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SYSTEMATICS OF AMARYLLIDACEAE BASED ON
CLADISTIC ANALYSIS OF PLASTID RBCL AND TRNL-F
SEQUENCE DATA!
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Cladistic analyses of plastid DNA sequences rbcL and trnL-F are presented separately and combined for 48 genera of
Amaryllidaceae and 29 genera of related asparagalean families. The combined analysis is the most highly resolved of the
three and provides good support for the monophyly of Amaryllidaceae and indicates Agapanthaceae as its sister family.
Alliaceae are in turn sister to the Amaryllidaceae/Agapanthaceae clade. The origins of the family appear to be western
Gondwanaland (Africa), and infrafamilial relationships are resolved along biogeographic lines. Tribe Amaryllideae, primarily
South African, is sister to the rest of Amaryllidaceae; this tribe is supported by numerous morphological synapomorphies
as well. The remaining two African tribes of the family, Haemantheae and Cyrtantheae, are well supported, but their position
relative to the Australasian Calostemmateae and a large clade comprising the Eurasian and American genera, is not yet
clear. The Eurasian and American elements of the family are each monophyletic sister clades. Internal resolution of the
Eurasian clade only partially supports currently accepted tribal concepts, and few conclusions can be drawn on the rela-
tionships of the genera based on these data. A monophyletic Lycorideae (Central and East Asian) is weakly supported.
Galanthus and Leucojum (Galantheae pro parte) are supported as sister genera by the bootstrap. The American clade shows
a higher degree of internal resolution. Hippeastreae (minus Griffinia and Worsleya) are well supported, and Zephyranthinae
are resolved as a distinct subtribe. An Andean clade marked by a chromosome number of 2n = 46 (and derivatives thereof)
is resolved with weak support. The plastid DNA phylogenies are discussed in the context of biogeography and character

evolution in the family.
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The Amaryllidaceae J. St.-Hil., a cosmopolitan (pre-
dominantly pantropical) family of petaloid monocots,
represent one of the elements of the Linnacan Hexandria
monogynia (Linnaeus, 1753), the 51 genera of which
have been variously classified since as liliaceous or ama-
ryllidaceous. This basic dichotomy represents the gener-
aly uncertain phylogenetic placement of many petaloid
monocots until the past two decades. Seven of the 51
genera that Linneaus placed in Hexandria monogynia
have since been included within a common taxonomic
unit, as section Narciss (Adanson, 1763; de Jussieu,
1789), family Amaryllideae (Jaume-St.-Hilaire, 1805;
Brown, 1810), order Amaryllidaceae (Lindley, 1836;
Herbert, 1837), tribe Amarylleae (Bentham and Hooker,
1883), suborder Amarylleae (Baker, 1888), subfamily
Amaryllidoideae (Pax, 1888); family Amaryllidaceae
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(Hutchinson, 1934, 1959), and subfamily Amarylloideae
(Traub, 1963). Brown (1810) was the first to propose that
the genera with superior ovaries be excluded from Ama-
ryllidaceae, a restriction followed faithfully until Hutch-
inson (1934). Herbert (1837) recognized that the Tacca-
ceae were not alied to Amaryllidaceae, and Pax (1888)
formally removed Velloziaceae as part of the family (Her-
bert’s suborder Xerophyteae). Hutchinson's (1934, 1959)
classification was the first radical recircumscription of
Amaryllidaceae since Brown (1810). In defining the uni-
fying character of the family to be **an umbellate inflo-
rescence subtended by an involucre of one or more spa-
thaceous bracts,” he segregated Agavaceae, Hypoxida-
ceae, and Alstroemeriaceae and added tribes Agapan-
theae, Allieae, and Gilliesieae (Alliaceae). Takhtajan
(1969) recognized Amaryllidaceae in the narrowest
sense, and maintained a distinct Alliaceae. Cronquist
(1988) and Thorne (1976) included Amaryllidaceae with-
in broad concepts of Liliaceae.

Concepts of familial and ordinal limits of the mono-
cotyledons were radically challenged by Huber (1969),
who emphasized |less conspicuous characters, particularly
embryological characters, over gross floral or vegetative
morphology. Huber’'s work highlighted the heterogeneity
present in many traditional monocot families, especially
Liliaceae. Much of this work was refined and placed into
phylogenetic context by Dahlgren and coworkers (Dahl-
gren and Clifford, 1982; Dahlgren and Rasmussen, 1983;
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Dahlgren, Clifford, and Yeo, 1985). In Dahlgren, Clif-
ford, and Yeo's (1985) synthesis, Amaryllidaceae and Al-
liaceae are both recognized as members of the order As-
paragales, an order of 31 familiesthat have evolved many
traits in parallel with Liliales. One of the most important
and consistent characters separating these two orders is
the presence of phytomelan in the seed coat of Aspara-
gales (Huber, 1969). To date, phylogenetic analyses of
the monocotyledons, based on both morphological and
gene sequence matrices, have supported this classification
with some amendment (Duvall et al., 1993; Stevenson
and Loconte, 1995; Chase et al., 1995a, b), but the pre-
cise relationship of Amaryllidaceae to other Asparagales
remained elusive until Fay and Chase (1996) used mo-
lecular data to argue that Amaryllidaceae, Agapantha-
ceae, and Alliaceae form a monophyletic group and that
together they are related most closely to Hyacinthaceae
s.s. and the resurrected family Themidaceae (the former
tribe Brodiaeeae of Alliaceae).

Despite alack of consensus on generic limits and tribal
delimitations within the Amaryllidaceae, cladistic analy-
sishas only rarely been applied to problems in the family,
such as by Nordal and Duncan (1984) for Haemanthus
and Scadoxus, two closely related, baccate-fruited Afri-
can genera, Meerow (1987a, 1989) for Eucrosia and Eu-
charis and Caliphruria, respectively, and Snijman (1994)
and Snijman and Linder (1996) for various taxa of tribe
Amaryllideae. Applying phylogenetic studies for the en-
tire family is difficult due to homoplasy for many con-
spicuous characters within this highly canalized group
(Meerow, 1987a, 1989, 1995). This led Meerow (1995)
to conclude that ‘‘future reconstruction attempts will
greatly benefit from the inclusion of molecular data.”

