava and McLeod 197Lewis 1980 Pinkava et al. 1983°inkava 2002), and we saw
no deviation from this in our counts (Appendix D). Out of 318 counts dfltimifusaclade,

including 41 from the literature, 210 (66%) were polyploid and 108 (34%) were diploid. Diploid
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(2n = 2x = 22) and tetraploid (2= 4x = 44) O. humifusas.l. andO. macrorhizas.l. were
discovered (Fig. 8A-D, I-J, L). DiploidO. humifusas.l. is restricted entihg to the southeastern
U.S., whereas diploi®. macrorhizas.l. is restricted entirely to the southwestern U.S. (eastern
Texas (see Appendix D) and southeastern New Mexico (M. Baker and D.J. Pinkava pers.
comm.)). Tetraploid members & humifusas.l. andO. macrorhizas.l. are much more widely
distributed throughout the U.S. than are their diploid relatives (F2y. Betraploids oD.
humifusas.l. are found from Massachusetts south to the southeastern U.S. where they abut the
distribution of dploid taxa and throughout the eastern and midwestern U.S. Tetr@ploid
macrorhizas.l. 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-5.

Diploid, triploid, and tetraploid populations GX. pusillawere discovered (Fig.-bE-G)
throughout its restricted range in the southeastern U.S. {8jg.IBterestingly, with the
exception of two populationspfyploid individuals (& and 4«) were mostly confined to the
coastline, although diploid populations were much more widespread throughout the interior part
of the distribution of the species (Fig3% Of the three examples Of abjectasampled from the
Florida Keys, one was diploid (Fig-B-), and two were tetraploi@puntia tortispina
(southwestern U.S.) was hexaploid in six and tetraploid in one of the populations examined (see
Fig. 52 for hexaploid distribution).

Individuals ofO. strictasampled ifom the southeastern U.S. were all hexaploid. Samples
included members of the taxa considered by some (Anderson 2001Qtaltlenii (Ker-Gawl.)

Haw., 1819, an@®. stricta Three individuals of the putative hybi@ ochrocentrgrom two
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localities in he Florida Keys were pentaploid (FiglK), and the putative hybri®. altawas
hexaploid.

Maximum likelihood analysis of ITS data reveals thatHuenifusaclade is made up of
two well-supported subclades. One is restricted to the southeastern Uiscladeds polyploid
members 0D. pusillaandO. abjecta and the other includes southwestern dip@id
macrorhizaand all other polyploids pertaining @. humifusas.l.,O. macrorhizas.l., andO.
tortispina There is no further resolution within thedrat the species level using ITS (Fie4)h
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 macrorhizdnas only beenecorded previously as tetraploid (Pinkava et al. 1971
1973, 1977, 1992, 1998; Powell and Weedin 2@004; Pinkava 2003). These are the first
reports of diploidO. macrorhizaand likely represent descendants of those progenitors from
which tetraploidO. macrorhizas.l. and other polyploids arose. Likewise, this is the first report of
diploid and triploidO. pusillg which was formerly known only from tetraploid counts (Bowden
1945a).

Diploid members oO. humifusas.l. (e.g., represented by the segregakaO. ammophila
Small, 19190. austrinaSmall, 1903 O. lataSmall, 1919, in this study; see also Appendix D)
exhibit high levels of morphological variability but each is diagnosable morphologically, which
suggests that these segregate taxa may ondmelrecognized at the species level. Likewise,
diploid material ofO. macrorhizas.l. from eastern Texas (e.Q, xanthoglochiaGriffiths, 1910,
in this study; see also Appendix D) and southeastern New Mexico is morphologically distinct
from tetraploid naterial ofO. macrorhizas.l., which may also justify the recognition©f

xanthoglochiaandO. macrorhizaas separate species.
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Our hexaploid counts @. strictaare consistent with those oinRava et al. (1992) and
Negmon-Ortiz (2007). In contrast, Spencer (1955) repofedtrictafrom Puerto Rico to be
di ploid. Other authors have also found Spence
more recent counts (e.g., NégrOrtiz 2007 forConsoled_em., 1862). Outhree pentaploid
counts ofO. ochrocentrasupport the proposed hybrid origin of this species between hexaploid
O. stricta(2n = 66) and diploidD. abjecta(2n = 22) through unreduced gametesofabjecta
Opuntia ochrocentralso exhibits intermediatearphological characters (e.g., growth form,
spine characters) that further supportits hybrid origin (LCM unpubl. data).

Diploid Refugiaand Polyploidy Formation

Polyploidy is very common within thdumifusaclade, occurring in 66% of the samples
reported lere. Most researchers that have stu@edntiacytologically have found polyploid
taxa (e.g., Bowden 1945@&eedin and Powell 197®inkava et al. 198®oyle 1990 Segura et
al. 2007 Baker et al. 2009a,, IMajure and Ribbens in predsut see Spencer %9). 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 everywhere in
bet ween as well as naqritah oo fT hteh edd es jtuma td ippalt adied
Humifusaclade 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 aa#inzone along the Gulf Coast
region duringhe mid-Pleistocene (Webb 1998jthoff and Pellmyr 2002). These two areas
likely served as glacial refugia for a variety of animals and plants (e.g., RemingtgrDE9&8
and Shaw 20Q1AI-Ra b ab 6 a h a n d; AkkofflahdiPallmyg 20223d@tiR et al2006
Waltari et al. 2007Whittemore 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 Floril@iatocene refugia for
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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 ing out from these
refugia. Swenson and Howard (2005) also hypathi zed fApost gl aci al rout e
these proposkdiploid refugia (e.g., Fidl, G & H in Swenson and Howard 2005). Those {post
glacial routes and diploid contact zones are consistent with the current distributions of polyploid
taxa withinO. hunifusas.l. andO. macrorhizas.l. The restricted diploid and widespread
polyploid distribution pattern has been recorded in many other plants and is a common pattern
seen in polyploidy complexes (Babcock and Stebbins;1S@®bins 1950, 197 DeWet 1971
Lewis 1980 Grant 1981 Parfitt 1991).

The seemingly disjunct southeastern New Mexico diploid populati@h afacrorhizas.l.
may represent a mere extension of the eastern Texas diploid refugium, which has since been
mostly replaced by polyploid taxa. Ahnatively, a diploid extension may still exist but was not
detected due to the lack of cytological data for populations from east Texas to southeastern New
Mexico (Fig. 52). Diploid taxa of other clades (e.@, polyacanthadaw. var.arenaria
(Engelm.)Parfitt, 1819) are coincidentally found near the same region (Pinkava 2002, 2003),
however, suggesting that a third diploid refugium, i.e., in southeastern New Meastern
Texas, may need to be recognized.

Pinkava (2003) suggested that@nhumifusaO. macrorhizaO. pottsiicomplex
originated along the east coast of the U.S. and spread westward to Arizona, where it came into
contact and hybridized wit@. polyacanthand formed the mostly hexaplo@l tortispina
From our data, this scemaiis plausible in thaD. tortispinahas morphological characters
representative of bot®. polyacanthandO. macrorhizaand is found where populations of

diploid and tetraploi®. macrorhizas.l. and diploidO. polyacanthaome into contact.
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However, casidering the two diploid refugia suggested 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
Humifusaclade originated in the southwestern U.S. and adjacent northerndylthea

dispersed eastward into the southeastern U.S. The arid habitat along the coast of the Gulf of
Mexico during the miePliocene to early Pleistocene would have been interrupted during the
mid-Pleistocene, creating the s and promoting the genetttvergence among diploid

populations we see today (Fig4) Taxa from these two diploid refugia would have come back
into contact and formed the widely successful polyploids of the Midwest and eastern U.S. (Fig.
5-5). This scenario is further corrobagdtby phylogenetic analyses, where eastern U.S.

polyploids ofO. humifusas.l. are resolved in a clade with the southwestern di@oid
macrorhiza(Fig. 54). The lower frequency of diploids encountered in western populations of
theHumifusaclade also sugest 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 tetrapl@d macorhizain the western U.S. likely arose from
southwestern diploid populations but subsequently spread in all directions after formation.
TetraploidO. macrorhizaappears to have arisen numerous times, given that several morphotypes
exist throughout its rege. However, only two diploid mor 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

polyploidy complex formation (i.e., initial, young, mature, decliningctaal), which may be
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deduced by comparing the relative geographic distribution of polyploids versus diploids. By
these criteriaDpuntia humifuss.l. andO. macrorhizas.l. may represent a mature polyploid
complex. The diploid taxa are less common tpalyploids and are largely restricted in
distribution, whereas the polyploid taxa are much more widespread.

Stebbins (1971) also proposed that mature polyploid complexes are relatively young,
derived during the Plioor Pleistocene epochs. This scenarauld place polyploid formation in
theHumifusaclade at the same time as Pleistocene megafauna. Thus, frequent environmental
disturbances associated with glacial and interglacial cycles could have mediated the repeated
contact of divergent diploid taxa kdiag to polyploid formation. Migrating herbivores would
have then dispersed those polyploidy products over large geographic areas (Jansen 1986).
Divergence time estimation of thumifusaclade places the origin of the clade in the late
Pliocene to earlyBistocene (LCM, RP, PG, WSJ, PSS, DES unpubl. data), in agreement with
this scenario. The occurrence of only polyploid individuals in previously glaciated areas of the
U.S. provides further evidence for their subsequent spread into those availabléatiochvasy
the last glacial maximum.

Many polyploid populations dD. humifusas.l. andO. macrorhizas.l., especially in the
eastern U.S., are largely isolated from one another and from diploid populations, suggesting that
polyploid formation is not ongo@) at least on such a large scale as during the Pleistocene or
immediately after the last glacial maximum. In contrast, polyploid3. ipusillaare mostly
sympatric with diploids in the Gulf of Mexico region and are represented by triploids and
tetraploics. Polyploids of. pusillaalso do not share the wide geographic distribution of those
polyploids derived fron®©. humifusas.l. andO. macrorhizas.l. These observations suggest that

the polyploids of0. pusillamay have formed only recently, do not shemenparable dispersal
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agents, or lack the obvious adaptive advantages of those polyploids derived. flroimifuses.|.
andO. macrorhizss.|.

Many polyploid populations dD. humifusas.l. andO. macrorhizas.l. occupy northerly
distributions and thus hawa very high tolerance to cold temperatures. The hexaplmichtia
fragilis (Nutt.) Haw., 1819 (not in thlumifusaclade) similarly inhabits areas of northern North
America (Parfitt 199;1Loik and Nobel 1993Ribbens 2008Majure and Ribbens in press)ithv
diploid relatives (e.gQ. polyacanthavar.arenarig) restricted to the southwestern U.S. (Parfitt
1991 Pinkava 2002). Thus, certain polyploid taxa appear to be moreesiktant than their
southerly diploid relatives (and presumed progenit@piintia humifusas.l. from northern areas
of its distribution can withstand temperatures26fAAC (Nobel and Bobich 2002). However, the
cold tolerance of diploid taxa has not been tested. Certain polyploid taxaHdnh&isaclade
may therefore be bettadapted to adverse environmental conditions than their diploid
progenitors, which may partly explain their wide distribution relative to their diploid
counterparts.
Agamospermy

The tetraploidO. cespitosdan entity withinO. humifusas.l.; see Table-3) 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 polyploidy (Stebbins; I90/et and Stalker
1974 Harlan and DeWet 197hewis 1980 Grant 1981 Whitton et al. 2008) and has been
reported in numerous polyploi@puntias peci es asAgwelrlo (efFekerdsal. 2 00 6
2010), including®. humifusas.l. andO. 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
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recombination (DeWet and Stalk1974). Some agamic complexes also have wider distributions
than their diploid progenitors (Babcock and Stebbins 188%bbins1950), as do certain

polyploid taxa in this study.

Autopolylploidy vs. Allopolyploidy

The mechanism by whicBpuntiapolyploidsare formed (autovs. allopolyploidy) is
unclear. Unreduced gametes have frequently been found in meiotic analyses of Cactaceae (e.qg.,
Pinkava et al. 197 Pinkava and Parfitt 198Pinkava et al. 1985). Unreduced gamete formation
coupled with interspedif hybridization (allopolyploidy) likely is a major factor in polyploid
formation within the genus, given thapuntiais renowned for hybridization (Benson 1982
Grant and Grant 198Pinkava 2002Griffith 2004; LCM, RP, PG, WSJ, PSS, DES unpubl.
data).lt 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. 198&hley 1996Hamrick et al. 2002) and may be ra@common
than is suspected.

Opuntia humifusas 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 anatttas evident from our phylogenetic analysis
(Fig. 54) thatO. humifusas polyphyletic. Considering morphological and genetic data, it is
likely that tetraploidO. humifusas of allopolyploid origin. However, the pattern@n pusillais
different, with populations of diploids found in close proximity to populations of triploids and
tetraploids (Fig. 83). This evidence, plus morphological similarity among ploidal levels,
suggests possible formation of autopolyploids. This same pattern is seen autdipetyploid
taxa (Lewis 1967Nesom 1983), although there are exceptions to this pattern (Stebbins 1950

Soltis 1984 Husband and Schemske 1998). Molecular phylogenetic analysis {#i@rtl
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morphological characters (LCM, RP, PG, WSJ, PSS, DES ungafhal. see Fig.-2E-G) of O.
pusillaalso do not support an interspecific hybrid origin for the different ploidal levels herein
observed for this species, although more variable molecular markers, cytogenetic work, and
more detailed morphological analysee needed to appropriately address this question.

Morphological Correlations with Polyploids

Some polyploid taxa in thdumifusaclade share morphological characters with diploids
and other polyploids, suggesting that they may be derived from hybriiZatable 52).

Opuntia nemoraligGriffiths, 1913, (Fig. 51J; an entity withirD. humifusas.l.; see Table-8)
shares spine color and orientation, cladode color, and glochid color of teti@ploiacrorhiza
(from Arkansas), although, it possesses sarall easily disarticulating cladodes, retrorsely
barbed spines, and the pile forming growth form and yellow flowe@ pusilla(Fig. 51E-G).
Opuntia cespitosélable 51), as mentioned above, exhibits the-cedtered flowers, glaucous
gray cladodes, ahdark glochids (Fig.1) of tetraploidO. macrorhizaFig. 51D), as well as
the spine characters of dipla@ humifusas.l. (=0. ammophilaO. austring O. lata Table 5
2).

Throughout the distribution of the most common polyploid taxa, there agmamloid
populations that appear to be introgessive products of hybridization with other polyploids. For
instance, in Michigan, Wisconsin, and western lllinois, certain populations display characters of
bothO. cespitosand tetraploid. macrorhizalsee Majure 2010, Fig-5). In Bibb County,
Alabama, populations appear to be interme diate bet®@eerspitosandO. pollardii Britton &
Rose, 1908, (tetraploids @f. humifussas.l.; see Table-3), with the reecentered flowers and
rotund cladodes dD.cespitosabut the yellowish glochids and light green cladode col@®.of
pollardii. In Fayette County, Tennessee, plants appear intermediate b&wkemifusss.s.

(i.e., tetraploidO. humifusaepresented by the type collection) daddcespitosahavng the
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yellowish glochids of tetraploi®. humifusas.s. and the spine characterofcespitosaEach
one of the areas in which these intermediate plants occur appears to be a region of secondary
contact, where polyploid taxa have introgressed to fae@w polyploidy 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 spiheas
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 encounténedanvgiven 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.

Summary

Members of thédumifusaclade are found throughout most of tlemtinental U.S., with no
obvious breaks or did.s in distribution patterns until detailed analyses of chromosome number
were carried out. Our analyses indicate that diploid taxa inltimifusaclade are presently
confined to the southwestern and theteeastern U.S., which likely represent Pleistocene
refugia for these taxa. Polyploid taxa@f humifusas.l. andO. macrorhizas.l. were likely
formed when diploids from these two refugia came into contact during interglacial cycles of the
Pleistocene. Tib scenario is supported 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 throeigbnslary 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 oHbmifusaclade. These polyploids
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subsequently dispersed throughout most of the continent and occupied all suitable habitats
available after glacial retreat, accounting for the distribution that we see today. Distributional
success was enabled by the exieecold tolerance displayed by many of the polyploid taxa,

which allowed them to colonize more northern areas presumably unsuitable for diploid taxa.
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Table 51. Synonyms 00. humifusas.l. andO. macrorhizas.l. sampled during this study.

Opuntia humifga s.I.

Opuntia macrorhiza s.I.

Opuntia allarei
Opuntia ammophila
Opuntia austrina
Opuntia cespitosa
Opuntia lata
Opuntia nemoralis
Opuntia pollardii

Opuntia fusceatra
Opuntia grandiflora
Opuntia xanthoglochia
Opuntia cespitosa
Opuntia lata

Opuntia nemoralis
Opuntia pollardii
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Table5-2. Selected taxa dD. humifusas.l. andO. macrorhizas.l. with morphological characters and corresponding 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.

Spine barbedneks

Taxon (ploidy) Flower color Cladode color cl SO . Glochid color
adode disarticulation

O. ammophilg2x) Yellow Dark green Not barbed/no Stramineous

O. austrina(2x) Yellow Dark green Barbed/yes Stramineous

O. cespitos#4x) Redcentered Glaucous green Not barbe¢ho Red

O. lata (2x) Yellow Dark green Barbedyes Stramineous

O. humifusg4x) Yellow Dark green Not barbe¢ho Stramineous

O. macrorhiza4x) Redcentered Glaucous green Not barbed/no Red/yellow

O. nemoralig4x) Yellow Glaucous green Barbed/yes Yellow

O. pollardii (4x) Yellow Dark green Barbed/yes Stramineous

0. xanthoglochig2x) RedCentered Glaucous green Not barbed/no Yellow
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Table 53. Taxa used in phylogenetic analyses of ITS sequence data given with their GenBank

accession numbers.

Accession Locality GenBank
accessiomt
Opuntia basilarigoutgroup) Inyo Co.,CA R. Altig s.n. JF786913
Opuntia abjectg2x) Monroe Co., FL LCM 3908 JF787021
Opuntia abjectg4x) Monroe Co., FL LCM 3318 JQ245716
Opuntiaammophih (2x) Marion Co., FL LCM 2826 JF786904
Opuntiaaustrina (2x) Highlands Co., FL LCM 3450 JF786911
Opuntiacespitos (4x) Scott Co., MO LCM 2441 JQ245717
Opuntia humifus#4x) Warren Co., VA LCM 3800 JQ245718
Opuntialata (2x) Irvin Co., GA LCM 3785 JF786949
Opuntia macrorhizg4x) Kerr Co., TX LCM 3510 JF786960
Opuntianemoralis(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., TAX.CM 3533 JF787020
Opuntiaxanthoglocha (2x) Bastrop Co., TX LCM 1982 JQ245719
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Figure 51. Selected taxa in thdumifusaclade with associated chromosome squashes
diploid O. humifusgO. lata) LCM 4106B) tetraploidO. humifusas.s.LCM 3810C)
diploid O. macrorhizaO. xanthoglochiaLCM 1983D) tetraploidO. macrorhiza
LCM 3510E) diploid O. pusilla LCM 753 ) triploid O. pusilla LCM10335)
tetraploidO. pusilla LCM 370(H) diploid O. abjecta LCM 3908 tetraploidO.
humifusa (O. cespitosa) LCM 263JtetraploidO. humifusgO. nemoralis) LCM
4204K) pentaploidO. ochrocentra LCM 390&ndL) tetraploidO. humifusgO.
pollardi) LCM 762 Bar s on photomicrographs = 5&gm
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Figure5-2. Cytogeography o©. humifusas.l.,O. macrorhizas.l., O. pottsii,andO. tortispina
Diploids arerepresented with black circles, tetraploids by white circles, and
hexaploids are represented by gray cird@suntia humifusaliploids are confined to
the southeastern U.S., a@d macrorhizadiploids are locateth eastern Texas and
southeastern New Mexico
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Figure5-3. Cytogeography oD. pusilla Diploids are represented by black circles, triploids by
gray circlesand tetraploids by white circleNote that most polyploids are restricted
to coastal areas.
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0. basilaris (2x)

0. nemoralis (4x)

O. tortispina (6x)

0. humifusa (4x)

0. macrorhiza (4x)

O. cespitosa (4x)

0. xanthoglochia (2x)

0. pusilla (2x)

0. pusilla (4x)

0. ammophila (2x)

0. lata (2x)

0. abjecta (4x)

0. austrina (2x)

O. pusilla (3x)

0. abjecta (2x)

| Outgroup

SW taxa and polyploid
O. humifusas.l.

SE taxa

Figure5-4. Majority-rule consensus topology from 10000 ML bootstrap pseudoreplicates using
RAXML, based on the nrITS region. The western dip@idnacrorhizas.l. ©.
xanthoglochia forms awell-supportectlade with polyploidO. macrorhiza, O.
tortisping, and the eastern polyploid morphotype®ohumifusas.l. (O. cespitosa,

O. humifusaandO. nemorali$. The southeastern diploid morphotype©of
humifusas.l. (O. ammophila, O. austrin®). lata) and diploidO. abjectaandO.
pusillaform a wellsupportedlade with polyploid members @. pusillaandO.

abjecta
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Figure5-5. Hypothetical origin and subsequent dispersal of polyploid taxa from diploid refugia.
Diploid refugia are represented Bysoutheaster@®. humifusas.l. diploidsBi C
eastern Texas and southeastern New Me®icmacrorhizas.l. diploidsDi |
represent polyploid formation wheBerepresent®. humifuseE represent®.
cespitosd represent®. pollardii G represent®. nemoralisH represents tetraploid
O. macrorhizashowing likely multiple formations), aridepresents tetrand
hexaploidO. tortispina
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CHAPTER 6
PHYLOGENY OF THEHumifusaCLADE (OpuntiaS.S.): WHAT DIPLOIDSCAN TELL US
ABOUT THE EVOLUTIONARY HISTORY OF THE GR®UP

Background

Opuntias.s. (nopales, prickly pear cacti) is a well supported clade of shrubs and trees in
subfamily Opuntioideae of Cactaceae (Majure et al. 2012a). Flat, succulent, photosynthetic stem
segmentsvith determinate growth characterize species within the ¢Rit&ava 2003)These
species may be either hummingbird or ingEtlinated (Diaz and Cocucci 2003; Puente 2006;
ReyesAgueroet al. 2006; Majure et al. 2012aphe clade is suggested to hareginated in
southern South America with subsequent expansion into North America (Majure et al. 2012a)
and is considered to have the widest geographical range of any genus within Cactaceae
(Anderson 2001Wallace and Dickie 2002

TheHumifusaclade isthe result of a small radiatiarf insect pollinated speciegthin
Opuntias.s., which is proposed to have originated in western North America with subsequent
migration into the eastern United States at the end of the Pliocene or beginning of tbecRkeist
(Majure et al. 2012d)). The clade currently consists of six recognized speBiesbjectaSmall
O. humifusgRaf.) Raf, O. macrorhizeEngelm, O. pottsiiSalmDyck, O. pusilla(Haw.) Haw.,
andO. tortispinaEngelm. ex Bigelow (see Pinkava 2Q08ajure et al. 20124dy), although, the
use of the nam®. tortispina(Pinkava 2003) is mostly based on the misinterpretati@ of
cymochila(Pinkava pers. comm.), so the na@ecymochilawill be used throughout the rest of
this study for that taxon. Mphological and cytological data suggest that the recognition of
additionalspecies in the clade may be warranted (Majure and Ervin R@g8re et al. 2012b).

As shown in Majure et al. (2012b) with ITS data, thenifusaclade consists of two
subclades]) the southwester@. macrorhizas.l. subclade (SW), which includes diploid and

tetraploidO. macrorhizas.l., tetraploidO. humifusas.l., tetraploidO. pottsii and tetraand
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hexaploidO. cymochilaand 2) the southeastern United St&@etumifusas.l. subclade (SE),
which includes diploid. humifusas.l., diploid and tetraploi®. abjecta and diploid, triploid,
and tetraploidD. pusilla This suggests that the widely distributed ta®rmumifusas.l. is not
monophyletic and may actually be compbeé several morphologically cryptic species.
For example, the widespread, tetraploid taX@ncespitosawhich is currently in
synonymy withO. humifusahas yellow flowers with red centers, a character typicti@SW
sulxlade but exhibits a growtform and spine characters that are more typicaedfin
members of the S&ulxlade Morphologically, his suggests th&. cespitosamay have
originated from hybridization between the taubcladesbut also that it constitutes a different
entity thatshould be recognized separately frorambers ofts putativeprogenitorsubclades
Athough,O. cymochilavas resolved in the S\8ulclade in previous ahgses (Majure et
al. 2012ab), it is suggested, morphologically and cytologically, to have originaged
hybridization betwee®. macrorhizgof the SWsulclade) and. polyacanthgPinkava 2003)
of thePolyacanthaclade (Majure et al. 2012a). This is supported by spine patterns, flower color,
and tetraand hexaploid chromosome counts, but has not besined with DNA sequencdata
(Majure et al. 2012d).
Polyploidy is very commothroughoutOpuntias.s.(Majure et al. in review) and &so
quite widespread in thdumifusaclade. Out of 318 counts reported for themifusaclade,
roughly two thirds (66%) were polyploid and 34% were diploid (Majure et al. 2012b). Polyploid
taxa in this group are much more widespread than diploid members of the clade, extending from
the southeastern United States, as far north as Ontariagd& ot diploid taxa are restricted to
two presumadglacial refugia in the southwestern and southeastern United States (Majure et al.