The four most recent infrafamilial classifications (Table
1) of Amaryllidaceae are those of Traub (1963), Dahl-
gren, Clifford, and Yeo (1985), Miller-Doblies and Ml-
ler-Doblies (1996), and Meerow and Snijman (1998).
Traub's scheme included Alliaceae, Hemerocallidaceae,
and Ixioliriaceae as subfamilies, following Hutchinson
(1934, 1959) in part. Within his subfamily Amaryllo-
ideae, he erected two informal taxa, ‘‘infrafamilies’
Amarylloidinae and Pancratioidinae, both of which were
polyphyletic (Meerow, 1995). Dahlgren, Clifford, and
Yeo (1985) dispensed with any subfamilial classification
above the level of tribe, recognizing eight, and treated as
Amaryllidaceae only those genera in Traub’s Amaryllo-
ideae. Stenomesseae and Eustephieae were combined.
Meerow (1995) resurrected Eustephieae from Stenomes-
seae and suggested that two new tribes may need to be
recognized, Calostemmateae and Hymenocallideae. MUl-
ler-Doblies and Mduller-Doblies (1996) recognized ten
tribes (among them Calostemmateae) and 19 subtribes,
many of them monogeneric; Meerow and Snijman (1998)
recognize 14 tribes, with two subtribes only in one of
them (Table 1).

Fay and Chase (1996) recircumscribed Amaryllidaceae
to include Agapanthus, previously included in Alliaceae,
as subfamily Agapanthoideae. This recircumscription was
based on phylogenetic analysis of rbcL sequence data,
with only four genera of Amaryllidaceae s.s. included in
the analysis. All the epigynous genera were treated as
Amaryllidoideae. Bootstrap support for this treatment
was weak (63%). The sampling within Amaryllidaceae
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s.s. in Fay and Chase (1996) did not allow sufficient res-
olution of the generic relationships within the family, and
we present here phylogenetic analyses of three plastid
DNA sequence data sets for a much wider range of taxa.

The phylogenetic application of sequences of rbcL is
well documented (e.g., Chase et al., 1993; Olmstead and
Palmer, 1994) and has been used to clarify relationships
between and within a number of asparagoid families, in-
cluding Themidaceae (Fay and Chase, 1996), Asphode-
laceae (de Bruijn et al., unpublished data), Alliaceae (Fay
et a., unpublished data), and Orchidaceae (Cameron et
al., 1999). Within Amaryllidaceae, however, levels of res-
olution obtained within some major clades, particularly
those from the Neotropics, were not sufficient to elucidate
tribal relationships fully (Fay et al., 1995). For this rea
son, we chose to combine our rbcL matrix with two for
the trnL intron/trnL-F spacer region of noncoding plastid
DNA, for which Taberlet et a. (1991) had developed
“universal” primers for amplification. Sequences of this
region have been used in phylogenetic studies of Cras-
sulaceae (Kim, t'Hart, and Mes, 1996; Mes, Van Bred-
erode and t'Hart, 1996; Mes, Wijers, and t'Hart, 1997),
Gentianaceae (Gielly and Taberlet, 1996; Gielly et al.,
1996), Paeoniaceae (Sang, Crawford and Stuessy, 1997),
Proteaceae (Maguire et al., 1997), Ranunculaceae (Kita,
Ueda, and Kadota, 1995), among others, either alone or
in combination with other loci. This region of the plastid
genome evolves more than three times faster, on average,
than rbcL (Gielly and Taberlet, 1994) and can therefore
potentially add increased resolution to a phylogeny gen-
erated by rbcL sequences.

Combining independent character matrices, whether
both molecular or molecular and morphological, very of-
ten increases the resolution of the ingroup and the boot-
strap support of the internal nodes of the phylogenetic
trees (Chase et al., 1995b; Olmstead and Sweere, 1994;
Rudall et al., 1998; Soltis et al., 1998). In this paper we
present the first family-wide phylogenetic analysis of
Amaryllidaceae using three plastid DNA seguences,
alone and in combination, and comment on the evolu-
tionary and bigeographic implications of the results.

MATERIALS AND METHODS

Plant materials—The sources of plant material and vouchers/acces-
sions used in this analysis are listed in Table 2, along with GenBank or
EMBL accession numbers for the sequences.

DNA extraction, gene amplification, and sequencing—Sequences
for rbcL were generated at both RBG Kew and the University of Florida
(Table 2); al trnL-F sequences were obtained at Kew.

RBG Kew—DNA was extracted from 1.0 g fresh, 0.2-0.25 g silica
gel-dried leaves, or ~0.1 g material from herbarium sheets using the
2X CTAB method of Doyle and Doyle (1987). All samples were then
purified on cesium chloride/ethidium bromide gradients (1.55 g/mL den-
sity). Gene amplification of the rbcL gene was carried out using forward
primers that match the first 20 or 26 base pairs (bp) of the coding region
and reverse primers that correspond to 20-bp sequences that begin at
position 1352 or 1367 in the coding region (Table 3; Chase and al.,
1995a). The trnL-trnF region was amplified using the ¢ and f primers
of Taberlet et a. (1991). Amplified products were purified using Magic
mini columns (Promega, Madison, Wisconsin) or QIAquick (Qiagen,
Valencia, California) columns, following manufacturers protocols. Stan-
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TaBLE 1. Four most recent intrafamilial classifications of Amaryllidaceae s.s. The lines indicate subsequent segregation or inclusion of genera.