2012hb). The pattern of widely distributed polyploids and geographically restricted diploids is a
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common observation ingyploid complexes (Stebbins 1950; Grant 198he wide

distributions exhibited by certain polyploid taxey be facilitated byheir higher cold tolerance,
as compared to their southern diploid counterparts (Majud&ibbens 2012Majure et al.
2012b).For example, Nobel and Bobich (2002) report thahumifusas.l. from the northern
United States (i.e., part of the polyploid distribution of the species; Majure and Ribbens 2012;
Majure et al. 2012b) is able to survive temperatures as |e68€. Tolerance to more extreme
environmental conditions by polyploid taxa in contrast to ttigiloid relatives is a common
featurein manypolyploid complexes (Stebbins 195071, Grant 1981; Levin 1983 Harsh
environmental conditions have even been suggéstedrease the frequency of polyploidy
(Stebbins 1950; Grant 1981; see also review by Soltis and Soltis. 2009)

Most polyploid taxa in thélumifusaclade are thought to have arisen as a result of
secondary contact with divergent diploid taxa from thels@estern (SW clade) and
southeastern United States (SE clade) during and after the Pleistivlegmes et al. 2012b)

Newly formed polyploids between these two clades would have subsequently occupied open,
available niches northwammbncomitant with glaciaetreat after the last glacial maximum

(LGM). This scenario is supported by divergence time estimation ¢fdh@fusaclade,

polyploid distribution patterns, morphology, and a phylogenetic analysis using ITS sequence
data (Majure et al. 2012h).

Speies limits in theHumifusaclade are unresolved partly as a result of presumed
hybridization among species resulting in individuals or populations demonstrating combinations
of characters of putative progenitors, which may obscure clear morphologicabsyr@hies
for species. Also, species Opuntiaare rarely collected, and when they are, poor collection

methods of these succulents generally result in low quality specimens {Rgye® et al. 2007)
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thatlack much if any useful taxonomic informatios, their threedimensional structure is

typically lost. LastlyOpuntiaare inherently morphologically variable, wherein morphological
characters exhibited by an individual may depend on microclimatic condigansngmbers of
spines produced, cladodees, etc.; Benson 1982; RebnaardPinkava 2001; Majure 2007).

Thus, species determinations may be virtually impossible from herbarium specimens unless the
collector sampled morphological diversity from throughout a given population and made note of
thosemorphological characters lost in the collection process (e.g., cladode thickness, epidermis
color, flower color, growth form, etc.).

In this study we aim to reconstruct the phylogeny of the diploid members ldithéusa
cladeto aid in the determinationf species boundaries, as well as to test the origin of polyploid
taxa (especiallp. humifusas.l.) within the clade, using maternally inherited plastid and bi
parentally inherited nuclear data. We further testgroposed hypotheasof the origin of
palyploids via hybridization between the two diploid clagesich has been proposed based on
diploid glacial refugiapolyploid distributionsand morphological characters (Majure et al.
2012b).

Material and Methods
Taxon and Marker Sampling

We sampled akix recognized species within tiiumifusaclade (see above) from
throughout their ranges, including diploids and polyploids of those species, when applicable
(Majure et al. 2012b). We also sampled the different morphotypes of diploid and tet@ploid
humifusas.l. (e.g. 0. ammophilg2x), O. austrina(2x), O. cespitosg4x), O. humifusa.s. (X),

O. lata(2x), O. nemoralig4x), O. pollardii (4x) andO. macrorhizas.l. (e.g.O. allairei (4x), O.
fuscoatra (4x), O. grandiflora(4x), O. macrorhizas.s.(4x), O. xanthoglochig2x)) (see Table

1). Opuntia polyacanthavas used as an outgroup based on (Majure et al. 2012a) and to test the
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origin of O. cymochilaasO. polyacanthas suggested tbe one of the parents 6f. cymochila
(Pinkava 2003). We sarted the plastid intergenic spacemshFrpl32, psbdpetA, trnl-F, the
plastid genesycfl andmatK, the low copy nuclear gemgc the nuclear ribosomal internal
transcribed spacers (ITS) following Majure et al. (2012a), and the low copy nucleaisgene,
(Rook et al. 2006). See Majure et al. (2012b) for primers and reaction specificatindaFor
rpl32, psbdpetA, trnl-F, matK, ycfl ppg and ITS.
After initial amplification, cloning, and sequencingisiflL products derived from primers
designed by (Franck et al. in press), we discovered two copigéd,of a fAshorto copy (
l ong) and a Al ongd copy (ca. 1265 bp long). W
ATG TAT GGT AGC CATZandGCsCIGOEg. B22R: 506 GGA T
TTT GCT GCT GGA TTC 3dil, atanatysistothelonh copygveated py o f
molecular synapomorphies for both the SWd &kclades Hence, this copwas deemed useful
as a marker for uncovering potehtieticulationsbetweerthe two clades. Reaction
specifications forsil are the same for markers used in Majure et al. (2012a). PCR cycling
conditions forisil were as follows: 95°C for 5 min; followed by 44 cycles of 94°C for 1 min,
55°C for 1 min incrasing 0.3°C/cycle, and 72°C for 2.5 min; with a final extension of 72°C for
10 min.
We cloned a subset of polyploid taxa for ITS @il using the Stratagene cloning kit
(Stratagene, La Jolla, CA) to search for multiple copies derived from the union of divergent
genomeshroughallopolyploidy. The gengopcwas uninformative for this purpose and was not
cloned for polyploid taxa. Cloningas focused on those polyploid taxa that were resolved in
different locations using plastid and directly sequenced ITS products and the multiple polyploid

taxa ofO. humifusas.l. (Table 1). We cloned one accession each of four tetraploid t&xa of
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humifus s.I.: O. cespitosa, O. humifusas.,0. nemoralisandO. pollardii. We also cloned ITS
for tetraploidO. macrorhizas.l., the tetraploid. pottsii,and hexaploid. cymochilaWe
clonedisil products of tetraploi®. macrorhizas.l. (including the tga O. allairei, O.
macrorhizas.s., and. macrorhizafrom AR), anda segregate @. humifusas.l., i.e.,O.

nemoralis (We had only marginal success amplifyisd for many of the polyploid taxa). We
sequenced eight clones of each acceassarg baatrial primers (T3T7) from the kits.

Sequences were edited either in Sequencher'.g@Gene Codes, Inc., Ann Arbor, Mor
Geneious Prbd' 5.1 (Biomatters Ltd., Auckland, NZ) and the alignment was adjusted manually
in SeAl v2.0 (Rambaut, 2007). Any obwis recombinant sequences were excluded from
phylogenetic analyses.

PhylogeneticAnalysis

Maximum likelihood (ML) analysis wasonducted usinRAXML (Stamatakis 2006)
undertaking 1000 nonparametric rapid bootstrap (bs) pseudoreplicates under 25 rate categories
using the GTR#& model of molecular evolution for sequencing data and the BINGAMMA
model of evolution for binary data (see below). Wet fisrformed a combined analysis of
plastid and nuclear loci of only diploid taxa, as ploidy for all taxa under study here has been
documented (Majure et al. 2012a) and the addition of allopolyploid (i.e., reticulate) taxa may
lead to topological incongruea among data sets (Majure et al. 2012b), which is likely not the
result of incomplete lineage sorting or othaslogical processes that could lead to incongruence
(see Wendel and Doyle 1998Ve separated our diploid dataset into 1) sequence data, and 2)
sequence data plus binary data of 7 coded indels from the combined plastid and nuclear dataset.
Indels coded were those that were most likely homologous among ingroup taxa based on the
outgroup (i.e., basahost taxa; Graham et al. 2000). Polyploid taxaeradded to both plastid

and nuclear datasets and analyzed separately, after initial analyses of diploid taxa, to test for
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topological incongruence between nuclear and plastid phylogenies. Indel coding was not used for
phylogenetic analyses with polyplsiéhcluded. Topological incongruence for a given polyploid
taxon among resultant plastid and nuclear phylogenies was taken as evidence for allopolyploidy
(i.e., hybrid origin among divergent parental genomes).
Results

PhylogeneticAnalysis (Diploid Taxa)

As in Majure et al. (2012b), thdumifusaclade was composed of two subclades, the
southwesteri®. macrorhizeclade (SW) and the southeast@nhumifusaclade (SE). The
combined analysis of DNA sequence data along with indel codings, as well as aridyé/ o
sequencgalone, provide support for the two subclades (bs = 10GHhA09/83, respectively;
Fig.6-1). Very little sequence divergence is evident in the resulting topeligin the SE
clade. Opuntia pusillais resolved as sister to the restlclade and diploidO. humifusglata
entity) is supported by indel coding (bs = 793 sister to a clade containi@g abjectaandO.
humifusa(austrinaandammophilaentities). The three accessions of dipldidmacrorhizaare
resolved in a welsypported clade (as noted above; bs = 100/100), howevetigioed O.
macrorhizaentity referred to a®. xanthoglochidrom eastern Texas does not form a clade with
the other accession @f. xanthoglochidrom eastern Texas but rather forms a vgelbpored
clade (bs = 84/87) with diploid material from New Mexico.

PhylogeneticAnalyses (Polyploid Taxa

Plastid data resolv®. humifusas.l. andO. macrorhizas.l. in several places. Ti@
humifusas.l. taxa(i.e., O. cespitosdfrom MI, MS, and TN) O. nemoralig3 accessions, AR=1
and LA=2) andO. pollardii (3 accessions, AL, GA, and NfSand onaunnamedaxon ofO.
macrorhizas.l. (1 accession, AR) are resolved in a vgelbported clade within a grade of SE

diploid clade members. Likewis®punta humifusas.s. (3 accessions, MA, MD, and MS) is
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unresolved with other members of the SE diploid clade. Triploid and tetra&plqdsilla and
tetraploidO. abjectaare also resolved with diploid members of the SE clade. Members of both
O. humifusas.l. (i.e.,Opuntia allairej 1 accessionlr X, O. cespitosa2 accessions, Ml, WI, and

O. nemoralis;l accessionLA) and O. macrorhizas.l.[i.e., O. fusceatra, 1 accessionrX, O.
grandiflora, 2 accessions, MS, T)O. macrorhizas.s., 3 accessions, TX=2, Ni#l, andO.
macrorhiza(lunnamed taxap accessions, AR, UTas well a®. pottsiiandO. cymochilaare
resolved in the diploid SW clade (Fig2).

Directly sequenced PCR products of ITS for polyploid taxa virtually never exhibited
polymorphisms in chrmatograms. Directly sequenced ITS product®pfintia macrorhiza.s.
and its segregate taxa, formed a veeipported clade with the SW diploids along withpottsii
andO. cymochila As well, most eastern taxa belongingohumifusas.l. also were i@vered
in the SW clade (e.gQ. cespitosa, O. humifusas.,0. nemorali$, except forO. pollardii and
one accession @. nemoraligrom LA, which were recovered within the SE clade (Bi).

ITS clones o0. humifusas.s. andD. nemoralisvere reovered in both the SW and SE
clades, while ITS clones @. pollardii were only recovered in the SE clade and cloné&3. of
cespitosa, O. macrorhizal., andO. pottsiiwere only recovered in the SW clade. Clone® of
cymochilawere recovered in the SW clade and with the outgroupolyacanthaone of its
putative progenitors (Fig-3).

Only one copy type was recovered gl clones forO. pollardii, which was resolved
again with the SE clade. Likewise, only one copy typs recovered faD. nemoraliswhich
was resolved in the SW clade. One accession eahmfcrorhizas.l. (O. macrorhiza
unnamed entityAR) andO. humifusas.l. (O. allairei) was resolved in the SW clade and a

subclade of the SW clade with a clonedgfuntia pottsii The same accession@f macrorhiza
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(unnamed entitylrom AR also was resolved in the SE clade. Only one copy tyjslafas
found forO. macrorhizas.s., which was resolved in the SW clade (B5ig).

Discussion

The recent origin of taHumifusaclade (from the late Plido early Pleistocene; Majure et
al. 2012a)nost likely hasot allowed sufficient time for notable sequence divergence among
diploid members of the SE cladsing the markers implemented in this stutpwever taxon
relationships amondpé diploid members of the SEade are mostly resolved with DNA
sequence data onlgndare further supported with the addition of binary data from indel coding
(see Fig6-1). Diploid taxa within the SE clade are morphologically dieeranging from small,
prostrate species with disarticulating cladodes, mostly of the coastal zone of the southeast
(excluding the Florida peninsula; e.@., pusillg, to large, robust shrubs or small tide taxa
of the interior Florida peninsular sdr (e.g.0. ammophilaandO. austrinaentities,both
elements withirD. humifusas.l.), and ascending to slightly erect, shrubs of the Florida Keys
(e.g.,0. abjecta. Morphological and phylogenetic data suggest that sedigriaid members of
O. humifusas.l. should be recognizest separate from tetrapld@ humifusas.s., especially
considering the paraphyly @. humifusas.l. in our diploid phylogeny (i.eQ. ammophilaand
O. austrinaentitiesvs. theO. lataentity; Fig. 61).

Members of the diploid SW clade are not notably morphologically divergent from one
another. The two accessionstioé O. xanthoglochiantity are more similar to one another,
morphologically, than with the one diploid accession from NM, however, theyasister taxa
in our phylogeny (Fig6-1). So, hesediploid accessions likely represent one species
considering morphological observations and phylogenetic data.

The wide genetic divergence between the SW and SE clades was further increased as those

two clades were most likely separated during the earti/Pleistocendy the proposed
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disruption of the Gulf Coast arid zofM/ebb 1990)as suggested by Majure et al. (2012b). The
genetic discordance among members of both clades was thus influentigbfodhetion of
allopolyploids when members of the SE and SW cladeseback into contact with one another
(see belowDpuntia humifusa.l.), although, the production of autopolyploids is likely a faictor
the evolution of the diversity exhibited bpththe SW and SE clades.

Opuntia abjectaand O. pusilla

Polyploid members of bot®. abjectaandO. pusillawere always resolved in the SE
clade, suggesting that those taxa were only derived from SE clade members (Table 2). Polyploids
of these two species anearl identical to diploid individuals suggesting possible autopolyploid
formation (Stebbins 195®oltis et al. 200) However, one tetraploid accessiorfpusilla
and one tetraploid accession@f abjectawere of different haplotypes than their gitite diploid
counterpartgand other polyploid accessiongbothspecies), suggesting that they could have
arisen through hybridization with another member of the SE clade, although, this will need to be
tested furthewith population genetic level apmohesGenetic differences are also known to
occur between autopolyploid taxa and their diploid progenitors (Soltis et al. 1989; Judd et al.
2007; Soltis et al. 2007).

Opuntia humifusas.l.

Our results indicate th&. humifusas.l. is polyphyleticwith the polyploidtaxa ofO.
humifusas.l. being derived from separate crosses, mostly between the SW and SEaclddbs
SE diploid taxa forming a paraphyletic assemblage (see ab®he)taxorOpuntia humifuss.s.
was derived from hybridization betwetre SW and SE clades, with the SE clade as the
maternal lineage and the SW clade as the paternal lineage. The taxa refer@ddespstosa
andO. nemoralisvereeachderived from tweway crosses, with the SE clade and SW clades

serving as both maternand paternal lineage®puntia pollardiiappears to have been derived
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solely from the SE clade (based on plastid, ITS,isiddlata), and. allairei most likely is

derived from the SW clade only (Talie€?) and thus should not be considered synonymaiis

O.humifuss . s., contrary to Bensonods (1982) placem
The clade formed frorthe tetraploid taxon dD. humifusas.l., O. pollardii, and close

relatives in the plastid phylogeny consisted only of polyploid taxa GF2), so the diplml

counterpart to this clade either was not sampled or simply no longer exists, although, the diploid,

O. lataentity of O. humifusas.l., is very similar morphologically t®. pdlardii. Autopolyploid

formation ofO. pollardii cannot be ruled ouThe clcse relationship of the putative Skerived

O. pollardii to those taxa derived from both the SE and SW cladesdspitosa, O. macrorhiza

AR, andO. nemorali$, suggests thdd. pollardii is one of the putative parents of those taxa, at

least insomecrosses leading to those morphotypes.

Opuntia macrorhizas.l.

Opuntia macrorhiza.s. and several other polyploid taxa @llairei, O. fusceatra, O.
grandiflora) were only resolved in the SW clade, suggesting that they originated via members of
that clade oly. Whether or not those polyploids were formed as the result of autopolyploidy or
allopolyploidy is still to be determined. Diploid member€ofmacrorhizge.g.,entity O.
xanthoglochiaFig. 6-1), are morphologically very similar to tetrapldd macrorhizas.s.,
although, they have more tenuous spines and tend to be smaller plants, so the production of
autopolyploids in this group is possible. Very few diploids appear to exist in the primary range of
these taxa (e.g., southwestern United Stases) it is likely that most putative progenitors of
these polyploid taxa could be extinct or that some polyploid taxa were actually derived from
crosses among other polyploid taxa. The production of fertile hybrids is most effective among
taxa with the samehromosome number (Lewis 1967), and this could also account for the

morphological diversity in polyploid taxa, which is not seen in the diploids.
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One accession @. macrorhizarom AR, however, is clearly an allopolyploid derived
from the SW and SE cladHowever, this individual is not typicahorphologically for O.
macrorhiza as it produces flowers with completely yellow tepals. Typical flowe@. of
macrorhizas.s. have yellow tepals that are basally tinged red.
Opuntia pottsii

Opuntia pottsiialso was resolved completely within the SW cladd exhibited plastid,
ITS, andisil sequences that were unique to this spe@esintia pottsiiis the strangest member
of the SW clade, being the only species that commonly produces pink flowersatmas a
single, stout trunk (although diminutive) much like the more robust t&xoauystrina,of the SE
clade. Determining the origin of this tetraploid will most likely require broader sampling of the
species throughout its range, which extends into tiieu@huan and Sonoran deserts (Powell
andWeedin 2004). This will also require a search for putative diploigepibors, if any still
exist. It may also be possible tt@t pottsiiis of autopolyploid origin, or its putative diploid
progenitors are extat, and thus no morphologically similar taxa have been discovered for
comparison with the species.

Opuntia cymochila

AlthoughOpuntia cymochilaamostly hexaploid species, has been recovered in the SW
clade using ITS and plastid data (Majure et al. 202@42b), morphology has lorguiggested
thatO. polyacanthaf the Xerocarpaclade (sensu Majure et al. 2012a), may also be one of the
putative progenitors (Pinkava 2003). ITS haplotypes recovered here also support a close
relationship withO. polyacanthand theSW clade, implicating an interclade origin for this
species. It is most likely th&. cymochilaarose through hybridizations between a member of
the SW clade and. polyacanthat the boundary of diploid and tetraploid population®of

macrorhiza s.l. and diploid populations dD. polyacanthaas suggested by Pinkava (2003). The

120



formation ofO. cymochildikely has occurred numerous times, as both tetraploid and hexaploid
individuals have been reported (Pinkava 2003; PoavelMWeedin 2004; Majie et al. 2012b).
Recurrent formation of polyploid specissnot uncommon (Soltis ar@bltis 1991, 1999Soltis

et al. 2007.

Morphological Characters of the SE and SWClades

The SE and SW clades are morphologically distinct. Diploid members of the SE clade
exhibit stramineousolored glochids, spines that are typically retrorsely barbed to some degree,
and flowers with completely yellow inner tepals. Diploid members of thecladé, on the other
hand, exhibit bright yellow glochids, smooth spines lacking noticeable retrorse barbs (at least to
the touch), and flowers with yellow inner tepals that are basally tinged red, rbdaveh, red
orange, or reddishink. Both clades cdain members that exhibit tuberous roots, a character
attributed mostly t@. macrorhizas.l. (Benson 1982)f the SW clade

Although, numerous species©@puntiahave been recorded exhibiting more than one
flower color (e.g.O. macrorhiza, O. pottsiPinkava 2003), it is clear from our analyses that
differences in flower color are directly related to differential crosses leading to the origin of the
taxon (or morphotype; s€2. macrorhizarom AR above). This is easily exhibited@
humifusas.l., which is often reported as having yellow flowers or yellow flowers with red
centers (BrittorandRose 1920Small 1933 Kalmbacher 1978~erguson 1987Doyle 1990).

For examplethe tetraploid taxon d. humifusas.l., O. cespitosahas yellow flowers withied
centers and was partially derived from the polypidoollardii clade of the SE clade and
partially derived from the SW clade (Taléle?). TetraploidOpuntiahumifusas.s., on the other
hand, has completely yellow flowers and was derived from otieenbers of the SE clade (not

the polyploidO. pollardii clade) and the SW clade (Tal@e&). Thus, more research into
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different flower colors exhibited by species@buntiamay reveal that many of those
morphotypes are of distinct origins from one anather

Spine charactermsomay be analyzed in this manner. Those spines producéd by
cespitosaesemble). pollardii in length, diameter, arntheir development from the cladode,
wherea®). humifusas.s. is mostly spineless, as are some diploid SE popudati®. humifusa
s.l. (©. ammophila, O. austrin@ndO. lataentitieg. Spines produced b9. nemoralisare
strikingly similar to those o®. macrorhizas.l. (of the SW clade) in color and development from
the areoles, while the growth form and flower coloOoinemoraliss suggestive of characters
seen inO. pusilla(of the SE cladeHence morphological characters also often are indicative of
the creses leading to the formation of those taxa.

Summary

TheHumifusaclade is composed of two well supported diploid subclades, the SE and SW
clades, which diverged from one anothesst likelyas a result of a break in the arid zone along
the Gulf Coast of@utheastern North America during the Pleistocene. Members of both clades
eventually formed contact zones primarily in eastern North America, where they formed
numerous allopolyploid entities, several of which appeagpoesent cryptic species. These
allopolyploid taxa exhibitnorphologically unique combinations of charactgsved from their
progenitor cladesSeveralbof these polyploid taxa undoubtedly arose multiple times, as shown by
bidirectional gene flowi.e., from plastid and nuclear datéaling to the formation of those
taxa (e.g.0. cespitosa, O. nemoralisee Table @).

Opuntia humifusa.l. as currently circumscribed is highly polyphyletic, consisting of
different ploidal levels, and a wide array of morphological diversity. Diploichb@s ofO.
humifusas.l., according to our phylogeny, form a paraphyletic assemblage and thus should be

recognized as separate taxa.
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Consequently, ur concept of the species that occur in the eastern United States must be
reevaluated to take into accouheir evolutionary history, as revealed through cytological,
morphological, and phylogenetic data, if we intend to incorporate the biological processes
involved inspecies formation in this clad®o an informative and predictive, phylogenetically
accurae system of classificationHowever jf we are toregard different morphotypes of distinct
origins as specieg, will also require careful analysis of morphological characters and ploidy
over theentiredistribution of the taxopwhere possible, to gerage a practical system of

classification based on cohesive morphological characters for a given species
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Table6-1. Synonyms of. humifusas.l. andO. macrorhizas.l. used in our analyses. Synonyms
are listed on the left (based on Benson 1982, Pink803, PowelbndWeedin 2004)
and are given with their ploidy as reported by Majure et al. (2012a).

Synonyms

Currently Recognized

Opuntia allareiGriffiths (4x)

Opuntia ammophil&mall (2x)
Opuntia austrinegSmall (2x)
OpuntiacespitoseRaf. (4x)

Opuntia lataSmall (2x)

Opuntia humifusgRaf.) Raf. s.s. (4x)
Opuntia nemoraligsriffiths (4x)
Opuntia pollardiiBritton (4x)

Opuntia fusceatra Griffiths (4x)
Opuntia grandifloraGriffiths (4x)
Opuntia macrorhiz&ngelm. s.s. (4x)
Opuntia xanthoglochigriffiths (2x)

Opuntia humifusa.l.

Opuntia macrorhiza.|
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Table6-2. Polyploid taxa of thedumifusaclade sampled in our analyses of nuclear and plastid
data. Taxa are listed with their inferred maternal lineage based on plastid data and

inferred paternal lineage based on nuclear data.

Taxon Maternal lineage (cp) Paternal lineage (nuclear)
O. abjecta SE Clade SE Clade

O. allairei SW Clade SW Clade

O. cespitosa SE Clade/SW Clade SE Clade/SW Clade
O. cymochila SW Clade PolyacantheClade
O. fusceatra SW Clade SW Clade

O. grandiflora SW Clade SW Clade

O. humifusas.s. SE Clade SW Clade

O. macrorhizaAR SE Clade/SW Clade SE Clade/SW Clade
O. macrorhizas.s. SW Clade SW Clade

O. nemoralis SE Clade/SW clade SE Clade/SW Clade
O. pollardii SE Clade SE Clade

O. pottsii SW Clade SW Clade

O. pusilla SE Clade SE Clade
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Opuntia humifusa (ammophila entity)

60/55
62/53

Opuntia humifusa (austrina entity)

79/
Opuntia abjecta

98/83 Opuntia humifusa (lata entity)

Opuntia pusilla

84/87

l— Opuntia macrorhiza (NM)
100/100

Opuntia polyacantha Outgroup
0.0020

- Opuntia macrorhiza (xanthoglochia entity)

Opuntia macrorhiza (xanthoglochia entity)

SE Clade

SW Clade

Figure6-1. Phylogeny ofdiploid taxa ofthe Humifusaclade using combined plastid and nuclear
data. In the SE clad@. pusillais sister to the rest of the taxa, addhumifusas.|. is
made paraphyletic b®. abjecta Thediploid entity, O. xanthoglochiapf the SW
clade O. macrorhizas.l.), is not sister to another accession of the same morphotype.
Bootstrap values are given above branches. Bootstrap values on the right are for the
sequence data plus indel coding datasad, those on the lefepresent just the

sequence dataset (see Materials and Methods).
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Opuntia humifusa (pollardii AL)
Opuntia humifusa (pollardii MS)
Opuntia humifusa (pollardii GA)
Opuntia humifusa (cespitosa TN)
Opuntia humifusa (cespitosa MS)
Opuntia humifusa (s.s. MA)
Opuntia humifusa (s.s. MS)

95

SW Clade

SE Grade

|Outgroup

Figure6-2. Plastid phylogeny including polyploid taxa. The SE clade of the diploid phylogeny
is unresolved here as a grade, although, an entirely polyploid claded(thedii
clade) is well supported (bs=75) within the SE grade. The SW clade is resolved, as in
the diploid phylogeny. Members @fpuntia humifusa.l. andO. macrorhizas.l. are
found in both the SW clade and the SE grade. Poly@oigusillaandO. abjectaare
only recovered in the SE grade.
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89 Opuntia humifusa (s.s. MS)
Opuntia humifusa (cespitosa MI)
Opuntia macrorhiza (grandiflora TX)

Opuntia humifusa (cespitosa MO)
Opuntia macrorhiza (grandiflora MS)
Opuntia macrorhiza (s.l. 2x NM)
Opuntia humifusa (cespitosa MI)
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Opuntia humifusa (allarei TX)
Opuntia macrorhiza (s.s. TX)
Opuntia humifusa (cespitosa MS cl1)
Opuntia humifusa (s.s. MA cl1)
Opuntia humifusa (nemoralis LA cl1)
Opuntia macrorhiza (xanthoglochla entity)
Opuntia cymochila (s.s. TX cl1)
Opuntia humifusa (nemoralis LA)
Opuntia cymochila (s.s.TX)
Opuntia humifusa (nemoralis AR)
Opuntia macrorhiza (s.s. TX type locality)
§§ 1 Opuntia humifusa (cespitosa WI)
Opuntia humifusa (cespitosa MS)
—— Opuntia macrorhiza (AR cl1)
87 I Opuntia pottsii (TX)
Opuntia pottsii (TX cl1)
Opuntia pus:lla (P
Opuntia humifusa (Iata entity)
Opuntia abjecta (4x)
Opuntia humifusa (austrina entity)
Opuntia pusilla (4x)
Opuntia pusilla (3x)
Opuntla pusilla (4x)
Opuntia humifusa (nemoralis LA cl2)
Ogunt:a abjecta (2x) SE Grade
untia pusilla 4x
Opuntia humlfusa (nemoralis LA)
Opuntia humifusa (ammophila entity)
100 Opuntia humifusa (s.s. MA cl2)
Opuntia abjecta (4x)
Opuntia humifusa (pollardii GA cl1)
Opuntia humifusa (pollardii AL
Opuntia humifusa /Jollardu MS)

95

50

Opuntia cymochila (s.s. cl2)
Opuntia polyacantha

0.0030 Outgroup
Figure6-3. ITS phylogeny including polyploid.he SE clade of the diploid phylogeny is
resolved here as a grade, as in the plastid phylogeny, although, one clade within the
SE clade is resolved, albeit poorly (bs=50). The SW clade is again resolved and is
well supported. Members @. humifusas.l. and O. macrorhizas.l. are found in both
the SWcladeand SE grade, as well as the SE subcl@gpentia pollardiiis once
again resolved with SE taxa. ClonegOyuntia cymochilare recovered within the
SW clade and as sister@ polyacantha
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—— Opuntia macrorhiza (2x NM)
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100
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Opuntia macrorhiza (AR cl3)

Opuntia humifusa (allairei Tx cl1)

Opuntia macrorhiza (s.s. TX type locality cl1)
—— Opunta macrorhiza (AR cl2)
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Opuntia humifusa (allairei TX cl2)
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Opuntia humifusa (austrina entity)

Opuntia polyacantha

0.0020

Opuntia humifusa (pollardii cl1 MS)

Opuntia macrorhiza (AR cl1)

SW Clade
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Figure6-4. Theisil phylogeny including polyploid taxa. The SE and SW clades are well
supported (bs=98nd100, respectively). Once again members of lithumifusa
s.l. andO. macrorhizas.l. are resolved within both the SE and SW cladsuntia
pollardii is resolved with SE clade members, as in the ITS and plastid phylogenies.
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CHAPTER 7
TAXONOMIC REVISION OF THE OpuntiahumifusaCOMPLEX Opuntia CACTACEAE)
OF THE EASTERN UNITB STATES

Background

OpuntiaMill. is native throughout the Americas, ranging from southern Argentina to
Canada (Anderson 2001); the genus and occupies many habitats, from seasonally dry tropical
and subtropical deciduous forests and scrub, to moderate desert environments, to temperate
prairies, coastlines, and forest openings (Benson 1@g#)ntiais considered to be the most
widespread genus in Cactaceae (Anderson 2001).

Opuntiaexhibits very interesting morphological characters, which include longitudinally
flattened stem segments, ordiaes, that take over the photosynthetic function of the small,
ephemeral long shoot leaves that are produced as the cladode develops. Cladodes may be
glabrous or pubescent and may be a number of different colors. All spe@psmtiahave
glochids, or etrorsely barbed and deciduous Hiie spines that are produced from specialized
short shoots (areoles), which are mostly included within the stem tissue. These often become
exserted and conspicuous as the cladode develops and form a formidable aragament
herbivores. Long spines are also produced in most species. These can be strongly retrorsely
barbed or smooth. Some species form one type of spine, while others may develop both central
(those produced from the center of the areole) and radialssftireese produced from around the
periphery of the areole). The development of spines from the areole can be a useful taxonomic
character. Spine color changes through time but can also be diagnostic at the specific level.
Virtually all species oDpuntiastrongly produce betalain pigments under stressful conditions, so
water or cold stressed plants often become reddish, pinkish, or purplish around the areoles.
Opuntiacan form shrubs and small or large trees. Mostlikegtaxa are found in tropical or

suldropical areas. In temperate areas, smaller shrubby taxa, which commonly sprawl or trail
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along the ground, are more frequently found. Although not a synapomorg@puatia,the

seeds are characteristic in having a bony funicular girdle that surroundyg tubwular

envelope, which covers the embryo. The funicular envelope may be glabrous or hairy and

surface features of the funicular envelope may be taxonomically useful for delimiting species.
Opuntiaoriginated in the late Miocene in southern South Acaeand from there

dispersed north into the North American desert region (medigyrcentral and northern Mexico

and southwestern United States), where the clade diversified and expanded through to the

Caribbean Islands, and throughout the rest of thaéremntal United States. A small clade, the

Humifusaclade, eventually migrated to the eastern United States (Majure et al. 2012a), where it

experienced an additional, small radiation there as wellHLimifusaclade consists of two

subclades, a southwestesubclade (SW) including the widespread ta®omacrorhizas.l., and

the southeastern subclade (SE), which includes the widespread@aamifusas.l. and

several other species (Chapter 6). The diploids of the SW subclade are characterized by

procunbent species with yellow glochids, nogtrorsely barbed (smooth) spines, and yellow

flowers with red centers. Reaxkntered flowers are also seen in diploid members of the sister

clade to theHumifusaclade(i.e., Macrocentraclade), and so likely reprasts an ancestral state

in theHumifusaclade. Diploids of the SE subclade are characterized by procumbent, trailing,

and erect species that have stramineous glochids, retrorsely barbed spines (to some degree), and

entirely yellow flowers. Numerous polyptbtaxa have formed within tHéumifusaclade.

Several of those taxa were shown to be the products of hybridization between the SE and SW

subclades and demonstrate characters of both of those clades (Majure et al. 2012b; Chapter 6).

The SE clade and polyptbderivatives occurring in the eastern United States are here referred to

as theO. humifusacomplex.
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Hybridization, Polyploidy, and Morphological Variability

Hybridization inOpuntiais common and plays into polyploid formation and oftentimes the
origin of new species (Pinkava 2002; Majure et al. 2012a). The ability for taxa to readily
hybridize and produce nearly fertile offspring would suggest the breakdown of species
boundaries byhose biologists following a strict biological species concept (Mayr 1942).
Hybridization inOpuntias.s occurs even among members of widely divergent clades and with
other closely related genera, suctCamsoleaMajure et al. 2012a). Hence, as in maitgnp
groups, the ability to hybridize and form viable offspring is meaningless regarding species
boundaries (Soltis and Soltis 2009).

In Opuntia,hybridization between different species is frequently associated with
polyploidization (allopolypbidy; see Myjure et al. 2012a), geproductive barrierkely exist
among divergent diploid species. Howeymalyploidization of those hybrid derivatives
presumablaidsin overcoming sterility barrieré&Stebbins 1950, 1971; Grant 1981; Levin 1983)
The true meleanism behind polyploidization in this group needs further study, however,
unreduced gametes are commonly foun®gpuntig which are likely the primary cause of the
formation of polyploids (Pinkava 2002) both within (i.e., autopolyploidy) and among specie
(i.e., allopolyploidy).

Although, allopolyploidy appears to be the most common type of polyploi@pimtia
autopolyploidy may also be relatively common. Several taxapointiahave been suggested to
produce autopolyploids [e.d). abjectaO. drumnondii, O. humifusgsubsppollardii), O.
macrocentra, O. strigilMajure et al. 2012a, b; Chapter 6], however, this needs to be
investigated further.

Polyploidy serves as a bridge for species formation and, in many cases, the combination of

different gelmmes, which may also lead to adaptations to extreme environmental conditions, as
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in northern temperate members of H@emifusaclade (Nobel and Bobich 2002; Majure and
Ribbens 2012; Majure et al. 2012b) and Rlodyacanthaclade (e.g., Nobel and Bobich Z00
Majure and Ribbens 2012).

It is very well known thaOpuntiacan be incredibly variable morphologically, in which
cladode size, spine production, tuberous root production, among other features, are in many
instances phenotypically plastic (Britton a@dse 1920; Benson 1982; Rebman and Pinkava
2001; Majure 2007; Majure and Ervin 2008). Thus, aside from hybridization and polyploidy,
species delimitation in the group is made much more difficult, as populations of a species may
show polymorphisms that nél$ from growth under divergent environmental conditions (Majure
2007; Majure and Ervin 2008). Also, because of their succulence and spine production, opuntias
are rarely collected, or the resulting specimens are improperly processed leading to scarce and
very poor representation in herbarRefesAguieroet al. 2007).

Phenologically, species @puntiawithin the Humifusacomplex are highly variable in
flowering time, which seems to be directly related to changes in temperature regimes. For
exampleO. austrinain Florida alone may begin to flower in south Florida in 4ikidrch but in
the same year may bloom in north Florida at the end of March or beginning of April. The same
individual, if moved to cooler climates, will further alter its flowering tilwiaterial ofO.
austrinafrom Florida, which typically blooms around the beginning of April, blooms around the
first or second week of May in central Mississippi (Majure, pers. obs.). The same phenomenon
can be seen i0. cespitosandO. humfusaSouthermopulations start to flower before more
northerly populations. Individuals taken from northern populations and transplanted to more
southerly locations alter their flowering times within one or two growing seasons to nearly match

those of the local inhalaibts (Majure, pers. obs.).
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TaxonomicHistory of the O. humifusaComplex

Opuntia humifusdRaf.) Raf. was described in 1820, albeit with no type locality
(Rafinesque 1820; &actus humifusysas a lowgrowing, yellowflowered, spineless (except
for the glochids) species. Rafinesque described the range of the species as from New York to
Kentucky and west to Missouri. The majority of the distribution give©fdnumifusay
Rafinesque (Kenttky west to Missouri) actually is inhabited by a-@ahtered flowered
Opuntia(seeO. cespitosdelow), so it is apparent that Rafinesque did not have a clear idea of
the distribution of the species he was describing. Rafinesque (1820, 1830) notedubiecart
Opuntiahumifus with that ofCactus opuntid.. (basionym ofO. opuntia(L.) Karst., nom.
illeg.) of the Atlantic coastNonethelessO. humifusavas again synonymized in later treatments
under the tautonyr®puntia opuntigsee Britton and RosE920, Leuenberger 1993). Rafinesque
(1830) described two more speci€s,cespitosdraf. from Kentucky and Tennessee (Rafinesque
1832), andD. mesacanth&af. fromwest Kentucky to Louisiana (Rafinesque 1832), which also
were subsequently placed in synonymy vixthhumifusgsee Britton and Rose 1920).
Engelmann (1856)roposed another nant@. rafinesqueiapparently in honor of Rafinesque,
which he used to replaed three previously described speci®s cespitosa, O. humifusand
O. mesacanthaAt this time,O. vulgarisMill. was accepted instead @f. opuntiaand thus two
species were recognized in the eastern United S@tesilgarisof the Atlantic coastrad O.
rafinesqueranging in distribution fronthe Mississippi Valley from Kentucky to Missouri and
north to Minnesota (Engelmann 1856). Notably, although Rafinesque (1820) gave nearly the
same distribution for the species (Rishumifusy he describethe flowers as yellow, while
Engelmann (1856) described them as being mostly yellow with red centers, demonstrating that
Engelmann at least had a clear idea of the morphology of the species that grew throughout the

range given with his descriptio®@puntiamacrarthraGibbes was later describeg Gibbes
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(1859) for lowgrowing, yellowflowered material from South Carolina. Britton and Rose (1908)
described yet another species of igmwing, yellowflowered, spinyOpuntig from the coast of
Biloxi, Mississifpi, O. pollardii Britton & Rose. Wherry (1926) described the yelowered

O. calcicolafrom West Virginia, a species apparently restricted to circumneutral soils. John
Kunkel Small began his exploration of Florida in the early 1900s, where he deddyibpdcies
from theO. humifusacomplex,O. abjectaSmall,O. austrinaSmall (Small 1903)Q. ammophila
Small,O. lataSmall (Small 1919)Q. eburnispinéSmall,O. impeditaSmall,O. pisciformis
Small,O. turgidaSmall (Britton and Rose 1923), atrocapensisSmall,O. cumulicolaSmall,

O. nitensSmall, andO. polycarpaSmall (Small 1933), most of which Benson (1982) later
placed in synonymy witld. humifusaor merely considered them hybrid derivative®ofstricta
(Haw.) Haw. and. humifusgexcept forO. abjectd. Benson (1982) placed. abjectaof the
Florida Keys in synonymy with the Caribbean spe€@esriacantha(Willd.) Sweet.

Benson (1982) recognized three varietie®ohumifusa, O. humifusar.ammophila
(Small) L.D. Benson®. humitisavar. austrina(Small) Dress, an@®. humifusavar. humifusa
Subsequent researchers have mostly foll owed B
although, Pinkava (2003) did not recognehumifusavar. austring and Wunderlin and
Hansen (20032011) did not recognize any varieties witkdnhumifusa

Oddly, Benson (1982) concluded titat humifusas strictly a yellowflowered species, as
further demonstrated in his key, although, his figure 438.dfumifusgBenson 1982; p. 439),
is a typi@l specimen of what Majure and Ervin (2008) referred 10.aespitosahat has yellow
flowers with red centers. It is thus apparent that Dr. Benson did not have a clear idea of the
delimitation ofO. humifusaa problem that likely developed from his wéderbarium

specimens to interpret morphological variability across such a large range, and the fact that many
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such specimens lose diagnostic features. Pinkava (2003) likewise suggestectimatfusahas
completely yellow flowers and used redntered flowers to separdde macrorhizarom O.

humifusa However, the majority of the distribution given for humifuseby both Benson

(1982) and Pinkava (2003) is of the 1&ghtered taxon referred to hex®the tetraploid).
cespitosgsee below). Leuenberger (1993) recognized@hdtumifusaalthough now widely
accepted as the correct name of a widely distributed species in eastern North America, had not
been formally typified. Thus, he neotypified humifusabased on material from Pennsylvania,

as no type specimens for the species described by Rafinesque exist (Leuenberger 1993).

Opuntia drummondiGraham was described from Appalachicola, Florida (Maund 1846).
Subsequent researchers described nursdexa for the same type of material from the Atlantic
and Gulf coasts, i.eQ. pescorvi LeConte ex EngelmantEgelmanri856),0. frustulenta
Gibbes (Gibbes 1859), af@l tracyiBritton (Britton 1911). Benson (1982) later placed all of
these taxa, inadingO. drummondiiin synonymyunderan ambiguous species of unknown
origin and with no known type specimé, pusilla(Haw.) Haw. The name has sebeen
acceptedy subsequent researchers (Doyle 1%0kava 2003WunderlinandHansen 2003
2011).

Opuntia nemoraligGriffiths was described from Longview, Texas by Griffiths (1913) and
has since been placed in synonymy both Witldrummondi(Weniger 1967, 1970) ar@.
humifusa(Benson 1982).

More recently, Majure and Ervin (2008) suggested @hdiunifusais composed of several
taxa and used the nar@e cespitosdor material ofO. humifusas.l. with redcentered flowers.

Cytological (Majure et al. 2012b) and phylogenetic (Majure et al. 2012a; Chapter 6) work has
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provided further evidence, clearlydicating thatO. humifusas not monophyletic and actually
consists of several taxa. Those taxa are treated here.

Seven species are recognized in this treatment @ themifusacomplex. These are
Opuntia abjecteébmall,O. austrinaSmall,O. cespitosd&af.,O. drummondiGrahamO.
humifusa(Raf.) Raf.,0. nemoralisGriffiths, andO. ochrocentre&S&mall. Three subspecies©f
humifusaare recognizedd. humifusasubsphumifusa subsplata (Small) Majure, and subsp.
pollardii (Raf.) Majure.Opuntia cepitosa, O. humifusaubsphumifusaandO. nemoralisare
allopolyploid derivatives of the southeast¢B8E) andsouthwesteriSW) subclads of the
Humifusaclade.Opuntia humifusaubsp pollardii is a tetraploid, and apparently has been
derived solely from the SE clade, while humifusasubsplata is a diploid member of the SE
clade (Chapter 60puntia ochrocentras an allopolyploid derived from a member of the
southeastern subclade anddillenii (Ker-Gawl) Haw. (Majure et al. 2012a; Chapter 4). Species
outside of theD. humifusacomplex that occur in the eastern United States, either as ornamentals
or naturally, are not covered in this treatment (©ggngelmanniiQ. fragilis, O. leucoticha,

O. macrorhiza®. monacantha, O. stricta In addition, this revision does not include members
of theHumifusaclade that belong to the SW subclade, Qe.macrorhiza, O. pottsiand

relatives, which are species primarily distributed throughwiintestern United States and
northern Mexico.

SpecieLConcept

| apply a combined approach using phylogenetic, evolutionary, ecological, and
morphological species concepdsdelimit species in thlumifusaclade (Donoghue 1985; de
Queiroz 2007). Specieslationships and boundaries@puntiaare obscured by the paucity of
morphological characters and frequently also by the inadvertent loss of the few that exist in the

process of preparing herbarium specimens (although with effort taxonomically usefoiespgci
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can be prepared; s&eyesAgueroet al. 2007). In addition, the succulence of these plants

inhibits collectors, and the resulting lack of herbarium material, and especially those with useful
habitat and morphological data, make specific and infragpédelineationi exclusively through

the use of herbarium speciménsgirtually impossible in many instances. Thus the time

consuming process of collecting and growing plants for use in assessing morphological
variability (and correlating this variab¥itwith geography) is the only means to study the group

in a relatively unbiased manner. The scarcity of detailed biological data, especially regarding
variation in chromosome number, and the lack of an understanding of phylogenetic relationships
also longhas impeded proper species delimitation in this clade. Those data coupled with
observations based on live material greatly enhance the ability to make accurate estimates of
species boundaries. Undoubtedly, some researchers may find the species ciraamscript
employed here to be too finely drawn, while others may wish that even more species had been
recognized. | have taken a relatively conservative approach to species delimitation, underscoring
the evolutionary history of these organisms, as well asiti@iphological cohesiveness and

ploidy levels. The taxa here recognized are believed to be both biologically meaningful
(reflecting the complex evolutionary history of the groapgdldiagnosable using

accepted/traditional systematics methods (and thusppate for recognition in Floras and
ecological investigations).

The following key was generated through the use of living specimens, supplemented by
herbarium material, and so is most useful for identifying living individuals. In addition,
knowledge ofhe range of morphological variation within a population is often necessary to
accurately identify the species, as individuals within a population may or may not display

characters essential for the identification of a given species (as the result of/plegplasticity,
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age of the plant, or other factors). As a result, this dichotomous key is best used to identify a
species when there is information about morphological variation within a given population and
also when the entire plant, in living conditjos available for observation.

Description of the Opuntia humifusaComplex

Small to largeshrubs or treelets, erect, decumbent, or trailing20ritall, branching
profusely or sparingly; with tuberous or fibrous roots. Cladodes elliptical, raditahg, or
obovate, 0.829.5 cm long, 044.1.3 cm wide, 4.9.9 mm thick, dark or yellowgreen, or
glaucous, graygreen, margins smooth or scalloped, remaining turgid or-evdegling during
the winter. Leaves green or glaucous, egagen, 2.213.8 mm lmg, ascending parallel to the
cladode or spreading, tips reflexed or not. Glochids conspicuous, exserted, or inconspicuous,
included within the areole, red, reddistown, yellow, or stramineous when young, aging dark
brown, light brown, or amber. Spinessantor 1-18 per areole, 0-:20.3 cm long, 0.2.3 mm in
diameter, dark brown, reddish brown, yellow, brown and white or brown, white, and yellow
mottled during development, turning white with age and later gray, cylindrical, flattened, or
twisted at thdase, only central spines present or radial and central spines present, retrorsely
barbed or smooth to the toudHowers: outer tepals green, yellow green or red with light green
margins, ovate, triangular, or triangular subulate, inner tepals yelloallomwywith red bases,-7
10, obovate, or obtriangular to emarginate; 8.8 cm long, generally with a mucronate apex,
stamina filaments yellow or yellow with yellegreen, or red bases. stigmas white, cream, or
green, 310 lobed. Berries clavate or bargdlaped, 1.8.0 cm long, pink, purple, red, orange
red, or green at maturity. Seeds-3.2 mm long, with the funicular envelope smooth, or only
moderately elevated by the cotyledons and hypocotyl of the embryo, or bumpy, greatly elevated
by the cotyledos and hypocotyl of the embryo, funicular girdle-2.3 mm wide, regular,

smooth, or irregular, bumpy.
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Key to the Members of the Humifusa Complex
Radi al spines numerous, f 1l at € e@.edrocaritra baseé
. Radial spines-Q, cylindricd or f |l attened at baseéeéeéécBéééccece
. Plants forming small trees, large shrubs, orshulnbs; stems ascending or erect; D8 tall;
inner tepals entiredégéégéedddmant &ee.ed £.8.
. Plants forming small shrubs in clumps or spatems ascending, decumbent or trailing; 0.1 to
0.5m tall; inner tepals entirely yellow or yellow with red baseésé é é é é ¢ é . . . 4
. Plants developing from a single flat or terete stem (or trunk), usually erect or strongly
ascending, cladodes not easilgatticulating, spines + barbed to the touch, outer tepals

. Plants branching from the base, thus forming clumps, stems strongly ascending, cladodes

easilydisarticulating, spines strongly retrorsely barbed to the touch, outer irepateed

,,,,,,,,,,,,,,,,,,,,,,,

//////////////////////////

toucrc é éeéééeeééeecéeecééeceeéecééeeecéeéée.eeéehb
Cladodes not easily disarticulating, 6fl at,
. Cladodes glaucous, grgyeen, developing spines yellow or bright white, glochids yellow or

dull brown, inner tepals yellow oarely yellow with pinkish basés........... O. nemoralis

. Cladodes not glaucous, dark green, developing spines dark rbdaliam, or brown and white
mottled, glochids stramineous, i nner tepal
. Cladodes @t noticeably glaucous, dark green, inner tepals entirely yellow
cEééeééeéecécéeeéeeeeeeee. ... ... .. ... 0.humifusa .