Traub (1963) Dahlgren, Clifford, Miiller-Doblies and Meerow (1995), Meerow Traub (1963) Dahlgren, Clifford, Miiller-Doblies and Meerow (1995), Meerow
and Yeo (1985)° Miiller-Doblies (1996) and Snijman (1998) and Yeo (1985)° Miiller-Doblies (1996) and Snijman (1998)
Amarylloideae Amaryllidaceae Amaryllidaceae Amaryllidaceae Infrafamily
Infrafamily Pancratioidinae
Amarylloidinac Pancratieae Pancratieae Pancratieae Pancratieae
Crineae Amaryllideae Amaryllideae Amaryllideae subtr. Pancratiinae
Crinum L. Crinum L. subtr. Amaryllidinae subtr.Amaryllidinae Pancratium L. Pancratium Pancratium Pancratium
Ammocharis Herb.  Ammocharis Herb. Amaryllis L. Amaryllis Vagaria Herb. ari Vagaria Vagaria
Nerine Herb. Nerine subtr. Boophoninae Nerine Hannonia
Boophone Herb. Booghone\<Bquhone Brunsvigia Chapm&hiolirion Dint.
Cybistetes Milne-  Cybistetes Crossyne Salisb. Crossyne Klingia Schoen.
Redh. and Scweick. Amaryllis Namaquanula D. and U. M-D. subtr. Lapiedrinae
Brunsvigia Heist. Brunsvigia Lapiedra
Strumarieae subtr, Strumariinae Euchareae Eucharideae Eucharideae Eucharideae
Strumaria Jacq. Strumaria Strumaria Strumaria subtr, Eucharidinae
Hessea Herb. Hessea Hessea Eucharis Planch. Eucharis Eucharis Eucharis
Carpolyza Salisb.  Carpolyza Carpolyza and Lind. T Caliphruria Hetb.
‘Bokkeveldia D. and U. M-D. Urceolina Reich. f. Urceolina Urceolina Urceolina
‘Gemmaria D. and U. M-D. Griffinia Plagiolirion Bak. Plagiolirion
edingea D. and U. M-D. Hyline Herb. Subtr. Hymenocallidinae Hymenocallideae
Dewinterelia D. and U. M-D. Hymenocallis Salisb. Hymenocallis H. llis Hymenocallis
subtr. Crininae subtr, Crinineae Proiphys Proiphys Ismene Lindl. Ismene
Crinum Crinum (as Eurycles) Leptochiton Sealy Leptochiton
Ammocharis Ammocharis Calostemma Calostemma
Cybistetes Cybistetes subtr. Stenomessinae
Boophone
H: heae H. b Haemantheae Haemantheae
subtr. Haemanthinae Stenomesson Herb.  Stenomesson Stenomesson Stenomesson
Haemanthus L. -Haemanthus Haemanthus Haemanthus Pucara Rav. Pucara Pucara Pucara
Choananthus Rend. ~~Scadoxus Raf. Scadoxus Scadoxus Pamianthe Stapf Pamianthe Pamianthe Pamianthe
Clivieae " subtr. Cliviinae Par ta Velarde Par i Paramongaia Paramongaia
Clivia Lindl. Clivia Clivia Clivia Mathieua Mathieua
Cry i Cry L Cryptostephanus Cryptostephanus Rauhia Traub Rauhia Rauhia
Welw. Ex Bak, Eucrosia Ker-Gawl. Eucrosia
Cyrtantheze subtr. Cyr Cyrtanth _ _ Phaedranassa Herb. Phaedranassa
Cyrtanthus Ait. ___—Cyrtanthus Cyrtanthus Cyrtanthus ____Ch]]d:mﬂjus Herb.  Chlidanthus .
Anoiganthus Bak. Eustephieae subtr, B } Er
Gethylleae Gethyllideae Gethyllideae Eustephia Cav. Eustephia Eustephia Eustephia
Apodolirion Bak,  Apodolirion Apodolirion Apodolirion . . Chlidanthus Chlidanthus
Gethyllis L. Gethyllis Gethyllis Gethyllis H1cronvm1ell;‘P?/Hicronvmiclla Hieronymiella Hieronymiella
C: Cal LustephiopsisR. E. Fries.
Calostemma R. Br. Calostemnma Castellanoa Traub
Proiphys Herb. Proiphys Phycella
Lycoreae Lycorideae Lycorideae Lycorideae Eucrosia
Lycoris Herb. Lycoris Lycoris Lycoris Phaedranassa
Ungernia Bunge Ungernia Ungernia Ungernia Lepidopharynx Rusby (= Hippeastrum)
Amarylleae Hippeastreac Hippeastreae Hippeastreae
subtr. Hippeastrinae
Hippeastrum Herb.  Hippeastrum Hippeastrum Hippeastrum
(as Amaryllis) Rhodophiala MRhodoghiala
Worsleya Traub Worsleya "‘Worsleya
Placea Micrs Placea Placea Placea
Phycella
Zephyrantheae subtr. Zephyranthinae
Zephyranthes Herb. Zephyranthes Zephyranthes Zephyranthes (inc. Haylockia)
Habranthus Herb. Habranthus Habranthus Habranthus
Sprekelia Heist. Sprekelia Sprekelia Sprekelia
Haylockia Herb. Haylockia
Pyrolirion Herb. Pyrolirion Pyrolirion Pyrolirion

Rhodophiala Presl.  Rhodophiala
subtr. Griffinineae

Griffinia Ker Gawler Griffinia
Traubicae subtr. Traubinac
Traubia Moldenke Traubia Traubia
Narcisseae Narcisseae Narcisseae Narcisseae
subtr. Narcissinae
Narcissus L. Narcissus Narcissus Narcissus
Sternbergia Wals Sternbergia Sternbergia Sternbergia
and Kit.
Tapeinanthus Herb.
Galantheae Galantheae subtr. G hi Galantt
Galanthus L. Galanthus Galanthus Galanthus
Lencojum L. Leucojum Leucojum Leucojum
Hannonia Braun-Blang. and Marie
Lapiedra Lag.

aAs Dahlgren, Clifford, and Yeo (1985) did not consistently list the component genera in their tribal concepts, their exact generic composition
is inferred. Most of their delimitations are presumed to have followed Traub (1963).

dard dideoxy methods or modified dideoxy cycle sequencing with dye
terminators run on an ABI 373A or 377 automated sequencer (according
to the manufacturer’s protocols; Applied Biosystems, Inc., Foster City,
California) were used to sequence the amplification products directly.
For rbcL, both strands were sequenced for 70-90% of the exon. We
have ~1320 bp of rbcL sequence data for most taxa. The trnL-F region
is length variable; we sequenced both strands for 70-90% of the region,
obtaining between 750 and 900 bp of sequence data for most taxa.

University of Florida—Genomic DNA was obtained from young
fresh leaf tissue using an extraction protocol developed for plant tissues
rich in soluble polysacchrides (Li, Cai, and Guy, 1994). Polymerase
chain reaction (PCR) protocols were those of Li and Guy (1996). The
PCR reaction product was fractionated by electrophoresis on a 0.8%
low melting point agarose gel, then the DNA was purified from gel
dlices with phenol and chloroform and dissolved in 10 pL of 10 mmol/L
Tris (pH 8.0) buffer. A 10-p.L ligation reaction was prepared containing
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TasLE 3. PCR and sequencing primers for rbcL and trnL-F used in
this study.

Sequence Primer name
rbcL
Roya Botanic Gardens, Kew

5 ATGTCACCACAAACAGAAACH 1F

5S'GCGT TGGAGAGAGATCGITTTCT® 636F

S TCGCATGTACCYGCAGTTGC T24R
(moncots)

S’ CTTTCCAAAATTTCACAAGCAGCA* 1368R

University of Florida

5 ATGT CACCACAAACAGAAACTAAAGCAAGT® Zurawski’'s
Z-1

SAATTTGATCTCCTTCCATATTTCGCA* Zurawski’'s
Z-1375R

5 AAACTTTCCAAGGCCCGC ALM1
(=2-427)

SGCGACTTCGGTCTTTTTC ALM2

5'GGTAAACT GGAAGGGGAAY ALM3

5'GCGGECCTTGGAAAGTTT® ALM4

trnL-F (Taberlet et al., 1991)

5 CGAAATCGGTAGACGCTACG trnL-c

S ATTTGAACTGGTGACACGAG trnL-f

5 GGGGATAGAGGGACTTGAACY trnL-d

5'GGTTCAAGICCCTCTATCCC trnL-e

25 ng of pGEM-T® vector (Promega, Madison, Wisconsin), 50-100 ng
PCR products, 1 pL of 10X ligase buffer [300 mmol/L Tris-HCI, pH
7.8, 100 mmol/L MgCl,, 100 mmol/L dithiothreitol, 5 mmol/L ATR and
1.5 U T4 DNA ligase (Promega, Madison, Wisconsin)]. The ligations
were incubated at 16°C overnight. One hundred microlitres of compe-
tent E. coli XL-1 Blue cells were transformed with 2.5 pL of each
ligation mixture, and spread on a Luria-Bertani (LB) agar plate (100 X
15 mm) containing 50 pg/mL of ampicillin and 12.5 pL tetracycline.
The plate was spread with 50 pL of 2% X-gal and 50 L of 100 mmol/
L isopropyl-beta-D-thiogal actopyranoside before using. The plate was
incubated at 37°C overnight. Individual colonies were counted, and
white colonies were selected to grow overnight at 37°C in LB media
containing 50 pg/mL ampicillin. Plasmid DNA was digested with Pst
I and Sst Il, and the restricted DNAs were fractionated on a 0.8%
agarose gel to verify the presence of the cloned insert. Plasmid DNA
containing the cloned, amplified insert was purified, and DNA sequenc-
ing was accomplished using the Tag DyeDeoxy™ Terminator Cycle
Sequencing Kit (Applied Biosystems Inc., Foster City, California) on
an automated sequencer (Applied Biosystems Inc., Foster City, Cali-
fornia) by the DNA sequencing Core of the Interdisplinary Center for
Biotechnology Research at the University of Florida. Sequencing was
accomplished using vector T, and Sp6 primers along with specific prim-
ers for the rbcL gene received from G. Zurawski (Table 3). The com-
plete sequence of both strands was determined using sets of synthetic
primers (Table 3).

Sequence alignment—Sequences of rbcL were easily aligned man-
ually because no length variation was detected. For trnL-F, two methods
were employed. Sequences of several taxa representing the range of
probable variation in the matrix were aligned using the Clustal option
in Sequence Navigator (Applied Biosystems, Inc.), followed by manual
optimisation and alignment of subsequent sequences. Alternatively, the
program Sequencher (Gene Codes, Inc., Ann Arbor, Michigan) was used
to align sequences of closely related taxa with subsequent builds of
these smaller alignments performed manually. Copies of the aligned
matrices are available from the senior author.

Analysis—Aligned matrices were analyzed using the parsimony al-

AMERICAN JOURNAL OF BOTANY
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gorithm of the software package PAUP* for Macintosh (v4.0 d59-64,
Swofford, 1998) with a successive weighting (SW; Farris, 1969) strat-
egy. SW was employed to globally reduce the effect of highly homo-
plasious base positions on the resulting topologies (Lledb et al., 1998;
Wenzel, 1997). Whole category weights (codon or tranversion) exhibit
broad and overlapping ranges of consistency (Olmstead, 1997), whereas
SW independently assesses each base position of the multiple alignment
based on their consistency in the initial analysis. The initia tree search
was conducted under the Fitch (equal weights; Fitch, 1971) criterion
with 1000 random sequence additions and SPR (subtree pruning-re-
grafting) branch swapping but permitting only ten trees to be held at
each step to reduce the time spent searching trees at suboptimal levels.
All trees collected in the 1000 replicates were swapped on to either
completion or an upper limit of 5000 trees. The characters were then
reweighted by the rescaled consistency index, and a further 50 repli-
cations of random sequence additions were conducted with the weighted
matrix saving 15 trees per replication. These trees were then swapped
on to completion or an upper limit of 5000 trees. The resulting trees
were then used to reweight the matix a second time by the rescaled
consistency index, and another 50 replications of random sequence ad-
dition conducted, saving 15 trees per replication, with subsequent swap-
ping on those trees. This cycle was repeated until two successive rounds
found trees of the same length. All analyses were run with the MUL-
PARS option and ACCTRAN optimization. Branches with zero length
were collapsed if the maximum value = 0 (“‘amb +'"). Internal support
was determined by bootstrapping (5000 replicates) with the fina rew-
eighted character matrix and with the jackknife program (5000 repli-
cates) of Farris et al. (1996) without SW weights applied. The cut-off
bootstrap percentage is 50; minimum jackknife support percentage is
63 (Farris et a., 1996). The rbcL matrix consisted of 81 taxa, 51 Amar-
yllidaceae s.s. representing 48 genera, and 30 additional taxa repre-
senting 28 genera of Agapanthaceae, Alliaceae, Anthericaceae, Behni-
aceae, Convallariaceae, Hyacinthaceae, Laxmanniaceae, and Themida-
ceae, with Geitonoplesium sp. (Hemerocallidaceae) used as outgroup.
The trnL-F matrix includes these same with the addition of Stemmatium
narcissoides (Alliaceae).

The trnL-F region consists of an intron, a short exon, and an inter-
gene spacer (Taberlet et al., 1991). We combined the components of
trnL-F because they are nearly all noncoding, but each of the two larger
regions was anayzed separately to determine whether they were con-
gruent. Because they were congruent (results not shown), we lumped
them together as the ‘‘ noncoding matrix™” to compare directly with rbcL
before we combined all of them.

RESULTS

The rbcL matrix alone—Of 1340 included base po-
sitions in the analyses, 226 were parsimony informative.
More than 5000 equally most parsimonious Fitch trees
were found (tree length = 974) with a consistency index
(ClI) of 0.62 and a retention index (RI) of 0.71. SW pro-
duced at least 5000 equally parsimonious trees with a
length of 450819 (Fitch length = 975), aCl = 0.88 (Fitch
= 0.62), and Rl = 0.89 (Fitch = 0.70). The large number
of equally parsimonious trees is largely the result of the
short branch lengths that occur within most of the internal
clades (Figs. 1-2) and the imposed constraints against
collapsing zero-length branches. However, the strict con-
sensus of the weighted trees is more resolved than that
of the Fitch trees. The additional step of the SW treesis
essentially the **cost’”” of optimizing consistent characters
over highly homoplastic base positions (Lledb et a.,
1998). The Amaryllidaceae are not resolved as mono-
phyletic in the strict consensus of all 5000 SW trees; in
these Agapanthus and Amaryllidaceae tribe Amaryllideae
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Fig. 1. One of 5000 equally parsimonious trees generated by cladistic analysis of the successively weighted rbcL sequence matrix for Ama-

ryllidaceae and other Asparagalean genera. Numbers above branches are branch lengths. Bootstrap (plain) and jackknife (boldface) percentages are
below branches supported by one or both. An asterisk below a branch signifies that both bootstrap and jacknife = 100%. A white bar across a
branch signifies lack of resolution in the strict consensus tree of the 5000 trees. ‘‘ Agapanthus afr.” = A. africanus, ‘‘ Agapanthus cam.” = A.

campanulatus, ‘*Allium sub.” = A. subhirsutum, **Allium sic.” = A. siculum var. bulgaricum. The tree is continued in Fig. 2.

form a polytomy with the rest of Amaryllidaceae sensu
stricto (s.s.). Moreover, these clades have no bootstrap or
jackknife support.