. Cladodes glaucous, grayeen or leadyreen, inner tepals entirely yellow, or yellow with

col or ed ébéaeséecséecée éécééeééee.eeééecééeecé. . é8
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7. Plants small, sometimes even diminutive, clad@i@0.811.1) cm long, 1.8 (0-8.4) cm
wide, 10.4 (5.314.8) mm thick, elliptical, oblong, or rounded in shape, terminal cladodes
mostly cylindrical in cross sectiowjth 1-2 areoles per diagonal row at midstem, coastal
southeastern United States............ocoooiiiiiiiiiiiiiieieeeeee e Q..drummondii
7. Plants larger, not diminutive, cladodés (3.213.5) cm long, 4.5 (2-6.7) cm wide, and 10.2
(6.515.8) mm thick, elliptical, or rotund, terminal cladodes not cylindrical in cross
section, with 23 areoles per diagonal row at midstem, Florida Keys
eeeééééccééééececéééécecéééeéeceeééé. @ abjecta
8. Plants small, cladodes 6.3 (48%) cm long, 3.9 (2:8.8) cm wide, 11.2 (8:14.2) mm wide,
oblong, elliptical, or obovate, * easily disarticulating, spines * barbed to the touch, 2.3
(1.4-3.0) cm long, inner tepals almost always yellow, rareltiiapink at the base, W of
the Mississippi River éééééeéeééeéelruchmaraiss ééeééé
8. Plants larger, cladodes 10.5 (38.7) cm long, 8.0 (3:21.3) cm wide, 10 49.2) mm thick,
mostly elliptical, obovate, or more commonly rotund, not disarticigagpines smooth
to the touch, 2.9 (1-8.3) cm long, inner tepals basally tinged crimson red, oraede
reddish brown, or pinkished, widespread, eastern United Statés. . . Q. éspitosa
1. Opuntia abjecta Smallin Britton and RoseThe Cactaceae, pf02 & 226¢. 1928. TYPE
United States. Florida, Monroe Co.: hammock, southeasteof Big Pine Key, 12 Apr
1921,J.K. Smalls.n.with G.K. Small, P. Matthew®olotype: NY!; see Fig.-2A).
Shrubs to 0.3 m tall, usually with multiple stems arisimgrfithe base, stems strongly
ascending and rigid; roots commonly forming tubers in older individuals. Cladsgesed

mostly with margins parallel to the soil surface, thus the cladode disposed with the broad (flat)

side perpendicular to soil surface, not becoming enogskled during the winter (as in other
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nonerect species, such @ drummondiandO. humitisg). Cladodes easily disarticulating from
the nodes, generally dark green, not glaucous, and with slightly raised podaria, cladodes round to
obovate (or more typically elliptical in tetraploids) in outline witB Areoles per diagonal row at
midsection 6 cladode, cladodes 7.6 (313.5) cm long, 4.5 (2-6.7) cm wide, and 10.2 (6.5
15.8) mm thick. Leaves dark green, ascending, parallel to the cladode surface-B)2({5
long. Glochids straw yellow (stramineous), areolar trichomes white. Spines 2psthareole,
but oftentimes 3 on terminal cladodes, but generally more on basal cladodes (up to 6), which
continue to produce new spines, when 3 spines on terminal cladodes, 2 long and 1 short, the
spines dark reddishrown when young, turning white whemature and gray in age, strongly
retrorsely barbed, twisted to cylindrical in cross section, most spines twisted at least at the base,
4.01 (2.55.6) cm long, 0.66 (0.38.99) mm in diameter. Flowers: euttepals dark green, ovate,
tepal tips erect to surved in bud, apex of bud rounded to acute (FH2EY, inner tepals 8, dark
yellow (Fig. #2G-H), 23.8 (2226) mm long, stamens with yellow filaments turning orange
as flower ages (Fig.-ZG), stigma cream colored with 6 lobes. (The diploid populaidBig
Pine Key produces mutant flowers with inner tepals producing anthers at their tips and finally
with normal stamens in the center of the flower surrounding the gynoecium {¥agy.this
aberrant flower type has also been sedd.iaustrinaandO. drummondij. The two tetraploid
populations have completely normal flowers (FiggH).) Berries barrel shaped, dark purple or
yellow-green (Fig. 721), 2.7 (2.23) cm long. (Tetraploids appear to only produce sterile fruit.)
Seeds 3.3 (3-B.6) mm longfunicular grdle 0.80 (0.66).88) mm wide, funicular envelope
smooth, i.e., with no impression of the embryo apparent on seed surface.

Phylogenetic placemer®puntiaabjectais sister tdO. austrina(Majure et al. 2012a; Fig.

7-1).

142



Ploidy. Opuntia abjed is diploid, 2n=22, and tetraploid, 2n=44 (Majure et al. 2012b). The
diploid population occurs at the type locality of the species (Majure et al. 2012b). There are
cryptic morphological differences among the diploid and tetraploid populations (cladpde sha
spine length), although, these minor differences are not suggestive of species boundaries. Based
on phylogenetic studies (Chapter 6) and morphological similarity, it appears most likely that the
tetraploid populations are autopolyploid in origin.

PhenologyOpuntia abjectdblooms in early spring (late Marehid April) in southern
Florida, although, individuals transplanted further north bloom later (e.g., early May),
demonstrating the plasticity in blooming time relative to climate.

Distribution. As far as is knownQpuntiaabjectais restricted to the Florida Keys, Monroe
Co. (Fig. #3) and has only been recorded from three populations.

Habitat. Opuntia abjectas restricted to Key Largo limestone of the lower Florida Keys
where it can be found gwing in depressions in the limestone containing enough humus to
support root establishment.

Notes Benson (1982) considered this species to be synonymous with the Caribbean taxa,
O. triacantha(Willd.) Sweet andD. militaris Britton and Rose-owever, it is clear from
morphology and DNA sequence data tBatriacanthais more closely related to other
Caribbean taxa, such &s caracassana, O. jamaicenssdO. rependello (Majure et al.
2012b; Chapter 4) rather than members oHbmifusaclade. Britton and Rose (1920) also
considered. triacanthato be more closely related to other Caribbean taxa, and even included
the species i©DpuntiaSeriesTunae which include®. caracassanandO. jamaicensis
Opuntia militarisis closely relatedo O. caracassana, O. jamaicensendO. triacanthabutis

likely not conspecific withO. triacantha(Chapter 4).
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Opuntia triacanthds typically erect with a single, wetlefined trunk, wheread. abjecta
has numerous ascending stems produced fromatbe of the plant but never produces an erect
main trunk.Opuntia triacanthgproduces chalky yellow spines when immature, which mature
chalky white. The spines @. abjectaare darker reddishrown when immature and mature
bright white, not chalky whiteCladodes oD. triacanthaare oblong to obovate or narrowly
elliptic, while cladodes 0D. abjectaare mostly rounded, obovate or broadly ellip@puntia
triacanthaalso has large tufts of yellow glochids associated with yelloalisar trichomes,
which are more pronounced than the stramineous glochids andoldatdrichomes oD.
abjecta

Additional specimensexamined. United States. Floridédonroe Co. Big Pine Key, 12
May 1919 P. Barrtsch s.n(US); Long Key, ocky, open, low ground, 23 A@966 C. Byrd s.n.
(FLAS); Big Pine Key, 4 May 195E.P. Killip 41332(US); ibid, 10 Jan 195E.P. Killip 41708
(US); SE end ofBig Pine Key, Cactus Hammodiational Key Deer Refuge, 6 Mar 2010, C.
Majure 3908(FLAS); Big Pine Key 22 Feb 1935G.S. Miller, Jr. 171qUS); Crawl Key,Jul
2008 K. Sauby s.n(FLAS); Big Pine Key 17 May 1922J.K. Small s.ifNY, US).

2. Opuntia ochrocentra Smallin Britton and RoseThe Cactaceae, p. 262. 1983TYPE:
Florida,MonroeCo.: Big Pine Key, lmmmock, southern end of Big Pine K&y, Dec
1921,J.K. Small s.nwith G.K. Small, P. Matthewolotype: NY!; see Fig.-AA).

Large, scrambling to slightlgrect shrub from 0-80.5 m tall, usually with one main
trunk, although, branching heavily above; roots fibrous. Cladodes mostly elliptical or rarely
obovate in outline, with slightly scalloped margins, terminal cladodes disarticulating with only
slight force, cladodes liglgreen, 15.6 (11-69) cm long, 7.5 (5:8.9) cm wide, 14.3 (13:26.2)

mm thick, with 34 areoles per diagonal row. Leaves lightlark green, small, 3.6 (3329) mm
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long. Glochids bright yellow (as 1@. dillenii), conspicuous. Spines developing frora Hreoles

in a stellate pattern (as @. dillenii), 1-5 spines per areole, central spines delicate, 5.3(8)7

cm long, 1.04 (0.84.3) mm in diameter, cylindrical in cross section or basally twisted, radial
spines flattened at the base and deflexedgthe face of the cladode in age, immature spines
yellow aging white or mottled cream and brown and then gray. Flowers: outer tepals broadly
ovate or triangulaovate, yellowgreen or reddish with light green margins, inner tepals 8,
entirely yellow or gllow green, obovate or emarginate, with a mucronate tip, the abaxial surface
often reddish down the center, 3.5 (3.8) cm long, stamens with yellow filaments, stigma

white or light yellowgreen, élobed. Berries clavate or banshaped, although, matufruit not

been seen in cultivated material from Big Pine Key or Big Munson Island, immature fruit 3 (2.8
3.3) cm long, and mature fruit reported to be red and to 2 cm long (Small 1923)n8egeksn

(and not present on lectotype or any other mataviailable for study), but described as-3.5

mm long, and numerous (Small 1933).

Phylogenetic Placementhis species is a pentaploid (Majure et al. 2012b) of interclade
hybrid origin most likely betwee®. abjectaandO. dillenii (Ker-Gawl.) Haw. (Majureet al.
2012a, Chapter 4), with which it is largely sympatric on Big Pine Key.

Ploidy. Opuntia ochrocentravas reported as pentaploh=55,from three individuals
that have been analyzed (Majure et al. 2012

PhenologyOpuntia ochrocentrélowers in late spring to early summer (early April
May) growing in cultivation in north Florida.

Distribution. Opuntia ochrocentras only known from the lower Florida Keys and co
occurs withO. abjectaon Big Pine Key, where it has nearly been extirpateabiin attack by

Cactoblastis cactorurBerg. (Majure 2010; Majure pers. obs.) and anthropogenic disturbance
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(Benson 1982, Majure pers. obs.). It is also known from Big Munson Island, just west of Big
Pine Key (see collectiorlsC. Majure 396869), where it las also been seen under attaclCby
cactorum(Majure pers. obs.). It has been recorded from Cape Romano as well (Small 1933), but
no specimens have been seen from that locality (Benson 1982; Majure pers. obs.).

Habitat Opuntia ochrocentraccurs esserally in the same habitat &. abjecta one of
its putative parents (Majure et al. 2012b).

Notes This species was placed in synonymy vithcubensi®ritton and Rose by Benson
(1982). Molecular, morphological, and cytological data show@haichrocatra is not
conspecific withO. cubensisnd thus should not be considered synonymous with that Cuban
species (Chapter 4). As noted by Britton and Rose (128)ntia ochrocentranost closely
resemble®. dillenii, one of its putative progenitors, although, its spines are more delicate and
age gray as i@. abjecta(its other putative progenitor; Majure et al. 2012a; Chaptedgiintia
ochrocentraalso forms a smaller, more delicate shrub compared to the moraede®bust
growth form ofO. dillenii.

Additional specimens examinedUnited States. FloridgdMonroe Ca.Big Pine Key,12-

18 Feb1935 E.P. Killip 31423(US); Big Pine Key, hammock, 2 Mar 1936,P. Killip 31712

(US); Big Pine KeySEhammock19 Mar 1%2, E.P. Killip 42026(US); S end of Big Pine Key,

6 Mar 2010L.C. Majure 390(FLAS); Big Munson Islandg Mar 201QL.C. Majure 39689

(FLAS); hammock,S front of Big Pine Key17 May 1922J.K. Small s.n(US).

3. Opuntia austrina SmallFl. SE. US. p. 816. 19030puntia compressgSalisbury) J.F.
Macbride varaustrina(Small) L.D. Benson, Cact. Succ. J. 41: 125. 1@§8untia
humifusa(Raf.) Raf. varaustrina(Small) Dress, Baileya 19 (4): 164. 1935[YPE:

United States. FloridglMiami-Dade ®.:] Miami, in pinelands, 28 0«8 Nov 1903,
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J.K. Smalll216,with J.J. Carter(lectotype designated by L.D. Bensd®82: US;
isolectotypeNY!; see Fig.7-5A).

Opuntia ammophil&mall, J. New York Bot. Gard. 20: 28919 Opuntia compressgSalisbury)
J.F. Macbride vaammophila(Small) L.D. Benson, Cact. Succ. J. 41: 124. 19609.
Opuntia humifusgRaf.) Raf. varammophila(Small) L. D. Benson, Cact. Succ. J. 48:
59. 19760 TypPE: United States. Florid§St. Lucie Co.:;]Jhammockon sandiune, St.
Lucie Sound, 6 mi $f Ft. Pierce, 20 Dec. 191J.K. SmaliB456(holotype:two sheets,
NY!).

OpuntiapisciformisSmall in Britton and Rose, Cactaceae 4: 258. I3 PE: United States.
Florida.[Duval Co.:] dunes, Pilot Island, 26 April 1921,K. Smalils.n.(holotype: NY!).

Opuntiaturgida Small in Britton and Rose, Cactaceae 4: 265. A% PE: United States.
Florida.[Volusia Co.:] &out 5mi S of Daytona, 30 Nov 1919,.K. Small s.n(holotype:
NY!, two sheets; isotype: US!).

Opuntia atrocapensiSmall Man. E. Fl. 905. 1933 TYPE: not found, and therefol@ neotype
is designated heréJnited States. Florida. Monroe Coargl dunes; Middle Cape Sable,
28 Nov 1916,.K. Small s.n(US!).

Opuntia cumulicoléSmall Man. S. E. Fl. 90719330 TYPE: United States. Florid@Miami-
Dade Co.:beach. Bull KeypppositeLemon City, 6 Nov. 1903].K. Small 970 with J.J.
Carter (holotype: NY!; isotyps: NY!; US!).

Opuntia nitensSmall Man. S. E. Fl. 906. 1938.TYPE: United States. FloridgVolusia Co.]
hammock, Sni S of Daytona, Florida, 23 Aug 1922.,K. Small s.nwith G.K. Small, J.B.

DeWinkler(holotype: NY!; isotype: US!).
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Opunta polycarpa SmaglMan. S. E. Fl. 905. 1938.Type: United States. Florida. [Collier Co.:]
sanddunes, Caxambdsland,11 May 1922,J.K. Small s.n(holotype: NY!, isotyps:
NY!; US!).

Small to largeshrubs or small treelets, 6122 (-2) m tall, usually erect but in some cases
merely ascending, but with a central trunk, which may be cylindrical or flattened {6). -
E), but plants damaged at the base of the trunk (e.g., burned, cut off, scarred, damaged by
insects) often producing numerous branches from the base, and in agadstsdhdodes often
strongly fused and appearing as a single unit (FED7instead oteveral stem segments), the
plants typically heavily branched towards the apex and frequently semdileoreots
commonly tuberous (Fig.-3C) or fibrous, the tubers more commonly produced in very well
drained, deep sands. Cladodeghly variable, genlly elliptic, but commonly obovate or rarely
completely rounddark or light greensometimes slightly glaucous, never cross wrinkling unless
under severe drought stre&d,5 (6.529.5) cm long, 6.5 (3:8.5) cm widethin 8.2 (6.410.9)
mm thick, mostly with slightly scalloped margins, but margins sometimescalopedfrom 2-
6 (mostly 4) areoles per diagonal rosladodes occasionally easily disarticulating during winter
months (in theolycarpaentity, see belowjut generally with cladodes not easily detaching
(theammophilaentity, see also belowl.eaves dark green or sometimes glaucous, 9.31®.9)
mm long, ascending (parallel to the cladode surface; Fagr) ©r commonly spreading with the
tips recurvedGlochids conspicuous, exserted from the areole, stramineous, forming adaxial
crescent in older cladodes from the compression of the areole, trichomes mostly clear or
appearing cleawhite. Spines mostly-2 per areole on terminal cladodes, although uf twr
plants occasionally spineless, the trunks occasionally with up to 18 spines per areole, round in

cross section or commonly twisted longitudinally, the spines highly variable in length; 6.1 (2
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10.3) cm long, 0.9 (0-@.2) mm in diameter, strongly retsely barbed or relatively smooth to
the touch, developing spines dark redesbwn or mottled (banded) browellow and white,
turning white after maturity and finally gray in age, often deflexed upon maturation. Flowers:
outer tepals dark green, triarigr or triangulaisubulate, tips ascending, incurved or commonly
recurved in bud (Fig.-BG), inner tepals 8, dark yellow to light sulfur yellow (FigbH-I),
obovate 3.8 (34.2) cm long, with a mucronate tip, staminal filaments yellow or greenish
yellow, stigmas white with generally 6 lobes. Berries clavate or barrel shaped-83+#),/dark
purple, red, pink, or yellovgreen when mature, 3.8 (2580) cm long. Seed&?2 (3.94.7) mm
long, funiculargirdle 0.96 (0.671.26) mm wide, funicular envelogenooth with the cotyledon
and hypocotyl region of the embryo only moderately raised.

Phylogenetic placemer®puntia austrinas sister tdO. abjectaas shownn Majure et al.
(2012h Chapter p(Fig. 7-1).

Ploidy. Opuntia austrinds diploid, 2n=22, throughout its range (Majure et al. 2@)2

PhenologyOpuntia austrinabegins flowering in southern Florida during late Mairch
early April. However, plants grown in more northern areas (e.g., cenisaldsipp) typically
produce flowers around thedianing of May. Thus, flowering time appears to be strongly
correlated with changes in climate.

Distribution. Opuntia austrings mostly restricted to the Florida peninsula (Fig). One
specimen from Gaden Co, Florida has been tentatively identdiasO. austring andone
specimen from Lowndes Gdseorgia (UNC), was described with essentially the same growth

form asO. austring but the specimen is insufficient to confirm ttespecificidentity.
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Habitat. Opuntia austrinds most common in pémsular Florida scrub habitat dominated
by scrub oaksQuercus chapmannii, Q. geminata, Q. myrtif@iad sand pineRinus clausaas
well assandhills dominated binus palustrisor Pinus elliottii

Notes.Opuntia austrindas the most common speciestie Florida peninsula and is most
often found in remnant scrub habita®puntia austrinds a highly polymorphic species and has
by some workerbeen divided into a number of other taxa that are here placed in synd@ymy
ammophila, O. nitens, O. polyga, andO. turgida Of those four taxa). ammophilaandO.
polycarpaare quite distinctive and easily recognizable in parts of their sargkare here
informallyr e f er r ed t 00. austrind EheQ. antmophikeatity @ fmost common
from the Ocala National Forest in Lake, Marion, and Putnaomges south to St. Lucie Go.
where it was first described (Small 190@puntia ammophil@an form relatively large shrubs
or treeletsup to 1.2 m tall with a large diameter, cylindrical trunk (up t@d0in
circumference).@hnK. Small recorded individuals up to nearly 2 m tall (Small 1919, 1933) but
no such individuals have been found since. Thgolycarpaentity is primarily found in
Hi ghl ands and Pol k count i e sividaals bavgyalsa been seera k e
from Lee CountyTheO. polycarpaentityis recognized by its extremely long spines, sometimes
up to 10 cm long that are strongly retrorsely barbed, easily disarticulating cladodes, and
generally strongly recurved tips of the tepals when in @Atk O. polycarpaentity may form
relatively largeshrubs or even small treelets to 1 m tall. Although, botlOthemmophilaandO.
polycarpaentities are strikingly distinct in certain populations, they form a gradation of

morphological characters that overlap wether populations aD. austrinaincluding growth

form, spine production and color of spines, the degree of spine barbedness, cladode shape and

size, and tepal shape. Hence, morphological variation within most populatiooth aff these
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entitiesdirectly overlaps with those characters seetypical O. austrinaand for this reasoas
well asthe lack of phylogenetic structyithese taxa are treated as par@ofustrina

Another entity ofO. austring which in contrast to th®. polycarpaandO. ammophila
entities has not been formally nadjis noteworthybecausét forms erect shrubs, which are
basically miniature forms of th®. ammophilaentity, ranging in height from 280 cm tall. This
entity produces copious spines and in certain specimens resembles an erectform of
drummondii(see below) The spines are usually strongly barbed, tuberous roots are produced,
and a cylindrical trunk is also a common feature of this entity. | have collected it in Osceola and
Orange counties and have se@other specimen from Lee Co

Typical Opuntiaaustrinaforms erect shrubs from 480 cm tall, although, with a relatively
flat trunk. Plants may or may not be heawbvered withspines and the spineare slightly
retrorsely barbed to the touch or oftentimes smooth. Cladodes do not disarticulatneas
plants are generally smaller and less robust tha®ttenmophilaandO. polycarpaentities.

Benson (1982) include@. austrina,at the infraspecific level, in his broad concep©of
humifusahowever, phylogenetic analyses have shown@haustrinaandO. humifusaare not
synonymous (Majure et &012a, Chapter)6Benson (1982) cite@. humifusavar. austrina
(hereO. austring from Big Pine Key, although, the photo presented (p. 442; Fig. 443) is actually
of O. abjecta notO. austrina Benson (1982) also concluded tRatpisciformis(included here
under synonymy witl®. austring was of hybrid origin betwee@. humifusaandO. stricta
However, characters possessed by the type specint@npigciformisfall completely within the
boundsof O. austring as circumscribed here. So a hybrid origirDofisciformisappears

dubious.
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Additional specimens examinedUnited States. Florid&revardCo.: off of A1A SW of
Jetty ParkCape Canaveral; 17 0539480N 314112B6&Mar2007 L.C. Majure 208 (MISSA).
CharlotteCo.: Port Charlotte Beach State Recreation AN:@prtion of park, bayside, Manasota
Key, 7 Mar1991, S. EricksorPC0031(USP. CitrusCo.:FL 491, ca. 1 mi E of HoldeR6 Mar
1965 J. Beckne662(FLAS). Collier Co.:1 mi E of NorthNaples on FL 8467 Aug1967, O.
Lakela30902B(USH. Duval Co.: Florida Beach17 Nov1929 H.N. Moldenké&5233(NY).
FlaglerCo.: Flagler Beach: off of Hwy. A1A S, just E of Silver Lak&r May 2008L.C. Majure
3222(FLAS). GadsderCo.: Bear Creek Educ¢enal Forest (E of Rt. 267 and ca. 10 air mi SSW
of Quincy); 30.47650°N 84.62331°V¥8 Jun2011, L.C. Andersor25542(FSU). GladesCo.:

7.4 km E of Charlotte Co. line, 9.7 km S of Highlands Co. line, NE corne+7&1CGand FL 748
May 2010 A.R. Franck2131(USH. HighlandsCo.: off of Hwy. 27N, ca. 21 km S of the town
of Lake Placid; lower portion of Lake Wales Ridg@ Jul2008 L.C. Majure3450(FLAS).

Indian RiverCo.: off of Hwy. 1S,jct. of 65th St. and Old Dixie Hwy. at Winter Beadii Feb
2011 L.C. Majure4182(FLAS). LakeCo.: Ocala National Forest, off of Hwy. 40 W ca. 4 km W
of Aster Park and 2 km E @ft. with Hwy. 19; along roadsid&4 May2008 L.C. Majure 3246
(FLAS). LeeCo.: Wulfert, western SanibeP8 Mar1973 W.C. Brumbacl8290(FLAS).
ManateeCo.: South Fork State Park Apr 1992 R. OwensSFO050(USH. Marion Co.: Ocala
National Forest, Salt Springs off of Hwy. 199at with Hwy. 314 24 May2008 L.C. Majure
3244(FLAS). Miami-DadeCo.: Miami, 28 Oct- 28 Nov 1903J.K. Smalls.n.(NY); Miami, 1
Feb1911 J.K. Smalls.n.(NY). Okeechobe€o.:0.25 km S of the Okeechobee County line, off
of Hwy. 441W, 11 Feb2011, L.C. Majure4185(FLAS). OrangeCo.: 3.5 mi SE of Hwy. 528
along Hwy. 520 under powerline; 17 0504805N 3142828 Mar2007, L.C. Majure2086

(MISSA). OsceolaCo.: off of Hwy. 441S (192)Sof St. Cloud at Harmony8 Mar2009_.C.
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Majure 3702(FLAS). Palm BeaclCo.: Near Boca Raton Airport, E of Interstate 95; NW 40th
St. & 6th Way 9 Mar201Q L.C. Majure 397qFLAS). PinellasCo.: sand dunes, Long Ke#8
Nov 1921, J.K. Smalls.n.(NY). Polk Co.: S of Frostproof along Rt. 27 ca. 3.6 mi N of
Highlands Co. lingl Nov198Q W.S. Judd@841(NY). PutnamCo.: Ocala National Forest,
Delancy Lake, along FR5-2, just Wof Hwy. 19 24 May200§ L.C. Majure 3248FLAS).
SeminoleCo.: off of Hwy. 419S, W of Mills Lake Park; 17 0487398N 316675X& Mar2007,
L.C. Majure 2085§MISSA). St. John<Co.: Crescent Beagi Jan1942 H. Kurz279(MICH).
St. LucieCo.: AncientDunes, near Ft. Pierc@ Sep1922 J.K. Smalis.n.(NY). St. LucieCo.:
vicinity of Ft. Pierce, off of Hwy. A1A, E of Jack Islan2i8 Mar2009 L.C. Majure 3705
(FLAS). VolusiaCo.: off of SR 40 ca. 3 km W gtt. with Hwy. 11N 18 May2008 L.C.
Majure 232 (FLAS).

4. Opuntia cespitosaRaf., Bull. Bot. Seringe. 216. 183).7YPE: United StatesKentucky
Woodford CountyHwy. 60 N afjct. of Hwy. 62; just N of Versaile4,.C. Majure 3275
with B. Patenged Jun2008 feotype, here designatdelAS!; isoneotype, US!; seféig.
7-7A).

Opuntia rafinesqueiengelm. varmicrospermangelm, Proc. Amer. Acad. 3: 299.856.
Opuntia mesacanthRaf. var microspermgEngelm.) J.M. Coulf.Contr. U.S. Natl.
Herb. 3: 4291896.0Opuntia humifusgRaf.) Raf. varmicrospermgEngelm.) A. Heller.
Cat. N. Amer. PI., ed. 2. 8. 1900puntia compressg¢balisb.) MacBride var.
microspermgEngelm.) L.D. BensorRroc. Calif. Acad. Sci. 4th ser. 25: 250. 1944
TyPE: United States. Missouri. Cultivated in Missouri Botan{garden 1854 (lectotype
designated by Bensd®982: MQ!).

Opuntia rafinesqueiengelm. varminor Engelm, Proc. Amer. Acad. 3: 295. 1856.
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Opuntia mesacanthBaf. var.parvaJ.M. Coult, Contr. U.S. Natl. Herb. 3: 429. 1896.
nom. superflOpuntiahumifusa(Raf.) Raf. varparva(Coult.) A. Heller, Cat. N. Amer.
Pl., ed.2. 8. 1900nom. superflOpuntia humifusgRaf.) Raf. subspminor (Engelm.) R.
Crook & Mottram, Bradleya 16: 135. 1998.yPed United States. Missouri. Sandstone
rock in southermMissrouri.Engelmann s.r(lectotype designated by Bens@®82):

MOY).