The rbcL matrix (Fig. 1) resolves Hyacinthaceae/
Themidaceae as sister to Anthericaceae/Behniaceae with
moderate bootstrap and jackknife support and positions

this clade as sister to Agapanthus/Amaryllidaceae but
with no jackknife or bootstrap support. The Alliaceae are
resolved as an unsupported paraphyletic grade.

In many of the trees (Fig. 1), the African tribe Ama-
ryllideae is sister to the rest of Amaryllidaceae s.s. This
monophyletic group has high bootstrap and jackknife
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Fig. 2. One of 5000 equally parsimonious trees generated by cladistic analysis of the successively weighted rbcL sequence matrix for Ama-
ryllidaceae and other Asparagalean genera. Numbers above branches are branch lengths. Bootstrap (plain) and jackknife (boldface) percentages are
below branches supported by one or both. A white bar across a branch signifies lack of resolution in the strict consensus tree of the 5000 trees.

The tree is continued in Fig. 1.

support (Fig. 1). The rest of the family forms a polytomy
(Fig. 2) that includes a baccate-fruited clade (Haeman-
theae, including Gethyllideae), the Cyrtantheae (confined
to Africa), Calostemmateae (Australasia), and a mono-
phyletic Eurasian/American group. Of these latter, only
the Eurasian/American clade has any bootstrap (62) and
jackknife support (67). Calostemmateae have a bootstrap
percentage of 63 but no jackknife support. Within the
Haemantheae, Apodolirion and Gethyllis (Gethyllideag)
are resolved as sister taxa in the Fitch topologies, but not
in the SW trees (Fig. 2).

Within the Eurasian/American clade, the American
genera are monophyletic in all trees (Fig. 2) but lack
bootstrap and jackknife support. The Eurasian genera

form a polytomous grade within this clade. These se-
quences resolve the tribe Hippeastreae (excluding Grif-
finia and Worsleya = Griffineae Ravenna emend.) and
Hymenocallideae. Tribe Hippeastreae are the only clade
in Amaryllidaceae s.s. other than tribe Amaryllideae that
is supported by bootstrap and jackknife percentage great-
er than 90% (Fig. 2). Worsleya appears as sister to Chli-
danthus (Eustephieae), and Griffinia is unresolved (Fig.
2). A subclade representing subtribe Zephyranthinae is
supported by low bootstrap percentage, but the remaining
relationships within this clade are unresolved. The rest of
the American tribes (Eucharideae, Eustephieae, and Sten-
omesseae) are not resolved by rbcl, but one unexpected
clade with weak bootstrap support (55) encompasses all
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Fig. 3. One of 5000 equally parsimonious trees generated by cladistic analysis of successively weighted trnL-F sequence matrix for Amaryl-
lidaceae and other Asparagalean genera. Numbers above branches are branch lengths. Bootstrap (plain) and jackknife (boldface) percentages are
below branches supported by one or both. An asterisk below a branch signifies that both bootstrap and jacknife = 100%. ‘‘ Agapanthus afr.” = A.
africanus, ‘‘ Agapanthus cam.” = A. campanulatus, “Allium sub.” = A. subhirsutum, ‘‘Allium sic.” = A. siculum var. bulgaricum. The tree is

continued in Fig. 4.

the included petiolate-leafed Andean taxa with 2n = 46
chromosomes.

The trnL-F matrix alone—Of the 1389 base positions
(including gaps) included in the analysis, 378 were par-
simony informative. More than 5000 equally most par-
simonious trees were found of length = 1540 with CI =
0.66 and Rl = 0.73. SW found more than 5000 equally
parsimonious trees of length = 747723 (Fitch = 1541)
with CI = 0.89 (Fitch = 0.66) and Rl = 0.91 (Fitch 0.73),

the strict consensus of which is more resolved than the
initial Fitch consensus. The trnL-F matrix (Fig. 3) re-
solves a monophyletic Amaryllidaceae s.s. (bootstrap and
jackknife support > 80%) as sister to Alliaceae with low
bootstrap (56%) and somewhat higher jackknife support
(71%). Agapanthus is sister to the Amaryllidaceae/Alli-
aceae clade with supporting bootstrap and jackknife per-
centages of 81 and 87%, respectively.

In all trnL-F topologies the well-supported Amarylli-
deae is sister to the rest of Amaryllidaceae, with high
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Fig. 4. One of 5000 equally parsimonious trees generated by cladistic analysis of successively weighted trnL-F sequence matrix for Amaryl-
lidaceae and other Asparagalean genera. Numbers above branches are branch lengths. Bootstrap (plain) and jackknife (boldface) percentages are
below branches supported by one or both. A white bar across a branch signifies lack of resolution in the strict consensus tree of the 5000 trees.

The tree is continued in Fig. 3.

bootstrap and jackknife support. As with rbcL, the re-
maining African tribes (Haemantheae, Gethyllideae, Cyr-
tantheae) and Australasian Calostemmateae (itself, a
well-supported clade) form an unresolved polytomy with
the American/Eurasian taxa in the strict consensus (Fig
4). Unlike the rbcL topology, Gethyllideae resolves as a
well-supported monophyletic subclade of Haemantheae
that is sister to Haemanthus (Fig. 4).

Hannonia and Lycorideae (Lycoris and Ungernia) are

outside of an otherwise monophyletic Eurasian clade in
which Galantheae (Galanthus and Leucojum) are re-
solved with high bootstrap (93%) and jackknife (92%)
percentages (Fig. 4). The monophyletic Lycorideae form
a weak clade with Griffinia and Hannonia as sister gen-
era

Compared to the rbcL topology, the American genera
are less resolved by trnL-F; Griffinia and Worsleya ap-
pear outside the clade comprising all other American taxa
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The tree is continued in Fig. 6.

(Fig. 4). The petiolate Andean clade, which appears in the
rbcL consensus, loses two members, Eucharis and Rau-
hia. Hymenocallideae are not resolved, and Leptochiton
and Pamianthe are resolved as sister genera with mod-
erate bootstrap and strong jackknife support. Hippeas-
treae (less Griffineae) appear with low bootstrap support
(61) but with different internal resolution than with rbcL.
Again, short branch lengths are characteristic of most of
the internal nodes of the American clade (Fig. 4).