Sprawlingshrub, to 0.3 m tall, with chains of up té6zZladodes, the cladodes generally
produced with the flat (broad) surface parallel to the ground surface; roots fibrous or tuberous,
apparently depending on the substrate. Cladodes mostly obovate, rotungticalah outline,
margins not scalloped, with&l(generally 5) areoles per diagonal row, cladodes strongly
glaucousgreen (graygreen) when developing, aging dark green or light-ggragn, cross
wrinkling during the winter months, 10.5 (318.7) cm log, 8.0 (3.211.3) cm wide, 10 (4.9.2)
mm thick. Leaves glaucous, grgyeen, ascending parallel to the cladode surface or slightly
spreading, 6.0 (5:6.8) mm long. Glochids dark red, crimson red, or dark amber, aging light to
dark brown. Spines robust delicate, smooth to the touch21(3) per areole (mosbmmory
1), 2.9 (1.54.3) cm longthese castaneoas the base during development but maturing bony
white, and finally dark gray in aggpically spreading in one plain from the areoles (i.elin@
with one another) with primarily spine, or occasionall® of roughly the same length @rlong
and 1short and slighy deflexed (these characters can be seen in individuals in the same
population or even on the same pjararely 3 spineproducel from the areoles, but in this case
the centrabpinetypically not porrectds inO. macrorhiz; in age the migtladode and
especially the basal cladode spines tend to defflexvers: outer tepals triangular to ovate, inner

tepals 910, 3.0 (2.55.5) an long, basally tinged dark red, crimson, orangg, or reddistpink,
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obovate with a mucronate tip, glaucegreen, staminal filaments yellow, reddish basally,
stigmas white to cream, lobesl6. Berries drk red, or orangeed, 3.9 (2.74.5) cm long Seeals
5.1 (4.95.4) mm long, funicular girdle 1.1 (0.963) mm wide, funicular envelope bumpy from
the enlargement of the cotyledons and hypocotyl, the funicular girdle also tends to be slightly
irregular or bumpy.

Phylogenetic placemer®puntia cespitosa an allopolyploid derivative of the
southwesteri®. macrorhizaspecies complex (SW clade) and @ehumifusaspecies complex
(SE clade) of the southeastern United States. The southeastern progeditoegpitosavas
most likely the tetraploid®. humifusasubsp pollardii, or an ancestor thereof, which was
derived solely from the SE clad€l{apter §.

PhenologyFlowering time forO. cespitosappears to be directly related to latitude, with
more southerly populations blooming before morghesly ones. For instance, plants growing
in central Mississippi generally begin flowering around the first or second week of May, while
material from Michigan and Wisconsin flowers around late June or early July (see Introduction).

Distribution. Opuntia cespitsais the most common species in the eastern United States
occurring mostly west of the Appalaci@lountairs west to Wisconsin, lowa, Missouri,
Arkansas, and eastern Texas, south to Mississippi and Alabama, and north to Miohigan
United Statesandalso insoutheastern Ontario, Canada. Populations are occasionally found in
the easter\ppalachias as well (Fig.7-8).

Habitat. Opuntia cespitosegs most commonly found in sandy or blackland prairies, juniper
glades, or growing on rock outcrops (gefigriamestone or sandstone). It is commonly
associated witlduniperus virginiana, Ratibida pinnata, Rhus aromatica, Xanthoxylum <lava

herculisamong many other species.
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Ploidy. Opuntia cespitosé tetraploid 2n=44,throughout its range (Majure et aDI2b).

Notes Engelmann (1856) was the first to truly recognize the difference betWeen
cespitosaandO. humifusaalthough, he recogniz&d. cespitosainder the superfluous nan@,
rafinesqueigpparently in an attempt to reconcile the taxonomic coifusurrounding the
eastern Uni t e@purida harmifasatdthe tmaetwasmrecagnized @puntia
vulgaris.

Central United States populations (in Arkansas, lowa, lllinois, Michigan, Missouri, and
nearly all populations in Wisconsin) often showidence of introgression with the eastern flank
of O. macrorhizaas they have spreading spines in more than one plain and occasionally one
small, bristlelike radial spine produced at the base of the areole (e.g., Ml, MusekegdnC.
Majure 3259 WI, Dane Co.D. Ugent 60611J). There also is apparent introgression With
humifusaat the easterbhoundary of the two species (g.gastern NYOrange Co.H.M.
Dunslows.n, Nantucket Island, MA and populations in Bibb County, Alabama (eL.gG.

Majure 2042 are nearly identical t®. humifusasubsppollardii, except for the redentered
flowers, lack of strong barbs on the spines, and the typical rotund cladddeseaspitosa

Additional specimens examinedCanada. OntaridcssexCo.: Pelee Islandy side of
Fish Point, near N en® May 1981, A.A. Reznicek 623MICH). Kent Co.: Harwich Township,
Bethel Cemetery, UTM 107042, map 40J/8, square 17Vd $@p1986 M.J. Oldhant867
(note: most likely planted, originating from Pelee IslagM)CH). United StatesAlabamaBibb
Co.:off of Hwy. 219N from Hwy. 5N atjct. with Schultz Cr. Rd.; 16 0486461E 3653643N
Mar 2007 L.C. Majure 204ZMISSA). ColbertCo.: off of Natchez Trace, just S gift. with
Hwy. 72, 34.7525N 88.0269y25 Jul2007, L.C. Majure 2610(MISSA). FranklinCo.:along

Spruce Pine Hwy., ca. 4 mi S of Russelyil® Aug1966 R.C. Clark8004(UNC). JacksorCo.:
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Hwy. 79 0.2 mi N ofct. with US Hwy. 728 Jul1966R.C. Clark4582(UNC). LawrenceCo.:
Prairie Grove Glades,3.6 KNE of Mt. Hope, 34.4859N 87.5005\&5 Jul2007, L.C. Majure
2609(MISSA). LimestoneCo.: Elkmont, 14 Jul1913 E.G. Holt13-64 (NY). MarshallCo.: 7 mi
W of Guntersville on Georgia Mt9 Apr 1966 D.H. Brown7 (UNA). MorganCo.: off CR-55 in
Massey eastf Emmanuel Church, Moulton Valley district of the Highland Rim section;
34°22'12"N 87°01'12"W\6 Jul2003 D.D. Spauldindl1977(UNA). PerryCo.: Uniontown 1
Jan1912 A.H. Howell12-47 (NY). ArkansasBradleyCo.: Warren 21 May1937, D. Demaree
15046(NY). GarlandCo.: Ouachita Nat'l Forest, N of F8.r130 and Cedar Fourche Landing of
Lake Ouachita; 34.6660°N, 93.2834°\W Apr 2007, L.C. Majure2198(MISSA). GrantCo.:5
Jun B40, D. Demare€21180(MO). HempsteadCo.: near Tokis22 Oct1932 D. Demaree
10024(US). Hot SpringsCo.: Magnet Covel0 Oct1937 D. Demareel6493(MO).
Independenc€o.: along Pine Hollow Rd. where it crosses Lafferty Creek, 3.5 mi W of
Cushman, Sec. 14, T14N, R8¥/Jun1968 R.D. Thoma8023(TENN). IzardCo.: Guion, 16
Aug 1913 W.H. Emigl87a(MO). Marion Co.: opposite Cotter (in Baxter CpQ5 Sepl96Q
G.N. Joneg81045(ILL ). Miller Co.: Stateline Rd.S ofjct. with Hwy. 134 on W side of Miller
County Sandhills Natural Area, 331.137N, 94 2.569W, 2 Oc2008 B. Snow2062(FLAS).
PulaskiCo.:Levy, 4 Nov193], D. Demaree8849(NY). SalineCo.: Just N of Detonti; E of
Bauxite Cutoff Rd.; 34.5300°N, 92.50435/Apr 2007, L.C. Majure2194(MISSA).
WashingtonCo.: White River, FayettevilleG. Engelman®31, 1 Jun1835(MO). Yell Co.:
1.95km NNW of Dardanelle, just W of Arkansas RiveOct2011, G.P. Johnsos.n.(FLAS).
ConnecticutNew HavenCo.: Milford, exposed ledge8 July 1892F.H. Eames.n.(ILL).
lllinois. AdamsCo.: Mississippi Bottom SE of Quingyt5 Jul1943 R. Brinker2824(ILLS).

CalhounCo.: Cap au Gris Hill Prairie, 2.5 mi SE of Batchtown, T15N, R2W, Sec4 2an
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1987 K. Robertson 4514LLS). CassCo.: Chandlerville 7.5 min topo map Jul1994 L.R.
Phillipe 24911(ILLS). CrawfordCo.: SE of Palesting26 Nov1949 R.A. Ever22044(ILLS).
FayetteCo.: bluffs of Dismal Creek NE of Lacled23 Jul1947, R.A. Ever$587(ILLS).
GallatinCo.: sandstone outcrop NE of The Pounda, SW of Gibs@di&epl947, R.A. Evers
8550(ILLS). HardinCo.: above Ohio River, 1 mi E of RosiclatZd May1949 G.S.
Winterringer1963(ILL ). HendersorCo.:N of OquawkaR.A. Everd4786 18 Sep1948
(ILLS). JacksorCo.: cliff summits in Giant City State Park, SE Jack&m: 1 Octl93], H.S.
Pepoors.n.(ILLS). JerseyCo.: Riehl StationA.H. Horrell 09-168 30 May 1909(US). Jo
DaviessCo.: Savanna Any Depot, Green Island 7.5 minad E of Building D107, 18 Jul
1996 L.R. Phillipe 2786ZILLS). JohnsorCo.:Marion quad, R2E T113.75 mi S of Goreville,
E of Dunntown schooR7 Jul1931, J. SchopB58(ILLS). La SalleCo.: SW of Naplate30 Aug
1974 R.A. Everdl13834(ILLs). LakeCo.:N of Waukegan and E of the glacial Glenwood
Ridge 1 Jul 1908 F.C. Gatex2802(ILL). LeeCo.:near Amboy8 Jul1956 J.B. Long293
(ILL). MasonCo.:0.2mi S of Battspn St. Rt. 78 on 600N heémg W turn on 1400E7 Jun
2007 R. Altigs.n.(MISSA). MenardCo.: Athens E. Hall s.n, 1 Jan 186ZNY). MercerCo.: SE
of Keithsburg 2 Jul1964 R.A. Exrs80855(ILLS). MonroeCo.:rock ledges, 3 mi S of
Valmeyer 24 May 195Q R.A. Ever23057(ILLS). MorganCo.: S of Meredosia31 May1947,
R.A. Evers88521(ILLS). PerryCo.:N of Pinckneyville 24 Sep 953 R.A. Everst1629(ILLS).
Pike Co.:rock ledgeof Kinderhook 7 Sepl1949 R.A. Ever0829(ILLS). PopeCo.:
Brownfield Quad R5E, T12S, Pine Hollow 2.5 mi E of Dixon SpridgsAug1931, J. Schopf
1360(ILLS). PutnamCo.:1 mi S of Hennepinl5 Jul1955 R.A. Everg661(ILLS). Randolph
Co.:rock ledges]l mi N of Prairie du Roche24 May195Q R.A. Ever23137(ILLS). Scott

Co0.:3.5 mi W of WinchesteiT14N R13W Sec. 27 NW 1/23 Jun1981, K.R. Robertson 2607
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(ILLS). St. ClairCo.:on bluff top 2.5 mi S of Falling Springs near Dypa Aug1947, J. Neill
1427(ILLS). TazewellCo.: near Spring Lake, 10 mi SW of Pek6Jun1948 H.R. Hoehrs.n.
(ILL). Union Co.:rocky slopes of Pine Hills, SE of Aldridg2 Oct 1948 R.A. Everdl5475
(ILLS). WhitesideCo.:along CB&Q & CMSP&P RRs, N of Fultg29 Janl968 C.J. Sheviak
206 (ILL). Will Co.:Kankakee River Watershed, Sand Ridge Savanna Nature Pres&raa E
of Braidwood (jct. 6Rt. 53 andl13) along Rt. 113, in the Kankakee Sand Area Section of the
Grand Prairie Natural Divisiod1.26025°N88.1662°W 13 Aug2007, L.R. Phillipe 40000
(ILLS). Indiana.AdamsCo.: Sec. 20, T3S, R8Y22 Jun 1943R.A. Evers 1208\Y). Clark Co.:
1 mi E of Charlestowr® May1953F.B. Buser 3047ILL ). FountainCo.: Covington 1 Aug
1953,F.B. Buser3167(ILL). JaspeCo.: Walker TP and5J Wheatfield, 8 Jul 192¥y. Welch
619(ILL ). JeffersorCo.:just N of Madison, 22 Jun 1913,C. Deanil3412(MO). LakeCo.:
Long Lake 20 Jul 1927W.B. Welcl5616(NY). PorterCo.:just S of Lake Michigan off of
Hwy. 12 8 Jun2008,L.C. Majure 3274FLAS). TippecanoeéCo.: SW of Lafayette17 Jun 1941,
C.M. EK(NY). lowa. MuscatineCo.: E of Cedar River R.R. bridge, W of Bayfiel#lJul 1915B.
ShimekNY). Kentucky.AndersonCo.: off of Hwy. 127S, ca. 1 mi S ¢€t. with Bluegrass
Parkway 9 Jun 2008l..C. Majure3276(FLAS). Boyle Co.: just SW of Perryville27 Aug1959
C.F. Reed!5203(MO). BreckinridgeCo.: W of Cloverport, Rt. US 60, Breckinridgé7 Aug
1961, C.F. Reed.n.(MO). CaldwellCo.: Pennyrile St. Park2 Jun1966 G.E. Hunter 1676
(UNC). Clark Co.:1.5 mi SE of Indian Field81 Aug1939 H.A. Gleason, Jr. 11GMICH).
CrittendonCo.: Rt. 60, 1 mi N of Mattooj23 Jun1974 C.F. Reedl38388(MO). Cumberland
Co.:ca. 0.25 mi W of KY Hw. 704; ca. 1 mi S of Adai€umberland county linel5 Apr1999
R.C. Clark24276(EKY). EdmonsorCo.: Mammoth Caves/ Jun1949 C.F. Reedl5304(MO).

FranklinCo.:Dad's farm, 10 Oct98Q S. Rice~R-109(EKY). GarrardCo.: W bank Paint Lick
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Creek, andlirectly W of Geo. Caldwell farm, thion KY 21, 1.7 mi E ofct. rd. and KY 52,
Blue Grass Proving® Oct1963 E.M Browne 815QEKY). HancockCo.: USGSTopo,
Cloverport 378686, 4506 5 Qeffry Cliff entered from US 60 on the gravel rd. 1kB% SE of
US 60 andKY 1406jct., 18 Jun198Q R. Hannan 4259EKY). HenryCo.: 1.4 mi SW of
Lockport,6 Jun1962 J.L. Gentry, Jr301(NY). JeffersonCo.: Goose Creek30 Apr1947,
Daviess.n.(UNC). Jessamin€o.: Jessamine Cr.; Blue Grass Provinté Junl961 E.M.
Browne 4221EKY). JohnsorCo.: C. Ferguson farm near Flat Gjpud Lick, rd. to Paintsville
22 Jun1949 O. McKenzies.n.(MO). Lyon Co.: western KY, Kuttawa2-18 Jun1909 W.W.
Egglestors.n.(NY). MadisonCo.: G. Caldwell farm, 1.7 mi E of Pairtick on KY 21, 5 Oct
1963 E.M Browne 813QEKY). OwenCo.: Gilbert Tract WMA, Brown Bottom.3 Oct2003
R.L. Jone®542(EKY). PikeCo.:Old US 460, 4.6 mi E gtt. this rd. and KY 80 near Fishtrap
Dam 9 Jun1964 E.M. Browne 8641EKY). PulaskiCo.: Pumpkin Hollow, Burnside Q., E of
Burnside, Rte N side of Lake Cumberland in Williams Bend in Pumpkin Hpll@wApr 1979
R. Hannan 119QEKY). WarrenCo.:Bowling Greenl Jan 1899S.F. Prices.n.(MO). Wayne
Co.:Cooperville Rd.15Apr 1940 E.L. Brawn 2814(US). Maryland.BaltimoreCo.: Factory
Rd.,0.5mi N of Harford Rd. 10 Dec 1981C.F. Reedl21328(MO). WashingtonCo.: Kemps
Mills N of Williamsport, 14 Jun 1952C.F. Reed®9115(MO). Massachusett®antucket Co.:
Nantucket Island, Coatue PqidtSep 1964F.C. MacKeeve(NY). Michigan.AlleganCo.:3
mi W of Allegan,summitof bluffs above Kalamazoo Rivet5 May195Q R. McVaughL1260
(MICH). ManisteeCo.: Send of Maple Grove Township Cemetery immediakebf Kaleva on
theN side of Nine Mile Rd; SE quarter of Sec. 21, T23N, R18®/Jul1978 A.B. Johnsen
1596(MICH). MonroeCo.: S side of Tunnicliffe Rd., ca. 5 mi SE of Besburg 7 May 1992

A.A. Reznicek 893MICH). MuskegonCo.: off of Hwy. 31N, 6.2 KM SE of WhitehalR km
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NW of Lakewood 2 Jun2008 L.C. Majure 3259FLAS). NewaygoCo.: off of Hwy. 31N; ca.
8.3 km NE of Newaygo and 6.7 km SE of White Clozdun2008 L.C. Majure 326(qFLAS).
Ocean&Co.: off of Hwy. 20, W ofjct. with 132 Ave, 2 Jun2008 L.C. Majure 3262(FLAS).
Van BurenCo.:0.03 mi N of 28thAve. and 0.39 mi W of 77th S#2°18'57.795N
86°17'57.904W14 Jul2008 T.L. Walters 1197PMICH). Mississippi.Carroll Co.: Holly
Property adj. to Hwy 82 W8 Mar 2005 L.C. Majure799(MISSA). Clay Co.: off of Herman
Shirley Rd., ca. 0.25 mi S of Hwy. 506 May2006 L.C. Majure1442(MISSA). HolmesCo.:
off of Hebron Rd., Loess Hill$3.07420 90.159785 May2007, L.C. Majure 2365MISSA).
LeeCo.: Tombigbee State Park, W side of lake sh8feDec2005 L.C. Majure1292(MISSA).
LowndesCo.: Old West Point Rd., ca 0.5 mi E of Catalpa, €8 Dec2004 L.C. Majure736
(MISSA). MadisonCo.: Natchez Trace Parkwayy.B. McDougalll651, 20 May 1948(US).
MontgomeryCo.: Sam Marter propgy, N of CR 404, 13 Jarn2005 L.C. Majure768 (MISSA).
NoxubeeCo.: off Hwy. 14 behind St. John's Chur@b Jun2005 L.C. Majure1543(MISSA).
OktibbehaCo.: property of Anne Daniels, just W of Hwy. 389, near Trim Cane Creek, N of
Starkville 6 May 2006 L.C. Majure 1380(MISSA). PontotocCo.: vicinity of Troy, off of
Shannon Rd.7 Jun2006 L.C. Majure1519(MISSA). ScottCo.: S of town of Forest off of
Hwy. 501S, ca. 1km NW of Norri82.3000°N, 89.4448°\25 Jun2007, L.C. Majure 2563
(MISSA). TishomingoCo.: J.P. Coleman State Park, E of boat launch at end of Steel B24Rd.,
May 2007, H. Sullivan s.n(MISSA). Missouri.Adair Co.:terrace on E side of Chariton River,
ca. 2.5 mi N of State Hwy. 6 on W side of dirt CR, &ani NW of Kirksville T63N, R16W,
S15/22 boundary29 Jun1994 D. Ford 719(MO). Barry Co.: Eagle RockB.F. Bush614, 25
Sepl896(MO). Cape GirardeaCo.: South of Deltal9 May1926 R.E. Woodsos.n.(MO).

CarterCo.:along Hwy. 103, just W of Ozark Nation@tenic Riverways entrangate, 3 May
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1993 B. Summer5607(MO). CrawfordCo.: Savanna Ridge Glade, T40N R2W sec. 23 NE1/4
5 Jun1997 C.E. Darigo2888(MO). GreeneCo.: vicinity of Willard, 30 Aug1912 P.C.
Standley9634(US). HarrisonCo.: T66N, R26W, S107 May 1985 P. Delozier1722(MO).
HenryCo.: bluffs of Grand River, 3 mi NE of Piney, near Benton Co.,[89©ct1934 J.A.
Steyermarkil5977(MO). Howell Co.: Tingler Lake Conservation Area, ca. 7 mi S of West
Plains on S Fork of Spring Rivef22N RO8W S06 N1/23 May 1997, B. Summers 813210).
JasperCo.:Joplin, barrens on Turkey Creel® May1909 E.J. Palmer2278(MO). Jefferson
Co.:5 mi SE ofCatawissa22 Jun 29J.A. Steyermark279(MO). LacledeCo.: Sweet Hollow
Creek,3 mi W of Eldridge, off Hwy. NNT36N R17W S289 Oct1991 B. Summergd759
(MO). Lincoln Co.: west of bridge on Cuivre Rive?23 Oct1982 M.R. Crosby 14618V0O).
MonroeCo.:near Victor 27 Junl933 E.J. Palmer 4074@& (MO). New MadridCo.: off of |-
55N at mi 61.2, S ofieston,36.80077 89.531625 May2007, L.C. Majure 2435MISSA).
NewtonCo.: Reding's Mill,12 Aug1908 B.F. Bushb072(MO). PhelpsCo.: Duke, 1 Aug1913
W.H. Emigl87(MO). ScottCo.: off of I-55N beside Best Western Hotel, Miner and N Sikeston;
36.8883°N, 8%320°W, 26 May2007, L.C. Majure 244MISSA). ShannorCo.: Ozark
National Scenic Riverways, Jerktail Mt., ca. 8 mi des NE of Eminence, 37°13'30"N,
91°18'00"W 25 Oct1996 C. Dietrich461(MO). TaneyCo.: Mark Twain National Forest,
Ozark T23N R18W, along Blair Ridge R Jun1978 J.L. Hicks988(MO). WashingtorCo.:
7 mi N of Potosi on ste rd. F at Mineral Fork CreeB3° 00'N, 90°4.9'W19 Apr199Q J.S.
Miller 4879 (MO). New York.ColumbiaCo.: Hudson, NY 25 Aug 1904G.T. Hasting (NY).
OrangeCo.: Coronham7 Aug 1912H.M. Dunslow(NY). Ohio. AdamsCo.: Hwy. 52E along
the Ohio River (N of river and Hwy. 52) in graveyard of Sand Sp@itgsch 1 Jun2008 L.C.

Majure 3251(FLAS). Brown Co.: Huntington Township, above Aberdeéhio - station # 1.1
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Apr 1975 J. Bryants.n.(MU). Erie Co.: Cedar Point, Sandusky, Ohio; in the sand near the new
Lake Laboratoryl Jul1903 A. Wetzsteirs.n.(MU). GalliaCo.: off of Hwy. 141 E just (ca. 1
km) E of Raccoon Creel, Jun2008 L.C. Majure 3252(FLAS). HamiltonCo.: Ft. Dennison, E
of Cincinnatj 10 Sepl922 E.T. Wherrys.n.(NY). JacksorCo.:dry cliff 0.5 mi west of Jacksgn
14 Jun1936 Bartley 59 (NY). LucasCo.: beside Swan Creek, along Oak Openings Preserve,
just E of WilkinsRd., S of Reed Rd., and W of Berkeley Southern Rdun2008 L.C. Majure
3254(FLAS). OttawaCo.: Cedar Point23 Jun1894 W.Worrallo s.n.(MU). WoodsCo.: off of
Zepernick Rd. from Hwy. 6 E ca. 8 mi E of Bowling Gre&dun2008 L.C. Majure 3253
(FLAS). PennsylvaniaLancasterCo.: Peach Botton26 Jun 1893Castezs.n.(NY). Tennessee.
BledsoeCo.: Off of Lowes Gap Mt. Rd., vicinity of Littor1 Dec2006 L.C. Majure1938
(MISSA). BlountCo.: Cave Springs near Townseridl Aug1942 A.J. Shar@is4247(TENN).
CannonCo.:jct. of Poplar Bluff Rd. (TN hwy. 96) and Hurricane Cr. Rd.; 16 583120N
3980169E9 Mar2007, N. Sondermans.n.(MISSA). CheatanCo.:just W of Nashville along
Hwy. 24W, ca. 0.5km E of exit 40 (Old Hickory Blvg1)0 Jun2008 L.C. Majure 328 FLAS).
DavidsonCo.: Knapp Farm about 500 yards E of Mills CregB Jun1937 N.H. Woodruffs.n.
(TENN). De KalbCo.:36.05907°N, 85.80175°W, Edgar EaState Park, Center Hill Dam
guad.15 Sep2002 L.R. Phillippe34887(TENN). DecaturCo.: eastern shore of TN River, 13 mi
above Perryville22 Aug1907, W. Clark456 (US). FayetteCo.: Gordon Hill area, $f

Lagrange4 Oct198(Q V. Bates, Jr1925(TENN). Fentres<Co.:19 Apr1949 N.C. Fassett
27936(TENN). FranklinCo.:along Old Stag&d., SW of Cowan about i, 2 Jun2001, M.
Rhineharts.n.(TENN). GilesCo.: SW of Pulaski, on north side of Hwy. 11, 100 yards N of
Circle Rd, 14 May2001, D. Estesl626(TENN). HamiltonCo.: off of Hwy. 321,21 Dec2006

L.C. Majure1937(MISSA). HaywoodCo.: SE corner of the Hillville Loop Rg20 Mar1984 P.
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Lewis1769(TENN). JacksorCo.: Flynn Creek Rd.about 9mi W of Rt. 56 11 Jun1992V.E.
McNeilus92-545(TENN). JeffersonCo.: Friends Station, 1 mi W of New Markdf7 Jun1934
M. Weaverl586(TENN). Knox Co.:4 mi from Knoxville, on old Sevierville Rg5 Jun1934
S.A. Cairb55(TENN). Lewis Co.:Natchez Trace Parkway, Jacks Branch pulloff; 328 50"N
87° 30" 59"W 19 Jun2009 J.G. Hill s.n.(FLAS). Marion Co.: High limestone bluBN of Lee
Highway Bridge; Cedar Mtnl Jan 2003). Beck4398(TENN). MarshallCo.:just W of Henry
Horton State Park, South side of Caney Springs Rd., at a point ca. 0.7 mi W of Hwy. 31A,;
35°36'10"N, 86° 42'43"\\6 Jun2005 M. Rhineharts.n.(TENN). Maury Co.: off of 1-65 N; mi
marker no. 351, 20 Jul2007, N. Sondermana.n.(MISSA). RoaneCo.: Pisgah Ridge, facing
Watts Bar Lake at rermi 570.8 (Bacon Gapugd) 14 Jurl 984, B.E. Wofford34-40 (TENN).
RutherfordCo.: Rt. 99, between Murphreesbaand Rockvalgll Oct1958 A.J. Sharp 25493
(TENN). ShelbyCo.: S of Cordova,20 Aug1947 A.J. Shar605(TENN). SmithCo.: Caney
Fork; UpchurciRd., ca. 4.9 mi W ofct. with Horseshoe Bend Rd., d&eof Carthage, TINS
May 1999 T.J. Weckman 488&KY). SumnerCo.:5 mi N of Gallatin 13 Oct1968 K.E.
RogersA2903(TENN). WayneCo.: 2.2 mi E of Clifton Junction, N side of Hwy. 64; 35°
18.416N, 87 54.276W 3 Aug 2008 B. Snow2061A(FLAS). Wilson Co.: S end of Lebanqr8
Aug 1968 K.E. Blum2863(FLAS). Virginia. FredrickCo.: off of Hwy. 50 W at Hayfieldjct. of
N Hayfield St. and Hwy. 50 \B0 May 2009L..C. Majure 380§FLAS). PageCo.: Luray, 20
Sep 1926E.T. Wherrys.n.(US). Wythe Co.: Barren Springs, Rt. 10C.F. Ree®7725 6 Mar
1975(MO). West Virginia.CabellCo.: sandy field, near Miltoy® Oct 1935].. Williams366
(MO). Wisconsin.ColumbiaCo.: sandy roadside near Lake Wiscon&# Sepl955 R.C.
Koeppens.n, DaneCo.: off of Hwy. 78S just N of Mt. Horel{;T7N, R6E, Sec. 2621 Jul

196Q D. Ugent 6011J(WISC). GrantCo.:sec. 5, Woodman Township, T7N, R4W; W side of
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Hwy. 132 N of Mt. Hope4 Oct1968 L.J. Musselma2291(WISC). GreenCo.: 1 mi off county

Hwy. on Sawmill Rd. (T4N, R6E, Sec. 2d)Dec197Q J. Cram27 (WISC). GreenLake Co.:

Granite Knobs, Marquetté8 Sepl929 N.C. Fasset©203(WISC). JacksorCo.: near Rezin

Marsh, 23 mi SE of Black River; Falk (Sec. 25, T26N, R1¥0)Aug1947, D.F. Grether6618

(WISC). La CrosseCo.: Trunk quad,T18N, R6E, Sec. 9; Farmington pw28 Jun1956 T.G.

Hartley 923 (WISC). MarquetteCo.: Budsin Corner (T17N, R10E, Sec. 28)Aug196Q D.

Ugent60-16 (WISC). MonroeCo.: Dalton Ave. 0.75 mi E of hwy. 71; T16N, R3W, Sec43

Sep1988 J.M. Graber310(WISC). RichlandCo.:ca. 1 mi NWof Hub City, off of Hwy. 80$8

Jun2008 L.C. Majure 3273FLAS). SaukCo.:vicinity of Troy (T9N, R5E, Sec. 35, SW1/4)7

Jul196Q D. Ugent 608¢c-8a, (WISC). WausharaCo.: T18N, R9E, Se. 30,SE of Coloma and

SW of Richford W of Hwy. 221 Sep1959 RF. Pochmani5152(WISC).

5. Opuntia drummondii Grahamin Maund., Botanist 5: 246.1848. TYPE: United States.
Florida. St. Johns Co.: FL, dunesbS of Ponte Verde, 2 Sep 19%4,& R.L. Benson
15388(neotypedesignated by L.D. Benson (1982); POM!; see FH@A).

Opuntia pescorvi LeConte ex Engelmani®roc. Amer. Acad. 3: 346. 185&.TYPE: United
States. FloridgFranklin Co.:]Apalachicola, FL, April, July, Nov., 186@Ghapman s.n.
(neotypedesignated by L.D. Benson (1982); MQ!).

Opuntia frustulentaibbes Proc. Elliott Soc. Nat. Hist. 1: 273. 1859.TypPE: United States.
South Carolina. Charleston Co.: Folly Island, near Charleston, 15 FebJ1IR16mall
s.n.(neotypedesignated by L.DBenson (1982); US!).

Opuntia tracyiBritton, Torreya 11: 1521911.0 TYPE: United States. MississipgHarrison

Co.:] Coast, Biloxi, 11 May 1911S5.M. Tracy s.ntholotype: NY!).
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Smallshrubs 0.20.3 m tall, often forming large mounds as a result of disarticulating
stems coupled with a high degree of branching, typically consist of numerbus (Bore)
radiating branches (Fig-9B) from a thick but shallow rootstock; older stems vaitthin scaly
bark; roots are mostly fibrous but commonly expand in girth for a short distance proximally (Fig.
7-9E). Cladodes typically cylindrical, but flattened as well, especially in larger basal cladodes,
dark green, or yellovgreen, not glaucous, siheelative to other species, 3.6 (618.1) cm long,

1.8 (0.63.4) cm wide, 10.4 (5-34.8) mm thick, elliptical, oblong, or rounded in shape, with 1
areoles per diagonal row at midstem, the terminal cladodes easily disarticulating at the nodes,
leadingto frequent vegetative dispersal. Leagesen, 2.8 (2.3.5) mm long, spreading or
ascending parallel to cladodglochids stramineous, usually exserted and conspicuous. Spines
3.0 (1.54.9) cm long, 0.6 (0:P.9) mm in diameter, dark brovam mottled bown and white

during developmentging white and finally gray, theabal cladodegsually producingpines
throughout their lifetimgwith up to5 spineger areole, theetminal cladodes usuallyith 2-3
spines per areolell@pines are strongly retraty barbed, but spines on the terminal, easily
disarticulating cladodesith more pronounced barbs, presumadilyingin vegetative dispersal.
Flowers: outer tepals green or yell@reen, triangular or triangular ovate, erect and generally
incurved in budgenerally small, inner tepals 8, darklges or occasionally light sulfr yellow,
obovate with a mucronate tip, 2.6 (32) cm long, staminal filaments yellow or yellow toward
the apex and greenigfellow at the base, stigmas white, witté 3obes. Beies small, barrel
shaped or clavate (Fig-9G), 2.6 (1.83.5) cm long, purple, pink, reddighink, or green at
maturity. Seeds.# (45.4) mm long, funicular girdle 0.7 (6@19) mm wide, funicular envelope

smooth (with no prominent expansion from the gyoh
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Phylogenetic placement. Opuntia drummoingisister to the rest of the diploid species in
the SE clade of thelumifusaclade Chapter 6seeFig. 7-1).

PhenologyOpuntia drummondiflowers from midApril through midMay with
occasional flowers pduced through June depending on environmental conditions.

Distribution. Opuntia drummondiis found in coastal areas from North Carolina to western
coastal Mississippi and can be found substantially far inland in Alabama and Mississippi (Majure
and Ervn 2008). This species is slightly disjunct from the Gulf of Mexico to the Atlantic Coast
(i.e., contiguous populations have not been found stretching across the Florida peninsula to the
Atlantic Coast; Fig7-10). Interestingly, disjunct mountain populatsoand introgressive forms
produced from hybridization wit®. humifuséhave been found in Georgia and South Carplina
suggesting a distribution pattern coincident with changing sea levels during interglacial cycles
with the subsequent extinction of poptidas of the species in parts of the outer coastal plain.

Habitat Opuntia drummondiis most commonly found in coastal strand vegetation of the
Gulf of Mexico and the Atlantic Coast commonly associated @ithumifusasubsp pollardii
or O. humifusasulsp.lata. It is most common in neshifting sands behind primary dunes,
although, the species is also very common in certain parts of its range along major river systems
with open, sandy habitats (see MajarelErvin 2008).Opuntia drummondiis occasiondy
found on rock outcrops, as well, almost always associateddvittumifusasubsp pollardii.

Ploidy. Opuntia drummondinas been recorded as dipl¢@h=22), triploid (2n=33), and
tetraploid(2n=44) (Majure et al. 2012a). There are very minor morphological differences
associated with cytotyp&owever, sufficient differences have not been observeavthad
suggest different ploidal levels should be recognized as separate species. Phylogenstie analy

reveal that these ploidal levels are also most closely related to one asofgesting thahe
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polyploids may be autoyploids (Chapter % Polyploids are mostly limited to coastal areas,
under presumable harsher environmental conditions, wheig@agl members of the species are
more widespread.

Notes Benson (1982) placed this taxon in syyiory with O. pusillawith no clarification
as to why he thought this southeastern United States species belotige®. pusilla Benson
(1982) designatethe neotype oD. pusillaas the line drawing by Pfeiffer & Otto @f. foliosa
(see BrittorandRose 1920, p. 106), whi@ithoughsomewhatonformingto the morphology of
O. drummondiidoes not show a sufficient number of diagnostic characters toridiateto
speciesThus, itis unreasonable to use this name for the southeastern United States material,
since no type locality was ever given for pusilla(Haworth 1803, 1812), arttie actual identity
of O. pusillais ambiguous. BrittomndRose (192Pmentioned that the species was typically
assigned to South America and may even belong withphrocactusanother genus with
subfamily Opuntioideae. Haworth (1812) also thought that the species may have been from
South America and in his monograpésdribed it alongsid®. curassavicaa species from the
Lesser Antilles (Venezuelan Caribbean). It is highly likely apusillacould have been
confusedwith the southeastern United States material, as many European cactus collectors often
traded andoldO. drummondiunder the mistaken identity Gf. pusilla(Britton andRose
1920). As far as isurently known, no material closely related to the southeastern US species
has been found in the West Indies or South America, although, the closely @latgdctas
found in the Florida Keys, which shares some Caribbean taxa with Antillean islands. However,
Opuntia drummondinas never been recorded from the West Indies and was described from the

southeastern United Statégppalachicola, FloridaGrahan 1846), so this name should be used
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for the southeastern United States material instead of the ambiguousdatelmmabldaxon
O. pusilla Further study is needéd determinghe correct identity andffinity of O. pusilla

Although,O. drummondiivasdescribed from Appalachicola, Florig@ong the Gulf coast

of Florida), Benson (1982) designated a neotype for the species from the Atlantic coast in St.

Johnds County. However hO.pescord asmogymatd.ed t he
drummondiidescribed from Sout@arolina, from Appalachicola, FloridAnderson (2001)
placedO. drummondii, O. pesorvi, O. pisciformisandO. tracyi(all taxa described from the
southeastern US) under synonymy withpusilla and further stadthat the species ifound in
the West IndiesBy his placement of these other tamasynonymy withO. pusillg it is clear
thatAnderson (2001) understid neitherwhere these other taxa were actually native, nor from
where they were originally describedpuntiadrummondiis listed for Louisiana (undeb.
pusilla; USDA, NRCS, 201p, butthecollections actually represe®t nemoralisGriffiths.
Benson (1982) placed. macateeunder synonmy with O. pusilla which also conforms t©.
nemoralis.Likewise, Weniger (1967)reountered what he identified @ drummondion
Galveston Island, Texas. His collection as®. nemoralisnot of O. drummondiiWeniger
described the glaucous color of the stems, as welkhghdly reddish hue ahe inner tepals,
both charactersxaibited by some populatiorts O. nemoralisOpuntia drummondinever
exhibits reddiskcoloring of the inner tepals, & drummondiis derived solely from the yellow
flowered southeastern subclade of themifusaclade Chapter §.

Additional specimensexamined.United States. Alabam8aldwin Co.: Bon Secour
National Wildlife Refuge, off of Mobile St29 May2006 L.C. Majure1512(MISSA). Butler
Co.:Hwy. 7,2.5 mi N of Butler Co. Hwy. 54,31°56'50.38"N 86°51'25.19"V8 Sep2007, A.R.

Diamond18045(TRQY). CoffeeCo.: CR 43, mi marker 3K.E. Childree7 (TROY). Conecuh
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Co.:US Hwy. 31 aN side ofthe Sepulga River, W of the r81°27'16.5"N 86°47'8.5"WL7
May 2008 A.R. Diamondl9255(TROY). Mobile Co.: Dauphin Islangoff of Hwy. 163 S;
30.2645°N, 88.1156°W\8 Jul2007, L.C. Majure 257QMISSA). Florida.BakerCo.:along FL 2,
at Breakfast Branch, 3.5 mi NW of Eddy Tow412 mi SE of Georgia St. lind1 Jul1984 B.
Hansen 9964USH. Bay Co.: off of Hwy. 98W just Wof Bay County Canal & W of Pt. St. Joe
at Highland View6 Nov2011 L.C. Majure4223(FLAS). ColumbiaCo.: off of Hwy. (CR)
246W, 7.7km E of White Spring$5 Feb2011, L.C. Majure4191(FLAS). Duval Co.: at
Jacksonville Beach, ca. 1.9 km S of Neptune Be28iar2009 L.C. Majure 370QFLAS).
EscambigCo.:Near Pensacola, S of Navy Blvd., W of Pace Blvd., just E of RR tracks and
bridge 3 Jurl979 J.R. Burkhaltel6405(FLAS). FlaglerCo.: off of Hwy. A1A S, just S of
Sumner; roadsidd7 May2008 L.C. Majure 3221(FLAS). FranklinCo.:jct. of NE 12th St. and
Hwy. 98W at Carrabelléd Nov2011L.C. Majure4222(FLAS). Gulf Co.:KS 325 FLAS;
HamiltonCo.: East side of Alapaha River, 6 mi W of Jasper off of Hwy. 41\jttadvith Hwy.
6,15 Feb2011 L.C. Majure4192(FLAS). NassalCo.: Fernandina21 Aug1922 J.K. Small s.n.
(NY). OkaloosaCo.:just S of Botanical Facilityga. 3 mi S of Valparais® May 1968 R.R.
Smith2395(FLAS). St. John<Co.:just S of St. Augustineff of Hwy. A1A S, E side, vicinity
of Anastacia Beach area; off of Magnolia AvEl May200§ L.C. Majure 321§FLAS).
WakullaCo.: Panacea Spring28 Jul1942 H. Kurz290(MICH). WaltonCo.: off of Hwy. 30A,
Grayton Beach State Pa25 Jun2005 L.C. Majure 1066MISSA). Georgia.CamderCo.:sand
dunes, St. Mary20 Aug 1922J.K. Small s.n(NY). DeKalbCo.: off of Hwy. 124 N from exit
75 off of Interstate 285N\27 May 2009L.C. Majure 378§FLAS). Glynn Co.:Jeckyll Island,
Atlantic Coast side in center of the isladdSep 2008Tom Manrs.n.(FLAS). Mississippi.

ClarkeCo.: off of Hwy. 45, just N ofict. with Hwy. 512 22 Oct2005 L.C. Majure 1270
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(MISSA). ForrestCo.: Hattiesburg off of Edwards R Jan2005 L.C. Majure756 (MISSA).
GeorgeCo.: Charles Deaton Nature PregerNature Conservancy Property off of US Hwy 98;
vicinity of Merrill; Hog Island 22 JarR005 L.C. Majure771(MISSA). GreeneCo.: Charles
DeatonNature PreservéNature Conservancy Property off of US Hwy 9&;inity of Merrill, 22
Jan2005 L.C. Majure772(MISSA). HancockCo.: vicinity of Ansley, along Clairborne Rd.,
peninsula between tidal marsh@sJun2005 L.C. Majure1033(MISSA). HarrisonCo.: Biloxi,

1 Aug 1896 C.L. Pollards.n.(NY). JacksorCo.: Belle Fontaine Beach, W entl8 May2005
L.C. Majure955(MISSA). JaspelCo.:Hwy 503 S; S of Paulding, across from Willam Chapel
Jan2005 L.C. Majure766 (MISSA). KemperCo.: off of Hwy. 39S letween Daleville and
Dekalh 32.71215N 88.66920W6 Jun2007, L.C. Majure 25% (MISSA). LauderdaleCo.:
pipeline off Point Wanita Lake RA® Jan2005 L.C. Majure763(MISSA). LowndesCo.: off of
1-82, ca 0.5 mi W of Columbu&2 Apr 2005 L.C. Majure 843(MISSA). NewtonCo.: Chunky
River; ca. 0.75 mi SE of Hwy 86 Feb2005 L.C. Majure 776 MISSA). NoxubeeCo.:
Gholson, off of Hwy. 2120 Aug2005 L.C. Majure1155(MISSA). PerryCo.: Mars Hill, Camp
Shelby, DeSoto National Fore8tL Dec2004 L.C. Majure757 (MISSA). SmithCo.: Ainsworth
property, S of Hwy 1829 Dec2004 L.C. Majure753(MISSA). North CarolinaBrunswick
Co.:Smith Island3 Apr 1918 McCorms.n.(NY). CarteretCo.: Ft. Macon, opposite Beaufort
18 Aug1922 J.K. Smalis.n.(NY). CurrituckCo.:1.9 mi S of Mamie on US 1585 Jun1958§
H.E. Ahles 4447QUNC). DareCo.: Town of Kitty Hawk off of Hwy. 158 W between Wachovia
Bank and The Marketplacm front of shopping cente? Jun2009 L.C. Majure 382GFLAS).
Hyde Co.: OcracokeT.H. Kearney2275 13-17 Oct 189§US). New HanoverCo.: Wrightsville
Beach at the end of Hwy. 76 Jun2009 L.C. Majure 383(FLAS). OnslowCo.:at end of

NC 210 near New River Inlg28 Apr1969 S.W. Leonar@396(UNA). South Carolina.
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ChalestonCo.: Porcher's Bluff, Christ Church ParijshMay 1911, E.A. Mearees.n.(US).
ClarendorCo.:Rt. 15301, E Sante®6 Mar1988 C.F. Reedl26895(MO). Horry Co.: at theS
end of Folly Island County Park (Ashley Ave3)Jun2009 L.C. Majure 3833FLAS). York
Co.:ca. 3 mi NE of Clover off of Hwy. 321 N then off of Old Carriage,R8 May2009 L.C.
Majure 3792(FLAS).
6. Opuntia humifusa (Raf.) Raf.Med. FI. U.S 2: 247. 1830Cactus humifusuRaf. Annals Nat.
15.182Q

Sprawling,decumbenshrubs, forming large patches, branching from the base forming
chains of 14 cladodes; roots typically fibrous or proximally thickened. Cladodes light to dark
green, 8.9 (34L7.7) cm long, 5.3 (2:9.0) cm wide, and 10.2 (319.9) mm thick, cross
wrinkling during the winter, with-3 areoles per diagonal row at midstem. Leaves dark green,
ascending parallel to developing cladode or slightly spreading, 7-9.@)..nm long. Glochids
conspicuous, exserted or inconspicuous, included within the areoleingtoais when young,
aging brown. Spines abnt, or 312 per areole, dark brown, brown and white mottled, or
brownish yellow and white mottled during development, aging white and then gray, relatively
smooth to the touch or strongly retrorsely barbed, delicatobust, 2.5 (0-9.9) cm long, 0.9
(0.7-1.3) mm in diametef-lowers: outer tepals ovate, or triangular, dark green, or light green,
erect or incurved in bud, inner tepals 8, entirely yellow, 3.4423cm long, obovate with a
mucronate tip. Berrgclavateor barrelshaped, red, pink, purple, or green at maturity, 3.4 (2.1
4.9) cm long. Seeds 5.2-649) mm long, funicular girdle 0.9 (3562) mm wide, funicular
envelope smooth or bumpy, with or without protrusion from the cotyledons and hypecpoyi

of the embryo.
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Opuntia humifusas most commonly found in the eastern United States, east of the
Appalachian Mountains to the Atlantic Coast, south to Florida, and east to LouisianaXE)g.
The distribution for the species given here is m&tiuced from that of Benson (1982) or
Pinkava (2003), a®. cespitosas recognized as distinct fro®. humifusaas well as other less
spiny forms ofO. macrorhiz&§ ound al ong the eastern fringe of
Opuntia austrinaalso is consleredspecificallydistinct fromO. humifusaandnot at the varietal
level of O. humifusaas in Benson (1982).

Opuntiahumifusaas circumscribed hereonsists of three subspecies.,Opuntia
humifusasubsphumifusaO. humifusasubsppollardii, and O. humifusasubsplata, which are
consideredyenetically and morphologically disting@hapter 6)Additionally, O. humifusa
subsplata is diploid, while the other two subspecies are tetraploid. Although, these three
subspecies are generally mogbogically recognizablecertain populations may exhibit
morphological characters that make identification very problematic without other sources of data
(i.e.,molecular genetic guloidy data). Thus, it isonsiderednost appropriate to recognize these
distinct taxa at the subspecific level witla@rbroadly circumscribe®. humifusa A listing of
county records fo®. humifusahat cannot be identified to the level of subspecies follows, but
the specimens that can be completely identified are listededth of the subspecies treatments.

Additional specimens gamined. subspecies underterminddhited StatesAlabama
CrenshawCo.: off of hwy. 331S ca. 9 mi S of Brantly along powerline, 16 0572674N 3489826E
7 Mar 2007 L.C. Majure 2044(MISSA). Pickers Co.: Sipsey River at Al 14 crossing, 6.6 mi
SSE of Aliceville 2 Aug 1967R.C. Clark17281(UNC). Georgia Gwinnett Co.: Yellow River,
near McGuire's Mill20 July 1893J.K. Small s.n(NY). Marion Co.:2 mi SE of Juniper, Fall

Line Sandhil) 25 Aug201Q J. Hill s.n.(FLAS). WaltonCo.:Hard Labor Creek State Park: 2 mi
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N of Rutledge23 Sepl979 J.W. Hill 1206(NY). Mississippi CalhounCo.: Calhoun Wildlife
Management Area, in cemetefyd Oct201Q J.G. Hill s.n.(FLAS). Marion Co.: E Marion
County,just N of Hwy. 13 E of LamaCounty,Lower Little River, 18 Jun2009 T. Manns.n.
(FLAS). North CarolinaAlexanderCo.: SW base of Rdg/ Face Mt. alon@CR 1426 4 Jun
1973 R.M. Downs 1367(UNC). BertieCo.:8.2 mi SV of Woodard on rd. parallelg Roanoke
River, 9 Jul1958 H.E. Ahles 46278UNC). BladenCo.:Rt. 701, 4 mi N of White Lake&5 Dec
1978 C.F. Reedl03135(MO). BuncombeCo.: outcrop above Parkway near Bull Gap, 2 mi N of
Riceville, 3 May 1953 A.E. Radford 6968UNC). CabarrugCo.: N side of NC 49, 4.5 mi E of
Harrisburg 7 Oct197Q L.T. MusselmanB8963(UNC). CumberlandCo.: near Cedar Creek8
Sepl1963 R.C. Clark E21GEKY). DareCo.:Nag's Headbeside Blackman St. beach access
parking area, ofof S Virginia Dare Tr. (Rt. 12)13 Jun2001, M.A. Vincent9386(MU). LeeCo.:
1 mi S of Juniper Spring Church7 Jun1958 S. Stewar696 (UNC). MadisonCo.: Hot Springs,
on steep slopes of French Broad River on CR 1304, 3.6 mi W of Hot Sf&idgs1981 D.
Satherl284(UNC). MontgomeryCo.: E shore of Yadkin River at Falls Dam, Uwharrie WMA,
off NC 109 2 mi NW of Uwharrigl5 Sepl969 E.F. Wells2193(UNC). Moore Co.: wildlife
refuge E of Rosgood,190ct 1957 C.J. Burk37-10 (MU). New HanoverCo.: S of Masonboro,
cut-off on rd. to Myrtle Grovel2 Jun1958§ C. Ritchie Bell12932(UNC). SwainCo.: Ellen
School 1 Jul1956 Salloways.n.(UNC). WakeCo.: Rt. 55,6.2 mi E of Mt. Olive; Rt. 1176

Oct 1982 J. Doyle 31qQUNC). WayneCo.:NC 55, 2.5 mi E of NC 403; ca. 10 midE Mt.
Olive; S side of rd.26 May1986 J. Doyle 80ZUNC). South CarolinaAbbeville Co.:near SC
81, 3 mi S of Calhoun Fall§3 May1957, A.E. Radford22826(UNC). ChestelCo.: Fishing Cr.
pond dam13 May1957, C.R. Bell7437(UNC). DorchestelCo.:0.8 mi SE ofict. CR 138and

148 on CRL38 (SW of ReevesvilleH.E. Ahles 2626727 May 1957 (UNC). EdgefieldCo.:
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near US 25, 9 mi SSW of Trentdl8 May1957, A.E. Radford22825(UNC). Fairfield Co.:1.2
mi NE of Strotherl2 May1957 C.R. Bell7104(UNC). FlorenceCo.:2 mi N of Oak Grove
school (E of Clausse24 May1957, C.R. Bell7521(UNC). HamptonCo.: US Hwy. 601, ca. 2
mi NW of Miley, 11 May1956 C.R. Bell2565(UNC). KershawCo.:Rt. 601 of Rt. 20, near
Lugoff, 23 Mar1986 C.F. Reedl25526(MO). LancasteCo.: Forty Acre Rock4 Apr 1977, B.
Jacobsl4 (MU). Marion Co.:ca. 10 mi S of US Hwy. on CB9 (S of Britton Neck)26 May
1957C.R. Bell7859QUNC). MarlboroCo.: 2 mi NW of Drake 10 Jun1956 A.E. Radfordl2543
(UNC). RichlandCo.:SC12, 2 mi E of Ft. Jackson entrandé® May1958 Duke531(UNC).
SaludaCo.:SC 392, 2 mi S of Ridge Spring6 May1957, A.E. Radford23214(UNC). Union
Co.:near Farming Cr. of Roh&i Jun1957, C.R. Bell8547(UNC). Tennessed-ayette Co.:
Ames Plantation, 19 Oct 1974,R. Deselm s.{TENN). HardemarCo.: NE of Newcastle, 21
Aug 1947 A.J. Sharp 6629 (TENN).