The combined matrix—M ore than 5000 equally most
parsimonious trees were found of length = 2546 with ClI
= 0.64 and Rl = 0.71. SW found more than 5000 equally
parsimonious trees of length = 1194297 (Fitch = 2546)
with Cl = 0.89 (Fitch = 0.64) and Rl = 0.89 (Fitch =
0.71). The strict consensus of the weighted trees is more
resolved than the initial Fitch consensus. Agapanthus is
sister to Amaryllidaceae in the combined topologies (Fig.
5), albeit with low bootstrap support (60%). A monophy-
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letic Alliaceae is sister to the former clade, with a boot-
strap of 79% and jackknife of 77%. Both Amaryllideae
and Haemantheae are well-supported tribal clades (Figs.
5-6), with higher bootstrap and jackknife percentages
than in either of the separate analyses, and the former
resolves as sister to the rest of Amaryllidaceae s.s.
Within Amaryllideae, most of the included genera re-
solve in a grade with Amaryllis and then Crinum as the

successive sister taxa to the rest (Fig. 5). Within Hae-
mantheae, a well-supported, monophyletic Gethyllideae
is again sister to Haemanthus (Fig. 6). As in both the
individual analyses, Calostemmateae and Cyrtantheae re-
main as part of the polytomy inclusive of Haemantheae
and the large Eurasian/American clade.

In the combined analysis, the Neotropical (American)
and Eurasian genera are sister groups with strong boot-
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strap and jackknife support (95, 98%), but of the two,
only the American clade has weak bootstrap support (Fig.
6). Galanthus/Leucojum, Hannonia/VVagaria, and Pan-
cratiumySternbergia are supported sister genera, but the
remaining relationships, consistent in all trees, have no
support.

Within the American clade (Fig. 6), a distinct Andean
subclade has weak bootstrap support (68). Eustephieae
have no consensus, bootstrap, or jackknife support. A
well-supported Hippeastreae are in a polytomy with Grif-
finia, Worsleya, and the Andean clade. In Hippeastreae,
a distinct Zephyranthinae and Rhodophiala/Traubia are
well supported. Within the Andean clade, the resolution
of Hymenocallideae, observed in the rbclL trees (Fig. 2),
is lost, with Ismene, however, remaining monophyletic.
Leptochiton and Pamianthe are weakly supported sister
taxa. Eucharis and Rauhia fail to join the rest of aweakly
supported petiolate-leafed subclade that is sister group to
Hymenocallis (marked by a single synapomorphy).

DISCUSSION

Suprafamilial relationships of Amaryllidaceae—Fay
and Chase (1996) presented a smaller rbcL analysis and
argued for the inclusion of Agapanthus as a monotypic
subfamily within Amaryllidaceae. The sister-group status
of Agapanthus to Amaryllidaceae s.s. is only weakly sup-
ported by our combined matrix (bootstrap = 60%). Based
on these data, it would be possible to argue for recog-
nizing Amaryllidaceae in a modified Hutchinsonian
(1934) sense, i.e, with three subfamilies, Alliocideae,
Agapanthoideae, and Amarylloideae.

Backlund and Bremer (1998) discussed the issue of
monogeneric families and how best to treat them. They
generated a set of guiding principles for classification:
(1) primary principle of monophyly and (2) a set of sec-
ondary principles: (a) maximizing stability, (b) maximiz-
ing phylogenetic information (= minimizing redundan-
cy), (c) maximizing support for monophyly, and (d) max-
imizing ease of identification. Principle 1 is considered
most important by Backlund and Bremer (1998), asiit is
by most modern systematists. However, the secondary
principles will vary in importance among different taxa.

Monophyly is maximized by either treating Agapan-
thus as a monogeneric family or accepting Amaryllida-
ceae in the Hutchinsonian sense. However, the support
for a broad concept of Amaryllidaceae (including Alli-
aceae and Agapanthaceae) is only moderate (bootstrap =
79%, jackknife = 77%). The only morphological char-
acter that unites all three familiesis the pseudo-umbellate
inflorescence (homoplasious with Themidaceae), whereas
the Alliaceae are readily marked by their solid styles and
sulfonated compounds, and the Amaryllidaceae have in-
ferior ovaries and unique alkaloid chemistry. Maximizing
stability in this case seems rather moot, given that Aga-
panthus has been maintained for years as part of Alli-
aceae, a classification that violates the primary principle
of monophyly, and Amaryllidaceae and Alliaceae have
been united on and off again over the last two centuries.
However, maximizing phylogenetic information and ease
of identification are best served by treating Agapanthus
as the sole genus of a separate family (Agapanthaceae
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Voight), while maintaining the independent status of Al-
liaceae.

The combined analysis supports most of the other re-
lationships hypothesized by Fay and Chase (1996). The
sister-group status of Themidaceae and Hyacinthaceae is
confirmed with good support, and there is bootstrap sup-
port in the combined analysis for this clade as sister
group to Amaryllidaceae/Alliaceae/ Agapanthaceae, al-
though Antheridaceae/Behniaceae resolves outside of this
clade. It should be noted that, with this level of sampling
of the broader Asparagales, these relationships are largely
a matter of outgroup selection.

Relationships within Amaryllidaceae—Within Ama-
ryllidaceae s.s., several groups are well supported within
al of the analyses, some of which correspond to tradi-
tionally accepted tribes of the family. The most unex-
pected resolution concerns the sister status of the Eur-
asian/American clades. This is only supported in the
combined analysis, and resolution of this group in rela-
tion to the remaining African and Australasian clades is
still elusive because of short branch lengths in this por-
tion of the trees (Figs. 2, 4, 6).

In a survey of internal morphology of American and
African Amaryllidaceae, Arroyo and Cutler (1984) noted
several characters that separated American genera from
African. All American species surveyed have scapes with
collenchyma, a one-layered rhizodermis, and obvolute
bracts. All Amaryllideae (entirely African with the ex-
ception of pantropical Crinum) have schlerenchyma in
the scape, a multilayered rhizodermis, and equitant
bracts. Haemanthus and Cyrtanthus exhibit scape and
root anatomy of the American species but the equitant
bracts of Amaryllideae (Arroyo and Cutler, 1984). Ca-
lostemmateae (Calostemma and Proiphys), which were
not discussed by Arroyo and Cutler (1984), have equitant
bracts. Many of the Eurasian genera have fused spathe
bracts, which obscures the pattern of their coherence, but
both Lycoris and Pancratium species with free bracts
show the equitant condition. Obvolute bracts may thus
be a synapomorphy of the American clade.