Key to Subspecie®f O. humifusa
1. Cladodes spineless, cladodes mostly elliptical, glochids mostly inconspicuouddhulithin
the areole), except for older cladodaseoles generally 4 per diagonal at midstem
1. Cladodes with spines, cladodes elliptical, obovate, or rotund, glochids usually coaspicu
(exset ed from the areole), areoles generally
2. Seeds with funicular envelope smooth, only moderate, if any, protrusion of the cotyledons and
hypocotyl cladodes typically scallopedargined, elliptical or rotundgpinesdelicate 0.8
(0.70. 9) mm i n édéiéa neectéetr@ .€.€6¢é é é @. humifusasubsplata
2. Seeds with funicular envelope bumby, cotyledons and hypocotyl noticeably protruding,

cladodes typically smoothargined, obovate or rotunspines robust 1 (0.95.3) mm in

di ame t.er .l e e € O. humifusasubsppollardii
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6a. Opuntia humifusa (Raf.) Raf. subsphumifusa Med. Fl. U.S. 2: 247. 1830Cactus humifusus
Raf. Annals Nat. 151820 Opuntia rafinesqueEngelm. Proc. Amer. Acad. 3: 295. 1856.
nom. superfd TypPe: BerksCo.:PA, 0.75 mi southwest of New Jerusalem, 10 July
1927 C.T. Wherry s.n(neotypedesignated by Leuenberger (19938!; seeFig. 7-
12A).

Opuntia calcicolawherryJour. Wash. Acadsci. 16: 12. 1926. YPEO United States. West
Virginia. Jefferson Cogrowing on limestone edgesxact localityalong B. & O. RR
trackabout2 mi N of Harper's Ferry RR statighO Jun1925 E.T. Wherrys.n.(holotype:
US!, isotype: NY). Although, Wherry (1926) cited his specimen as collected, 9 June
1925, only collections from the 10 June, 192&st at the two repositories listed in his
description (i.e.lJSand NY)and are here designated as the holotypesatgpebased
on the intepretation that Wherry merely mistakenly altered the date of collection in the
protologue. These type specimens replace the lectotype designagemson(1982) of
a specimen collectday Wherryin 1935.

Sprawling or slightlyascending shrub, during waemmonths, forming large, often dense
colonies, or cespitose clumps, the cladodes produced in chaias oftén branching towards

the tips of the plant and from the base; roots fibrous. Cladodes elliptical or rotund, dark green,

not glaucous, crossrinking during the winter, 12.6 {25) cm long, 7.2 (5-8.3) cm wide, 11.5

(9.6-15.7) mm thick, 34 (mostly 4) areoles per diagonal row at midstem. Leaves dark green, 8.2

(6.29.6) mm long, triangulaovate, to lanceolate, ascending (parallel to the cladodace).

Glochids inconspicuous, generally only exserted in older, basal stems, stramineous, but turning

light brown or amber in age. Spines absent. Flowers: tepats dark green to slightly gray

green, ovate or long triangular, erect or incurweder tepals 8, entirely yellow,-8, 3.9 (3.7
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4.0) cm long, obovate, stamina filaments yellow or yelfpeen, stigma white,-8 lobed.
Berriesgreened, or orangeed at maturity, 4.4 (4-2.8) cm longSeed<t.4 (4.04.6) mm long,
funicular girdle0.8 (06-0.9) mm widepften bumpy or irregulafunicular envelope raised along
the marginfrom the increase in size of the cotyledons and hypadotyhpy portion of the
funicular envelope surrounding the radical not evidently raised

Phylogenetic placemer®puntia humifusaubsphumifusas an allotetraploid derivative
of the southeastern and southwestern diploid subclades iduithgéusaclade Chapter .

PhenologyOpuntia humifusaubsp humifusaflowers from early May through June and
July depending on latitude. Plantseady in flower in northern Vginia in late May may just be
developing flower buden Cape Cod, Massachusetts.

Distribution. Opuntia humifusaubsphumifusais most common alg the ea®rn edge of
the Appalachian Mountains to the Atlantic seaboard. It also occurs sporadically in the
southeastern United Statesg¢ Additional specimens examipedlthough, not recated from
Alabamahere, this subspecies certainly should oclard.

Habitat Opuntia humifusgaubsp humifusais most commonly found on rock outcrops
(commonly slate) on the eastern slopes of the Appalachian Mountains or sandy soils of the
Atlantic Coast. In other parts of its range, ibfeenfound in sandy or elyey soils on xeric
hilltops. This subspecies appears to be more tolerant of mesic conditions than the other two
subspecies dD. humifusa

Ploidy. Opuntia humifusaubsp humifusais tetraploid throughout its range (Majure et al.
2012b).

Notes Opuntiahumifusasubsphumifusa geographically, is most often found between

regions dominated b®. humifusasubsppollardii andO. cespitosasuggesting those two taxa,
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or theirancestors could have been involved in the origin(€).dfumifusasubsphumifusa
which is derived from the SW (paternal lineage) and SE clade (maternal lineagé€), as is
cespitosaAlthough,O. cespitosas suggested to have been derived f@nmhumifusasubsp.
pollardii (maternal lineage), backcrossesofcespitosao O. humifusasubsp pollardii could
haveresulted in the formation @. humifusasubsphumifusa Crossing studies need to be
performed tdurthertest thishypothesis

Additional specimens examined.United StatesConneticutFairfield Co.: near Stratford
25 Aug1894 C.L. Pollard256 (US). New HavenCo.: Leete's Island?0 Jul1958 J.J. Neales.n.
(FLAS). MiddlesexCo.: Madison 12 Sepl97Q F.C. Seymous.n.(MO). Delaware Sussex
Co.: at Frankford off of Hwy. 113 S &tt. with Catmans Rd2 Jun 2009|_.C. Majure 3824
(FLAS). District of ColumbiaWashingtonCo.: Bare rocks,sland in Potomga@2 Jun 1897,
E.S. Steels.n.(MU). Maryland.AlleghanyCo.: between Interstate 68 and Hwy. 144 E just E
(ca. 1 km) of the town of Flintston80 May2009 L.C. Majure 3810(FLAS). Anne Arundel
Co.:along Chesapeake Bay, Sandy Pt. St. Paflkdul1959 C.F. Reedt3690(MO). Baltimore
Co.:edge of field at Loch RaveR.F. Ree362 10 Jul 1946(MO). CalvertCo.: S of Upper
Marlboro, 4 Jul1946 C.F. Reed075(MO). CalvertCo.: S of Upper Marlborg4 Jul1946 C.F.
Reed6075(MO). HarfordCo.: Cedar Church Rd. off Rt. US #1, near Dub#ii Feb1982 C.F.
Reedl21327(MO). MontgomeryCo.: Plummer's Islandl2 Sepl91Q W.L. MacAtee.n.(NY).
WorchesteCo.:along Rt. 388, 82 mi W of Snow Hil] 3 Nov199Q C.F. Reedl32951(MO).
DorchestelCo.: Wet Swag, 1 mi N of Eldorado, Rt. 311 Jun197Q C.F. Ree®3538(MO).
Prince Georg€o.:Rt. US 50and301, Priests Bridge8 May196Q C.F. Reedt6305(MO).
Massachusedt BarnstableCo.: off of Pilgrims Springs Rd., ca. 1.3 km S of WellFleet Harl3dr

May 2009,L.C. Majure 3814FLAS). HampdenCo.: Southwick 26 Apr 1910Gillette 15057
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(US). Mississippi.Attala Co.: off of rd. 5217, SE of Ethel from KingsdR 33.08230 89.42710
15 May2007, L.C. Majure2364(MISSA). ChoctawCo.: 6.5 km E of Stewaytl Jun2009 K.
Philley 499 (FLAS). GrenadaCo.: Gore Springs, off of Betterton Dr. from Gore Springs, R@.
Sep2006 L.C. Majure 1833MISSA). WebsterCo.: 1.6 km SW of Tomnolerl Jun2009 K.
Philley 498 (FLAS). New HampshireHampshireRockinghamCo.: at Seabrookl Aug 2011 B.
Nicholss.n.(FLAS). New JerseyAtlantic Co.:ca. 0.25 km SE of Nesco Rd. (Hwy. 542), E of
Nescohague Lake, P.E. Marucci CertgrCranberry and blueberry Research, Hammariton
Sep2008 P. Oudemans.n.(FLAS). BurlingtonCo.: ca. 1.5 km SE of Pemberton, along Hwy.
530 N 1 Jun2009 L.C. Majure 3821FLAS). CamdenCo.: without definitely locality,25 Jun
1874 J.H. Redfield245% (MO). GloucesteCo.: Wenonah1 Oct1904 G.T. HastinggNY).
OceanCo.: Tom's River14 Jul1919 F.W. Hunnewel6465(NY). PassaicCo.:5 mi W of
Boardville 14 Jul1907 K.K. Mackenzi2738(NY). SomerseCo.: Rock Cliffs, near Biltmorgl
Jun1896 Anonymous.n.(US). New York New York Co.:NY, NY, Van Cortlandt Park and
vicinity, 1 Jan1925 E.P. Bicknells.n.(NY). OrangeCo.: West Point14 Mar1905 E.A. Means
s.n.(NY). Queen<o.: Hunters Point28 Jun 1865W.H.Leggets.n.(NY). RichmondCo.:
Cooke's Point, Staten Islarb Jul1914 Photo(NY). RocklandCo.: Rocky Knoll, S end of
Palisades Interstate Park, sec., lona Isl88dun1953 J.H. Lehr283(NY). Suffolk Co.: at
Ashrokan, HuntingtorL.ong Island 16 Oct1926 H.J. Bankei3844(NY). Westcheste€Co.:
White PlainsO.R. Williss.n, (NY). WorchestelCo.: Pelham9 July 1882C.H. Days.n.(NY).
North CarolinaHertford Co.:0.8 mi S of Barretts Crossrog@Jul 1958H.E. Ahles 46028
(UNC). Jone<LCo.:Island Creek, E of thgt. of Trent Riverandlsland Cr., 5 mi NE of
Pollocksville 3 Oct 1965M.N. Sear$841(UNC). PennsylvaniaSusquehann@o.: Round Top

Island, East of Harrisburd Jan 1912E. Gilletts.n.(NY). Virginia. AccomacCo.:just S of
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Wachopreague on CR 6 Mar 1966 F.C. James843(UNC). AmherstCo.:Rt. 130, 1.3 mi
W of Rt. 635NW of Elon, 25 Apr1983 J.Doyle 444UNC). AugustaCo.:jct.of CR1212 and
CR 608,ca. 2 mi N of Vesuvius31 May1986 J.Doyle827 (UNC). CraigCo.:Rt. 311 ca. 0.1
mi W of Rt.611 near Johns Creegk Sep1982 J. Doyle 31QUNC). CulpeperCo.:near Cedar
Hill, Rt. 522 3 May 1969 C.F. Reed7781(MO). FranklinCo.: Bald Knob, Rocky Mount26
Jun1976 C.E. Stevens 1306MO). FredrickCo.: off of Hwy. 50 W at Hayfieldjct. of N
Hayfield St. and Hwy. 50 WB0 May2009 L.C. Majure 3801FLAS). GloucestelCo.:G.P.
Coleman Memorial Building on US 17 (S point of couns/jul1966 F.C. Jamegl926(UNC).
GoochlandFluvannaCo.: cliffs, Rt. 6, at Columbia30 Jun197Q C.F. R@d97330(MO). Isle of
Wight Co.: near Franklin7-28 Jun1893 A.A. Heller916(NY). King & QueenCo.: Rt. 360, just
S of Stephen's ChurcB5 Nov 1974 C.F. Reed®6621(MO). PageCo.: off of Hwy. 34 N, 5.9
km N of town of Shenandoah and 0.10 km NsbEnandoah RiveR9 May2009 L.C. Majure
3798(FLAS). PittsylvaniaCo.:jct. of CR 734and730 (1 mi S of RinggoldR Oct1965 F.C.
James3227a(UNC). PowhatarCo.:0.2 mi NW ofjct. CR 711 & CR 641 on 641 (NE of
Powhatan)8 Jun1967, F.C. Jame$417(UNC). WarrenCo.: off of Hwy. 11 W just E of
Middletown ca. 0.1 km at Cedar Creek Battlegraiz@iMay2009 L.C. Majure 380qQFLAS).
Wed Virginia. HampshireCo.: At the town ofjct. just W (ca. 0.25 km) along shaly slopes of
Hwy. 50 W, 30 May2009 L.C. Majure 3808(FLAS). Mineral Co.:ca. 3 km W of the town of
jct. along Hwy. 50 W30 May 2009 L.C. Majure 3809FLAS). PendletorCo.: ca. 1.2 km S of
Brandywine 1 Jun 2011E. Ribbens.n.(FLAS).

6b. Opuntia humifusa (Raf.) Raf.subsppollardii (Britton andRose) Majure comb. nov.

Opuntia pollardiiBritton and RoseSmithsonian Misc. Coll. 50: 523908 0 TYPE:
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United States. Mississippi. Harrison Co.: Biloxi, 1 Aug 1894,. Pollard 1138
(holotype: NY!; isotypes: MO! US! sdeg. 7-13A).

Opuntiamesacanth&af. Bull. Bot. Seringe. 216. 183®.TYPE: no type designated by author,
United States. Virginia. Hampton, 31 May 1838)\V. Chickering, Jr. s.rfneotype
designated her&JS!).

Opuntia macrarth Gibbes,Proc. Elliott Soc. Nat. Hist. 1: 273859.0 TyPE: within a few
miles of Charleston (presumably destroyed in the US Civil Whnited States. South
Carolina.CharlestorCo.: Isle of Palmsnear Charlestori4 Feb1916 J.K. Small s.n.
(neotype designated hetdS$!).

Sprawling shrubs, ofterlightly ascending, forming large colonies, sometimes several
meters in diameter; roots typically fibrous, although generally thickening proximally. Cladodes
mostly frequently obovate, but also elliptical, or rotund, dark green to light ygitean, not
glaucous, croswrinkling during the winter, 8.5 (3:17.7) cm long, 5.2 (®) cm wide, 10 (3.6
18.6) mm thick, occasionally cladodes disarticulating with ease in summer months, although,
generally not disarticulating without force, areole$ @enerally 3per diagonal row at
midstem. Leaves light or dark green, ascending parallel to the cladode or slightly spreading,
triangular or ovate, 4.9 (48 mm long. Glochids conspicuous, exserted or inconspicuous,
included within the areole, stramineous, agingtligrown, or light amber. Spines relativéiyg
or short, conspicuous in many specimens, robust, 2.43(2)m long, 1.0 (0.9%.3) mm in
diameter, strongly retrorsely barbed when young to several years old, this often being lost in
older spines, darkrownwhite mottled, yellowbrown, or browrnyellow-white mottled during
development, white when mature, aging gfgwers: outer tepals green, broadly triangular,

erect or commonly incurved in bud, inner tepals 8, entirely yellow, 2.73(R)Xm long,
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obovate to obtriangular, apex margins often moderately lacerate, stamen filaments yellow or
yellow green, stigma white;l@bed.Berriesgreen, red, orangesd, clavate to barredhaped.
Seeds 5.5 (5:6.9) mm long,funicular girdle 1.0 (0.71.3) mm widepften bumpy or irregular,
funicular envelope raised along the margin from the increase in size of the cotyledons and
hypocotyl, bumpy, portion of the funicular envelope surrounding the radical not evidently raised.
Phylogenetic placemer®puntia humifusaubsp pollardii is a tetraploid, apparently
derived solely from the SE cladmd itis very closely related t0. cespitosandO. nemoralis
according to plastid DNA sequence data, and likelyasone of the progenitors of both species.
PhenologyThis subspecies begins to flower at the end of April or beginning of May.
Distribution. Opuntia humifusaubsp pollardii is mostly confined to the coastal plain of
the eastern United Stateseéspecimes examineq, however this subspecies covers the brsade
distribution of the three recognized wittO. humifusaOpuntia humifusaubsppollardii is one
of the most common taxa Gfpuntiaalong the Gulf Coast of Alabama, Mississippi, and along
the panhandle of Florida.
Habitat. Opuntia humifusgubsp pollardii is most common in the eastern United States
pine belt in sandy soiis Pinus palustrissandhills or mixedPinusQuercussandhills although,
it is frequently encountered on granitic outcrops in Georgia, South Carolina, and North Carolina.
In Alabama Mississippi, and the Florida panhandle it is common instofting dunes behind
primary dunes, similar t®. drummondiiwith which it is commonly sympatric.
Ploidy. Opuntia humifusaubsp pollardii is tetraploid 2n=44,throughout its range
(Majure & al. 2012b).
Notes.The polyploidOpuntia humifusaubsp pollardii apparently originated solely from

the SE clade, although, the nature of its formation has not been determined. Considering
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morphological characters as compared to its diploid reld@veumifusasubsplata, it seems

likely that Opuntia humifusaubsp pollardii could have arisen via autopolyploidy, although this
needs further stud¥puntia pollardiiwas elevated to subspecific rank over the two earlier
namesO. mesacanthandO. macratha, asO. pollardii was described with great detail by

Britton and Rose (1908). There also are photos of live material of the type specimen and, and the
type specimen itself was available for study. Although, the other two@axaesacanthandO.
macrartha apparently belong here, there were no type specimens for them, and the original
descriptions of the taxa were greatly lacking in detail.

Additional specimens examinedUnited StatesAlabama.Baldwin Co.: Bon Secour
National Wildlife Refuge, off oHwy. 180, E of Ft. Morga/29 Jun2005 L.C. Majure1082
(MISSA). Marion Co.:6 mi SW of Hackelburg22 Aug2007, J. Hill s.n.(FLAS). Mobile Co.:
Mobile, Springhill 12 May 1888C. Mohrs.n.(UNA). RandolphCo.: granite outcrop (Bald
Rock), Almond Community, 3.5 mi W of Wadleg Aug1966 R.C. Clark6526(UNC). St. Clair
Co.: Pottsvillesandstone outcropg end of mt.4 Jun1963 P.E. Bostick284-1 (UNC). Winston
Co.:4.8 mi N of Haleyville 10 May1967 R.C. Clark13102(UNC). Florida.Bay Co.: W of
Panama City7 Jun1938 F.N. Youngs.n.(FLAS). EscambigCo.: W end of Santa Rosa Island at
Gulf Islands National Seashore, S of Ft. Pickens Rd., ca. 0.7 mi W of Battery LaBddan
1979 J.R. Burkhaltel6397(FLAS). Levy Co.: T14S, R13ESec. 9, NW of SE28 Aug1982
K.A. Kron1036(FLAS). OkaloosaCo.: vicinity of Ft. Walton Beach, off of Hwy. 98 W25 Jun
2005 L.C. Majure 1078MISSA). Santa Ros&o.:jct. of US 98 and Hwy. 3925 Jun2005
L.C. Majure 108MISSA). WaltonCo.: off of Hwy. 30A, Grayton Beach State Pa2b Jun
2005 L.C. Majure 106 {MISSA). Georgia.DeKalbCo.: off of Hwy. 124 N from exit 75 off of

Interstate 285N27 May 2009L..C. Majure 3781FLAS). EmanuelCo.: Ohoopee Dunes SNA,
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32° 32' 15" 82°27' 40", 16 May2007,J. Hill s.n.(MISSA). JacksorCo.: off of Interstate 85 S;
ca. 6.7 km NW of Commerce, 0.3 km NE of Oconee Ri2éiMay 2009L..C. Majure 3789
(FLAS). Taylor Co.:along side of GA6, 3 mi W of Butler; 7 mi W of Howar@0 May 1972,
H. Registers.n.(UNC). Louisiana.Allen Co.: N side ofRR tracks; S of LA 190; ca. 5 mi W of
Kinder, 16 Apr1983 J. Doyle 35§ UNC). Washington Paris@o.: N of LA 437 via logging
roads, ca. 1.5 mi W of Bogue Chitto River; ca. 1.5 air mi WSW of Eh&ep200§ Chris Reid
s.n.(FLAS). Natchitoche<Co.: 3.25 mi W of Natchitoches on Hwy. 8, Aug198Q W.C. Holmes
3951(NY). Maryland Anne ArundelCo.: Rt. 4 near Waysons CorndrJun 1969C.F. Reed
112805(MO). St. MarysCo.: Piney Point26 Apr 1958 C.F. Reed0649(MO). Mississippi.
ForrestCo.:jct. of Hwy 49 Swith Hwy 13 E; Vic of Maxie 17 Mar2005 L.C. Majure806
(MISSA). HancockCo.: St. Joseph's Cemetery, vicinity of Diamondhé&aBec2006 L.C.
Majure 1924(MISSA). HarrisonCo.: Little Florida, DeSoto Natioeal Forest9 Jul2006 L.C.
Majure 1603(MISSA). JacksorCo.: Greenwood Island at Bayou Casofté Jar2006 L.C.
Majure 1297(MISSA). LafayetteCo.: off of Hwy. 7, S of Oxford, 34.35038 89.51003W, 27
May 2007, L.C. Majure 2448MISSA). MarshallCo.: off of Hwy. 78E ca. 1 mi NE of Wall
Doxey State Park30 Dec2005 L.C. Majure1293(MISSA). Neshob&Co.: off of Hwy. 15 N,
adjacent to Pearl River, ca. 0.25 mi S of bridgeSep2005 L.C. Majure1201(MISSA).
NoxubeeCo.: Gholson, off of Hwy. 2120 Aug2005 L.C. Majure1156(MISSA). WinstonCo.:
Tombigbee National Forestff@f Sturgis Rd, 16 Jar2005 L.C. Majure769 (MISSA).
YalobushaCo.:trailside off of Co. rd 22113 Jan2005 L.C. Majure767 (MISSA). New Jersey
BurlingtonCo.: Atsion abng NJCRR29 Aug 1951 W.A. Sterrs.n.(ILL). North Carolina.
BrunswickCo.:C.C.C. Camp, SouthpoitO May1935 A.C. Matthews.n.(UNC). Chowan

Co.:4 mi W of Small's Crossroad®4 Jun1958 H.E. Ahles 4423{UNC). ClevelandCo.:along
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the BroadRiver, ca. 4.5 mi S of Boiling Springs on NC Rt. 182 Jun1956 H.E. Ahles 15375
(UNC). CurrituckCo.: off of Hwy. 158 E just N of Kitty Hawk2 Jun2009 L.C. Majure 3825
(FLAS). DareCo.:dong Hwy. 12 S, S of the town of Kitty Hawk jat. with Palmetto St.2 Jun
2009 L.C. Majure 3821FLAS). DavidsonCo.:1 mi E of LinwoodSouthmont Rd., 0.25 mi N
of Rockcrusher Rd19 Jun1966 S.W. Leonard 92 (UNC). FranklinCo.:Rt. 98; 0.2 mi E of
Jct. 1001; 1.8 mi W of Bunn, S sideJun1983 J. Doyle472(UNC). GranvilleCo.:0.7 mi W
of Franklin Co. line on NC 56 artd5 mi NW of dirt rd, 28 Sepl956 H.E. Ahles 20204UNC).
Halifax Co.:3.3 mi S and E of Halifax on NC 5619 Jul1956 H.E. Ahles 17158UNC). Hoke
Co0.:0.1 mi S of CR 1101 0401, ca. 8 mi S of Raeford8 May1986 J. Doyle 814UNC).
OnslowCo.: off of Hwy. 17 N ca. 1.8 mi N ojfct. with Hwy. 172 E 2 Jun2009 L.C. Majure
3829(FLAS). PenderCo.: sandhill, 1 mi E ofct. of US 421 andNC 53 on NC 53 (W of
Burgaw) 13 Junl195/, H.E. Ahles 28102UNC). RobesorCo.: 4.3 mi SE of Red Springs near
ACLRR, 2 Jun1958 R.F. Britt1972(UNC). RowanCo.:town of Granite Quarry off of Dwn
Mt. Rd. at Dunn Mt. (summif28 May2009 L.C. Majure 3793(FLAS). ScotlandCo.: Rt. 401,
2 mi Sof Lumber River 19 Apr1967 C.F. Reed79087(MO). WakeCo.: Mitchell's Mill, 3.6 mi
E of 40L on 96; 0.2 mi SE on 222K,0.2 mi on 230017 May1983 J. Doyle 447UNC). South
Carolina.AndersonCo.: dry field 3 mi ESE of Fair Plgyd1 May 1956H.E. Ahles 13415
(UNC). BambergCo.:0.7 mi S ofict. CR 27 and22 onCR 27 (SW of Govan)26 May1957,
H.E. Ahles 2603{UNC). BeaufortCo.: 1 mi E of Co. Rt. 76 on US Rt. 210 May1956 H.E.
Ahles 12357UNC). CharlestorCo.: Isle of Palms, Charlestof Feb 1916 J.K. Smalls.n.(NY).
ChesterfieldCo.:0.5 mi S onCR 20 fromjct. with US 1, S of Cheray34°34'N 79°53'W16
May 1976 J.C. Solomori945(MO). GreenvilleCo.: slopes of Cesar's Head, North Co3&ep

1876 G. Engelmann s.fMO). OrangeburdCo.: Santee Clupl Jun191Q L.A. Beekaures.n.
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(NY). PickensCo.: Glassy Mt., ca. 3 mi NE of Picker28 May2009 L.C. Majure 3790
(FLAS). York Co.:ca. 3 mi NE of Clover off of Hwy. 321 N then off of Old Carriage,R@&.
May 2009 L.C. Majure 3791FLAS). Virginia. AmeliaCo.: Rock Sable, SW of Deatonville; 0.7
mi S on 1st dirt rd. to left, ca. 0.4 mi @ jct. 618and617; near Saylers Cr. St. BattlefieB1
May 1986 J. Doyle 815UNC). BrunswickCo.: off Rt. 626andRt. 705, near Gasburt9 Aug
1978 C.F. Reedl03249(MO). GoucestefCo.: sandy fields, Goucester Pqia7 Apr1983 C.F.
Reed 117312MO). HamptonCo.: Ft. Monroe, Hamptor7 May 1977, C.F. Reedl02057(MO).
MadisonCo.:Rt. 29 at Robinson Run, N of Madisdv Apr1981, C.F. Reedl14429(MO).
RichmondCo.: Richmond D. Chalmots.n(US). Suffolk Co.:Nansemond, ca. 1 mi E of
Blackwater Riveand6 mi N of VA-NC state line22 Jun1963 H.E. Ahles58238(UNC).
Virginia Beach Cape Henry, Rt. @ Sep194(Q F.E. Egler40-370(NY).