Two American subclades are found in the consensus
of the combined analysis (Fig. 5), with both Griffinia and
Worsleya forming a polytomy with them. The more
weakly supported Andean subclade (tribes Eucharideae,
Stenomesseae and Eustephieae) is characterized by 2n =
46 chromosomes, which has been interpreted as a tetra-
ploid derivation from an ancestral 2n = 22 (Meerow,
1985, 19874, ¢, 1989). The strongly supported Hippeas-
treae is characterized for the most part by x = 6 or 11,
with diploid chromosome numbers of 22, 24 or less. The
short branch lengths and numerous polytomiesin the An-
dean group (Fig. 6) may indicate that they are arelatively
young clade with an evolutionary history tied closely to
the geologically recent Andean uplift (Meerow, 1987c).

Four recognized tribes of Amaryllidaceae are consis-
tently resolved by the plastid DNA sequences, and all
receive strong bootstrap and jackknife support in at least
the combined analysis. These are the Amaryllideae, Hae-
mantheae, Calostemmateae, and Hippeastreae.

Amaryllideae—This tribe, with much of its generic di-
versity confined to South Africa is sister to the rest of
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the Amaryllidaceae and has high bootstrap and jackknife
support. Compared to other tribes in Amaryllidaceae,
Amaryllideae are marked by a large number of synapo-
morphies (Snijman and Linder, 1996): extensible fibers
in the leaf tissue, bisulculate pollen with spinulose exines,
scapes with a sclerenchymatous sheath, unitegmic or
ategmic ovules, and nondormant, water-rich, nonphyto-
melanous seeds with chlorophyllous embryos. A few of
the genera extend outside of South Africa proper, but
only Crinum, with seeds well adapted for oceanic dis-
persal (Koshimizu, 1930), ranges through Asia, Australia,
and America. Snijman and Linder's (1996) phylogenetic
analysis of the tribe based on morphological, seed ana-
tomical, and cytological data resulted in recognition of
two monophyletic subtribes: Crininae (Boophone, Cri-
num, Ammocharis, and Cybistetes) and Amaryllidinae
(Amaryllis, Nerine, Brunsvigia, Crossyne, Hessea, Stru-
maria, and Carpolyza). Muller-Doblies and Muller-Dob-
lies (1996) recognized four subtribes with little discus-
sion and no phylogenetic analysis: Crininae, Boophoni-
nae, Amaryllidinae, and Strumariinae, the latter two con-
taining several segregate genera from Hessea and
Strumaria (Table 1). Our sampling of this tribe is incom-
plete, and therefore we fedl it is premature to attach a
great deal of confidence to the generic sister relationships
seen here. Four genera of Snijman and Linder's (1996)
Amaryllidinae do form aweakly supported clade (Fig. 5)
with Amaryllis as sister to the rest of the tribe in the rbcL
and combined analyses. Identical positioning of Amaryl-
lis occurred in Snijman’s (1992) cladistic analysesif tribe
Hippeastreae was used as the outgroup, with Haeman-
theae as outgroup (Snijman and Linder, 1996), and also
both outgroups used (Snijman, 1992). Amaryllis resolves
as sister to a clade containing the other genera they ul-
timately placed, with Amaryllis, in subtribe Amaryllidi-
nae. Muller-Doblies and Mller-Doblies’ (1996) concept
of Amaryllidinae [Amaryllis, Nerine, and Namaquanula
(= Hessea)] would make their subtribe Strumariinae par-
aphyletic and Amaryllidinae polyphyletic.

Haemantheae—This baccate-fruited tribe is another
morphologically well-marked group with strong molec-
ular support. The limits of the tribe, however, have been
controversial. Miller-Doblies and Muller-Doblies (1996)
insisted on retaining Cyrtanthus in the tribe, albeit as a
monotypic subtribe, Cyrtanthinae. The basis for uniting
Cyrtanthus with the Haemantheae has always been weak,
chiefly the shared chromosome number with Haemanthus
(2n = 16; Ising, 1970; Vosa and Snijman, 1984) and its
strictly African range. This diploid number also occurs
in some Hippeastreae (Flory, 1977; Grau and Bayer,
1991). Uniting Cyrtanthus with Haemantheae has no mo-
lecular support in our analyses, and we believe that Cyr-
tanthus, the only solely African genus with the flattened,
winged, phytomelanous seed so common in the American
clade, should be recognized as a monotypic tribe (Traub,
1963; Dahlgren, Clifford, and Yeo, 1985; Meerow and
Snijman, 1998). Recognition of Gethyllideae as a distinct
tribe (Muller-Doblies and Muller-Daoblies, 1996; Meerow
and Snijman, 1998), however, is not supported by the
molecular data. Although the large, elongate, baccate
fruits and small hard seeds of Apodolirion and Gethyllis
are a departure from the berries and large succulent seeds
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of the rest of Haemantheae, the two genera, though re-
solved as sister taxa (Figs. 4, 6), are firmly embedded
within Haemantheae. Recognizing them as a distinct tax-
on would render the rest of Haemantheae paraphyletic.
Haemantheae are the only tribe of Amaryllidaceae that
contain rhizomatous genera (Cryptostephanus and Sca-
doxus in part), a condition that occurs in the sister family
Agapanthaceae. This has generally been conceived as a
plesiomorphy within the family (Nordal and Duncan,
1981; Meerow, 1995, 1997; Muller-Doblies and Muller-
Doblies, 1996). In the rbcL and combined consensus
trees, the three “‘bulbless” genera form a grade at the
base of the Haemantheae, which would support this hy-
pothesis, although Cryptostephanus, the only member of
the tribe with the ancestral state of a phytomelanous testa,
is not the first branch in the grade. Haemanthus and Sca-
doxus, which have been treated as one genus in the past
(e.g., Hutchinson, 1934, 1959; Traub, 1963), are sister
genera only in the rbcL topologies (Fig. 2). The position
of Scadoxus, the only genus of the tribe polymorphic for
the rhizomatous state, as the final terminal taxon in the
“bulbless’ grade seems reasonable. In any event, all
three matrices render recognition of a subtribe Cliviinae
for Clivia and Cryptostephanus by Miuller-Doblies and
Muller-Doblies (1996) as paraphyletic. Any further in-
sight on the internal relationships within Haemantheae
requires additional sampling.