6¢. Opuntia humifusasubsplata (Small) Majurecomb. nov, Opuntia lataSmall Jour. N. Y.
Bot. Gard.1919.0 TypPeUnited States. Florida. [Alachua Co.:] pim®ods, 12 mi west
of Gainesville, 13 Dec 1917, J.K. Small s.n. (holotype: NY! on two shes#Eig. 7-
14A).

Opuntia eburnisping@mallin Britton and RoseThe Cactaceae 1: 24. 26®23.0 TypE: United
States. Floridg Collier Co.:]Jsanddunes, Cape Romano, 10 May 192X. Small s.n.
(holotype: NYI).

Opuntia impediteé&mallin Britton and RoselThe Cactaceaé: 257.1923.0 TYPE United States.
Florida. Duval Co.: Atlantic Beach, east of Jacksonville, 26 April 19XL,Small s.n.
(holotype: NY!; isotype: US!).

Small shrubs, procumbent or slightly ascending during warmer months, oftenwith 1

numerous cladodes arising from the base; roots typically fibrous, although oftentimes thickened
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proximally. Cladodes dark green, not glaucous, evasskling during the winter, generally not
easily disarticulating, often heteromorphic (i.e., a single gapbpulation may have widely
different cladode shapes), mostly elliptical, but also rotund or oblong #4B-E), margins
typically scalloped, 8.4 (4-13.0) cm long, 4.7 (3:6.9) cm wide, 11.6 (6-29.9) mm thick.
Leaves green, 7.5 (#28) mm longascending parallel to the cladode or slightly spreading,
ovate. Glochids conspicuous, exserted, stramineous aging light brown. Spipes dreole
(generally 1), moderately or occasionally strongly retrorsely barbed, this being lost with age of
the spine, brown and white mottled during development, aging white after the first year, and then
gray, 3.7 (2.44.9) cm long, 0.8 (0-D.9) mmdiameter. Flowers: outer tepals green, triangular to
ovate, erect or incurved in bud, inner tepals 8, entirely yellow, obovate with a mucronate tip, 3.9
(3.4-4.3) cm long, stamen filaments yellow or yellgneen, stigmas white to cream, 6 lobed.
Berry clavag, red, pink, or green at maturity, 3.4 (2.9) cm long. Seeds 5(8.7-5.3) mm long,
funicular girdle 0.8 (0.4..1) mm wide, regular, generally not bumpy, funicular envelope smooth,
usually not raised from the expansion of the cotyledons or hypodatifghtly raised then
generally not bumpy.

Phylogenetic placemer®puntia humifusaubsp latais sister to the clade containiy
abjectaandO. austrina(Fig. 7-1).

PhenologyOpuntia humifusaubsplata begins floweringn southern Florida duringnid-
March. More northern populations soon follow and are in foWeér typically in early to mid
April in northern Florida.

Distribution. Opuntia humifusaubsplata is distributed through the outer coastal plain of

the southeastern United States froortN Carolinasouthto Florida and west tMississippi.
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Habitat. Opuntia humifusaubsplata is most common in the southeastern United States in
Pinus palustrior P. elliottii sandhills, or mixedQuercusgeminata, Q. incana, Qaevis, P.
palustrisxeric sandhills.

Ploidy. Opuntia humifusaubsplatais diploid, 2n=22,throughout its range (Majure et al.
2012b).

Notes.Morphologically,Opuntia humifusaubsplata is the diploid version oD.
humifusasubsppollardii. Both taxa have the same growth form @hdhumifusasubsplata can
be easily confused wit®. humifusasubsppollardii. Opuntia humifusaubsplata tends to have
nontuniform cladodes that are often scalimargined unlike O. humifusasubsp pollardii that
mostlyhassmoothmargined cladodesOpuntia lataalso tends to have seeds with a smooth
funicular envelope, which contrasts with the bumpy funicular envelo@e lfimifusasubsp.
pollardii.

Benson (1982) consider&l eburnispinao be an intersgrific hybrid betweer®.
humifusaandO. strictg based on the numerous spines produced from the areoleOHere
eburnispinais considered synonymous wipuntia humifusaubsplata. The numerous spines
per areole produced I§Y. eburnispinanaterial areseen in all members of the Siploid clade
(i.e.,0. abjecta, O. austrina, O. drummondii, O. humifaeasplata), and therefore do not
signify hybridization withO. stricta Also, the spines are not produced in a stellate pattern as in
O. strictaand rdated taxa or hybrids (s&€2. ochrocentraabove).

Additional specimens examinedUnited StatesAlabama AutaugaCo.: off of Hwy. 82E
just N of Vidajct., 16 0529179N 3604707E Mar 2007 L.C. Majure 2043(MISSA). Butler
Co.:Hwy. 77,0.93 mi N of ButletCo. Hwy. 62,31°53'40.5"N 86°32'30.8"\\.R. Diamond

19258 17 May 2008(TRQY). CrenshawCo.: off of Hwy. 3315 ca. 9 mi S of Brantlyl6
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0572674N 3489826H Mar2007, L.C. Majure2044(MISSA). DaleCo.: Dale County Lake§
Jun200Q M. Woods8106(TRQY). DallasCo.: bluff on Mulberry Cr., vicinity of USGS stream
gauge station, 2.9 mi ENE of Valley Crgek, 12 Aug1967, R.C. Clark 18088(UNC). Elmore
Co.:nearGood Hope Church, 5 mi SE of WetumpR& Jul1967, R.C. Clark17129(UNC).
HenryCo. 7.5 air mi SE of Abbeville, Co. Rt. 65 off of State B%, 0.25 WSW of
Hardwicksburg31°29'56"N 85°9'17"\\23 Jul2003 R.R. Hayed40413(TROY). MarengoCo.:
Myrtlewood E. Holt, 1-Jan1912(NY). Mobile Co.: Mile marker 27, off of Hwy. 456 Mar
2011 L.C. Majure 4194FLAS). PikeCo.:N of Ozark off of Hwy. 231NpearBama Nut Shop,
ca. 3 mi S of Brundidgé Jul 2007, L.C. Majure 2569(MISSA). SumterCo.:ca. 1 mi NE of
Woodford on CR 235 Aug1966 R.C. Clark6743(UNC). Wilcox Co.:alongAL 41, ca. 5 mi
SW of Camden, just N of Pebble Hill Communi®dun 1967 R.C. Clark13941(UNC).
Florida.AlachuaCo.: Micanopy, off of Hwy. 234, just E of 441N 1 Apr 2010L.C. Majure
3991(FLAS). CalhounCo.:open oak woodsultivated at MssouriBotanical Garder31l May
1978 J.C. Solomord836(MO). CitrusCo.:along S41 and the radlad,9 mi N of Invernessl5
Apr 1976 L.M. Baltzell8272(FLAS). Clay Co.: off of Hwy. 301 E(heading N)ca. 1.6 km S of
CR 218 28 Mar2009 L.C. Majure 3699FLAS). Collier Co.: TP Scrubs (Coll28), Secg, 3
and10, T48S, R25E (Bonita Springs qua®@) Mar1986 R.B. Huck 3954FLAS). Columbia
Co.:off of US Hwy. 27 W, ca. 2 mi NW of Ft. White; 2.2 mi E of ltchatucknee State Park
entrance24 Apr2008 L.C. Majure 3089(FLAS). DeSotoCo.: Deep Creek, 800 ha on W side
of Peace River, ca. 4.5km NEjof. I-75 & Kings Hwy. (CR769),31 Jul2008 A. Franck751
(USH. Dixie Co.:W of Suwanee River and &hatee Springs off of Hwy. 34987 0306724E
3264465N 8 Mar 2007, L.C. Majure2050(MISSA). Duval Co.: St. John's Bluff1 Jan1942 H.

Kurz 274(MICH). FranklinCo.: St. TeresgH. Kurz288 28 Jul1942(MICH). GilchristCo.:5
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mi W of Ft. White 28 Apr1961, G.R. Cooley 819Q0UNC). HamiltonCo.:just S ofCrossroads,
off of Hwy. 141S 24 Se2011 L.C. Majure4217(FLAS). HardeeCo.:ca. 1 mi (by air) S of Ft.
Green Spring® Nov 1993 B. Hansen 12444JSH. HernandcdCo.: off of Hwy. 93S, ca. 0.5 mi
S of Withlacoochee Rivell4 Feb201Q L.C. Majure 3948FLAS). HighlandsCo.: Off of Hwy.
64W, just E of Avalon Park, corner of Dodd's Rd., emptyll@tMar201Q L.C. Majure 3977
(FLAS). HillsboroughCo.: Little Manatee River Stateark, E side of main park drive50 ft,S

of Ranger Statior27 Apr1999 J. Myers360(USP. LafayetteCo.: off of Hwy. 27 W; ca. 4 km
NW of jct. with Hwy. 349 28 Oct2007 L.C. Majure2795(FLAS). LeonCo.:along Tram Rd.,
20 mi east of Tallahasseg2 May1976 M. Blaker40 (FSU). Levy Co.: off of Hwy. 24W, ca. 1
mi W of Alachua Co. ling6 Dec2008 L.C. Majure 3645FLAS). Lake Co.: Palatakaha Park,
off of Hull Rd., just S of Clermonfil Jun201Q L.C. Majure 409ZFLAS). Liberty Co.:along
SR 12, NE of Bristql9 May 1977 L. Roserl0 (FSU). ManateeCo.. Jct.of CR675 and
Jennings Rd., 0.6 km S of the east arm of Lake Man2Beklay201Q L.C. Majure 4065
(FLAS). Marion Co.: off of Interstate 75N, ca. 0.5 mi S of reststop, ca. 6.4 km S of Ocala Exit
28 Mar2009 L.C. Majure 3709FLAS). Marion Co.: off of Interstate 75N, ca. 0.5 mi S of
reststop, ca. 6.4 km S of Ocala E28 Mar2009 L.C. Majure 3709FLAS). Okeechobe€o.:
off of Hwy. 441N, 0.5km N of Ft. Dunril Feb2011], L.C. Majure4188(FLAS). OrangeCo.:

ca. 2.5 km W of Oakland along HwW438,14 Nov201Q L.C. Majure 4174FLAS). Osceola
Co.:off of Hwy. 441S, ca. 5 mi S ¢€t. with Hwy. 192 28 Mar2009 L.C. Majure 3703
(FLAS). PascdCo.:along G587, 6.2 mi SW ojct. with FL 52; ca. 4.5 mi ENE of New Port
Richey 31 May1984 B. Hanser9907(USF). PutnamCo.: off of Hwy. 310 just W of Hwy19,
just N of Rodman Reservoir, 24 M2908 L.C. Majure 3249FLAS). Santa Ros&o.:along

Choctaw OLF (Dillon Field) Rd., ca. 0.5 mi W of FL 87 and ca. 5 mi N of Hpfleayiay 1977,
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K.D. Perkins223 (FLAS). Sarasot&o.:Longboat Key, along Gulf of Mexico Dr. ca. 0.1 mi
NW of golf course entran¢c@ Apr 1981, R.P. Wunderlin 8918JSH. St. John<o.:Rt. 204,
just W of US Rt. 115 Apr1982 D.S. Correll 5366(NY). SumterCo.: off of Hwy. 301N
along railroad tracks ca. 2.5km S of Bushnel May2008 L.C. Majure 323§FLAS).
SuwaneeCo.:ca. 3 mi Nof Beachville off of Hwy. 247 W17 0323021E 332252118 Mar
2007, L.C. Majure 2049MISSA). WakullaCo.: at thejct. of Hwy. 98W and Hwy. 365 Nov
2011 L.C. Majure 422 FLAS). WaltonCo.:Nekuse Preserve off of Hwy. 830.53163N
85.94189W 14 Jul2007, L.C. Majure 25894MISSA). Georgia.Bullock Co.:ca. 8.5 mi S of
G.S.C. off of US 301 at Lower Lotts Creek ChyrtJun1965 C.B. Oneall0 (UNC). Candler
Co.: SE of Stillmore, 3.7 km SE of Emanuel Co. line on Stillmore RdM&89 1988 D.E.
Boufford 2388GNY). CharltonCo.: off of Hwy. 121N, just S of St. Georgé5 Feb 2011, L.C.
Majure 4190(FLAS). ChathamCo.: Savannhl Apr 1927 F.D. Heywards.n.(MICH).
CrawfordCo.: 2.6 mi SE of Knoxville, 1Aug 2009 J.G. Hill s.n.(FLAS). EmanuelCo.:5 mi
S of Swainsboro on Hwy., 41 May 1974 C.L. Rodgers 7408(FLAS). HoustonCo.: off of
Interstate 75, ca. 1 mi SW of Perryjcit with I-75 N, 27 May 2009 L.C. Majure 378dFLAS).
Irwin Co.:off of Hwy. 32/125, ca. 0.15 km W of Alapaha River and Big Creek, ca. 2 km W of
Irwinville, 27 May 2009 L.C. Majure 3785FLAS). JohnsorCo.: E of Kite on Georgia Rte 57,
justW of the EmanueCo. line, elev. 80 30 May 1988 D.E. Boufford 2389QMO). Macon
Co.:6.4 mi E of Montezuma on Hwy. GA24, 8 May 1976 J.E. Taylor, Jrs.n.(UNC).
RandolphCo.: off of Hwy. 82W, just W of Springvald,6 0698524N 3522499E0 Mar 2007,
L.C. Majure2053(MISSA). SumterCo.:9 mi WSW of Americus21 Mar 1966 E. Parker140
(LSV). TatnallCo.: Big Hammock, 2.7 km SE of Birdsvilla9 Jul 2007, J.J. Hill s.n.(FLAS).

Mississippi.GreeneCo.: Palestnian Gardens off of US Hwy 98rqperty of JamekKirkpatrick,
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22-Jan2005 L.C. Majure773(MISSA). JaspelCo.: off of Hwy. 503 just N of Paulding Mar

2005 L.C. Majure795(MISSA). LauderdaleCo.: E of Lost Gap, N of Hwy. 8B2.3465°N,

88.7887°W 3 Mar 2007, L.C. Majure 203§MISSA). Newton Co.off of GoodhopeDeactur

Rd, ca 3.5 mi NE of Decatuz6 Mar 2005L..C. Majure 828(MISSA). WayneCo.: Gopher

Farm, off of Brewerton Rd., off of Hwy. 625 Nov 2005 L.C. Majure 1290(MISSA). North

Carolina.CumberlandCo.:NC 87, 12 mi S of Fayettevill1 Jun 1958,).A. Dukel204(UNC).

South CarolinaAiken Co.:aong Interstate 10 W, 10 mi NW of AikeB3 Jul 2008 Jovonn Hill

s.n.(FLAS). BambergCo.:ca. 3 mi S of Branchville onwdy 21,29 Oct1997 B. Summers 8475

(MO). CalhounCo.:ca. 2 mi NNW of Lone Star on SC 26#d0.9 mi ENE on paved rd19

May 1957 H.E. Ahles 25588UNC). ColletonCo.: Waterboro on US 15, ca. 5.5 mi W of-38,

14 May 1982 J. Doyle 148UNC). DarlingtonCo.: Lake at Hartsville20 May 1932 B.E. Smith

s.n.(UNC). GeorgetowrCo.:9 mi N of Georgetowyi7 Jul 1939 R.K. Godfrey 305MO). Horry

Co.:Myrtle Beach off of Hwy. 17 S (Business)jet. with 82 Ave, 3 Jun2009 L.C. Majure

3832(FLAS). JaspelCo.: edge of Ridgeland on US Hwy. 112 May 1956 C.R.Bell 2579

(UNC). LexingtonCo.: just S of 420 at exit 44, side of SC 34 to Gilbert (ca. 30 mi W of

Columbia), 3 May 1996C.M. Christy 2745US). WilliamsburgCo.:5 mi S of Kingstreg10 Jul

1939 R.K. Godfrey875(NY).

7. Opuntia nemoralis Griffiths Monassch. Kakteenk pf133-134. 1913 TypPE: United States.
Texas.Gregg Countylongview,Oct 1911D. Griffiths 1048Q(holotype: US; seeFig.
7-15A).

Opuntia macateBritton andRoseThe Cactaceae 1: 11323.0 TyPE: United States.

Texas.Aransas Co.: Rockport, 28 Dec 19A0... McAtee 199tholotype: US!).
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Plants forming smalkpreading shrubs (Fig-15B), oftentimes these forming masses
(piles) of cladodes resulting in large patches, mounds, or clones with cladoegesling to 30
cm tall in the summer; roots typically forming tubers (Fid.5E), but this depends on substrate,
and sometimes roots fibrous. Cladodes small,-gragn, glaucous, 6.3 (4&%4) cm long, 3.9
(2.85.8) cm wide, 11.2 (8-:14.2) mm wide, olang, elliptical, or obovate, the terminal cladodes
easily detaching, becoming strongly cregnkled during the winter. Leaves glaucous, gray
green, ascending parallel to the cladode or slighty spreading, 5-4.73.Mim, ovate. Spinds6
produced perraole (typically 2), white or yellowish during development, aging bright white
when mature and then gray in age, strongly retrorsely barbed when developing and into maturity,
2.3 (1.43.0) cm long, 0.6 (0-8.8) mm in diameteiGlochids bright yellow whegoung turning
a dull brown in age. Flowers: outer tepals triangular to ovate, glaucousgyrgy, incurved in
bud, inner tepals-8, yellow (or rarely tinged pink basally), obovate with a mucronate tip, 3.0
(2.7-3.5) cm long, staminal filaments yellow greenishyellow, stigmas creamwhite or more
commonly light green, lobes@ Berries clavate, 3.0 (282) cm long, dark red to pink, or
occasionally light green at maturity. Seeds 4.8-%1) mm long, funicular girdle 1.0 (3R4)

mm wide, funiculaenvelope only moderately raised by the hypocotyl and cotyledons, not
smooth, bumpy (or rough), funicular girdle irregular, bumpy.

Phylogenetic placemer®puntia nemoraliss an allopolyploid derivative of the
southeastern and southwestern subclad#ed¢tumifusaclade (Fig.7-1). Opuntia nemoralis
appears to be derived partially from an ancest@.dfumifusasubsppollardii (Chapter &

PhenologyFlowering mid to late April and into May.

Distribution. Opuntia nemoraliss found from the Oachita duntains of Arkansas south to

southwestern Louisiana in Cameron Parish and through parts of eastern Texas. In LOuisiana
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nemoralisis found in saline barrens, and in the Oachitas, the species is found mostly on shale
barrens. | have not seen live matefiam Texas. One specimen from Missouri has been
tentatively identified a®. nemoralisMore fieldwork is needed anikély the distribution of the
species is much greater than that shown here.

Habitat. Opuntia nemorali€ommonly occurs on saline or sogbrairies in Louisiana and
on rock outcrops in the Ouachita Mountains of Arkansas. In the Ouachitas, it is commonly
associated witl®. cespitosaln southern Louisiana populations are in sandy prairies or sandhill
communities.

Ploidy. This species is taploid 2n=44,throughout its range Arkansas and Louisiana
(Majure et al. 2012p although material from Texas and Missdwuas not been counted.

Notes. This species has long been placed in synonymy with eéiheracrorhizeor O.
humifusa(Benson1982), but the small size of the cladodes, retrorsely barbed spines, easily
disarticulating cladodes, and green stigmas set this species apart from the two aforementioned
species. As a result of the disarticulating oldes, BrittonandRose (1920) placeithis species in
OpuntiaseriesCurassavica@longwith O. pescorvi andO. drummondiia mostly synthetic
series whose members are from various evolutionarily divergent ciddgs ¢ et al. 2012a
Weniger (1967) described plants@f drummondifrom Gdveston, Texasbut that material is
referable tdO. nemoraliswith its sometimes faintly orangeentered flowers, and greenish
stigma lobes, as well as glauceyrsy cladodes

Additional specimens examined.United States. ArkansaGarland Co.: Ouachita
National Forest, shale barrens off of FR 11, 9.3 km N of Possum Kingdd@uachita Lake, 9
March 2011)..C. Majure 4204FLAS). Hempstead CoEulton, sandy soil, 23 May 190B,F.

Bush 5718 MO). Pulaski Co.Hwy 65/I-540 about 0.9 miles north of Dixon Road e24; 40'
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57.96",92° 16' 09.09; 5 Sep 2010B.L. Snow2130(FLAS). Yell Co.: S side of the Arkansas
River, 0.75 mi S of the Hwy. 7 bridge at Dardanelle; 35.21494°N 93.14752°W, 4 SepT2007,
Witsells.n. (FLAS). LousianaBeauregard Parisloff of Mouth of the Creek Rd., 24.5 km W of
Deridder,8 March 2011L.C. Majure 4191FLAS). Caddo ParishBarron Road/Boggy Bayou
Saline Prairie, TL6N R14W, S27; N of Barron Rd. south of Boggy Bayou, 20 Apri| BOR6
and M.H. MacRoberts 7396SU). Cameron Parishoff of Hwy. 27N, at Johnson Bayou, 25 km
E of Sabine Pasg,March 2011L.C. Majure 419QFLAS); DeSoto Parishgff of Hwy. 152S,

ca. 4 km NNW of Kingstor§ March 2011L.C. Majure 419§FLAS). VernonParish:Rt. 111, 9
mi N of Merriville, just past Bayou River on right, 16 April 1983 Doyle 35§ UNC). Winn
Parish:between Coldwater and Goldonna, near jct. of Hwy. 156 and Parish Rd. 882, 0.6 mi W of
jct. of Hwy. 1233 and Hwyl153, 27 Apr 2008B.L. Snow 2053FLAS). Missouri Wayne Co.:
Greenville giad, 37.20678°N 90.49950°W, Corps access rd., 23 Sep ROB8¢cklington 445

(MO). Texas Galveston Co.Galveston BayWeniger 687688 (UNM) (Weniger 1967).
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Opuntia austrina

Opuntia abjecta
»
m
2]
Q
Q
D
Opuntia humfusa subsp. lata
Opuntia cespitosa
Opuntia humifusa
subsp. humifusa
| Opuntia drummondii Opuntia nemoralis
(7))
=
2]
Opuntia macrorhiza a
(1]

Figure 71. Phylogeny of th®. humifusacomplex. This is a diploid phylogeny of thieimifusa
clade, which consisof a SE and SW subclade. TBe humifusacomplex is
represented by the SE clade, as well as the reticulate taxa show® hegsitosa,
O. humifusasubsphumifusa andO. nemordis), and the putative autotetraploid
Opuntia humifusaubsppollardii (not shown here).
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Figure 72. Morphological features @. abjecta A) type specimen].K. Small s.n.Monroe
Co., FL (NY), growth form of £, L.C. Majure 390¢B) and 4« L.C.Majure 3318(C)
O. abjecta D) spine development of a terminal cladode»D2 abjectashowing 13
spines produced per areole, E) flower bu@®ohbjecta F) slighty tuberous roots
developing on a specimen planted for almost 2 years, flowers(@)2ard 4x (H) O.
abjectg and (1) barreshaped fruit of 20. abjecta
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Figure 73. Geographic distribution @. abjecta
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Figure 7#4. Morphological features @. ochrocentraA) type specimen dD. ochrocentraJ.K.
Small s.n.Monroe Co., FL (NY), BC) growth forms ofD. ochrocentrdrom B) Big
Pine Key,L.C. Majure 3907and C) Big Munson Island,C. Majure 3968D) spine
characters and flower budslofC. Majure 3968E) spine characters bfC. Majure
3907showing numerousadial spines flattened at the base and several central spines
twisted or cylindrical at the base, F) flower bud, G) flower, and (H) immature fruit of
L.C. Majure 390.
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