Calostemmateae—Cal ostemmateae, treated as part of a
polyphyletic Eucharideae by Hutchinson (1934, 1959),
Traub (1963), and Dahlgren, Clifford, and Yeo (1985),
were first suggested as a distinct lineage by Meerow
(1989) and formally recognized by Miuller-Doblies and
Mdller-Doblies (1996). The tribe consists of two Austra-
lasian genera (Proiphys, forest understory herbs of Ma-
laysia, Indonesia, the Philippines and tropical Australia,
and Calostemma, endemic to Australia). A few species
of Crinum, with the broadest distribution of any genusin
the family, are the only other members of Amaryllidaceae
present in Australia. The indehiscent capsules of both
genera are similar in appearance to the unripe berry-fruits
of Scadoxus and Haemanthus (Haemantheae), but early
in the development of the seed, the embryo germinates
precociously, and a bulbil forms within the capsule and
functions as the mature propagule (Rendle, 1901). The
two genera exhibit the equitant bract condition of the
African and Eurasian genera.

Hippeastreae—All but two of the genera treated by
Meerow and Snijman (1998) as part of Hippeastreae are
resolved as a well-supported monophyletic clade in all
the analyses (Figs. 2, 4, 6). The two genera that lie out-
side of this clade are Worsleya and Griffinia, both Bra-
zilian endemics, exhibiting the rare character of blue-
range pigmentation in the flowers. The variable position-
ing of these two in the various analyses is interesting in
itself. In the trnL-F topologies (Fig. 4), Worsleya is part
of the basal polytomy within the Eurasian/American
clade, whereas Griffinia weakly resolves as sister to the
Mediterranean Hannonia (the latter on a long terminal
branch). In the rbcL consensus (Fig. 2), Worsleya re-
solves as sister to Chlidanthus (Eustephieae), whereas
Griffinia remains unresolved along with the rest of Eus-
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tephieae. In the combined analysis (Fig. 6), both are po-
sitioned within the American clade, but unresolved with
either Hippeastreae s.s. or the weakly supported tetraploid
Andean clade. The failure of Worsleya or Griffinia to
resolve as part of Hippeastreae in any of the analyses
casts doubt on Miuller-Doblies and Mtiller-Doblies’
(1996) submergence of Worsleya in Hippeastrum and
weakens Meerow and Snijman’s (1998) retention of both
genera in tribe Hippeastreae.

Another unexpected indication of relationship occurs
within the tetraploid Andean clade, where a distinct pet-
iolate-leafed subclade is resolved in the rbclL topologies
(Fig. 2). This resolution is not retained by the trnL-F and
combined analyses in which Eucharis and Rauhia are
pulled from this group. Nonetheless, a core of petiolate
genera remain monophyletic, with weak support in the
combined analysis. Despite the fact that petiolate leaves
have evolved independently several times elsewhere in
the Amaryllidaceae (Amaryllideae, Calostemmataceae,
Haemantheae, Hymenocallideae, and Hippeastreae), the
molecular data begin to indicate that it may be a syna-
pomorphy for this group. Hymenocallideae as a distinct
tribe receive weak support (55%, one synapomorphy) in
the rbcL matrix only, and the rest of Stenomesseae is
poorly resolved by all matrices.

Within the Eurasian clade of the combined anaysis
(Fig. 6), Lycorideae appears as sister to the rest, although
without support. This tribe represents the more or less tem-
perate Asian component of the family, with Lycoris rang-
ing from Korea, through China, Myanamar, and Japan, and
Ungernia restricted to the mountains of central Asia. M-
ler-Doblies and Mller-Doblies (1978) described similari-
ties in the bulb anatomy of Ungernia and Sernbergia, a
possible synapomorphy between Lycorideae and the rest
of this clade. One genus of the Eurasian clade, Pancrati-
um, is represented throughout Africa, tropical Asia, aswell
as Mediterranean Europe and the Middle East, a distri-
bution that could signify a more ancestral position within
the Eurasian clade. The current data, however, do not sup-
port this resolution for Pancratium, with only asingle spe-
cies from the Canary Islands represented in the analyses.
The presence of Pancratium in Africa may thus be sec-
ondary, though it is the only genus outside of the African
tribes Amaryllideae and Haemantheae with external tri-
chomes (Bjornstad, 1973).

Sister relationships of Hannonia and Vagaria receive
good bootstrap and jackknife support, as does the tradi-
tional alliance of Galanthus and Leucojum. Crespo €t al.
(1995), using ITS sequences, refuted Muller-Doblies and
Mdller-Doblies placement of Lapiedra in Pancratieae,
and our data support a closer relationship with Galan-
theae or Narcisseae for this genus. However, concepts of
Galantheae, Narcisseae, and Pancratieae presented in
Muller-Doblies and Muller-Doblies (1996) or Meerow
and Snijman (1998) are not resolved in any of the three
analyses, and we believe that caution should be used be-
fore categorical statements are made about tribal lineages
within this group.

The low internal branch lengths throughout the Ama-
ryllidaceae, except in some of the deepest branches, are
a striking contrast to the other asparagalean families in-
cluded in the analysis (Figs. 1, 3, 5). The significance of
this is not clear. It could mean that a great deal of the
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modern diversity in the family is of relatively recent oc-
currence (as is likely, for example, within the Andean
clade), or else base substitution rates in the chloroplast
genome are lower within the family than for other As-
paragales.

Character state evolution in the Amaryllidaceae—BYy
optimizing morphological or other “‘traditional’” charac-
ters onto a gene tree, one is able to gain insight about
putetive transformation series or state polarities that have
characterized the evolution of the group under study. This
can be useful for constructing a character state matrix for
an ingroup in which rampant homoplasy in such char-
acters confounds the endeavor. Certain characters that
have been used to justify older intrafamilial classifica-
tions of Amaryllidaceae do show stability within some
of the clades resolved by the combined analysis, while
others appear extremely homoplasious (Fig. 7).

The most notable correlation between evolutionary
depth as resolved by plastid DNA sequences and mor-
phological synapomorphies is found in the Amaryllideae
(Fig. 7). All of the characters listed are synapomorphous
for the tribe, which terminates the longest internal branch
within Amaryllidaceae on our gene trees (Figs. 1, 3, 5).

Presence or absence of bulbs—The bulbless condition
occurs in the sister group to Amaryllidaceae, the mono-
generic Agapanthaceae. It is also the character state for
the only South African subfamily of Alliaceae, Tulbagh-
oideae (Fay and Chase, 1996). In Amaryllidaceae, the
absence of bulbs characterizes only three genera, Clivia,
Cryptostephanus, and Scadoxus, but the latter also in-
cludes species that form a true bulb. If thisis a symple-
siomorphy as most have interpreted it (Nordal and Duncan,
1984; Miller-Doblies and Muller-Doblies, 1996; M eerow
and Snijman, 1998), the bulbous state has evolved at least
three times in the family, in Amaryllideae, Haemantheae,
and within the ancestral stock for the rest of the family.

Petiolate |leaves—Petiolate or, more accurately, pseu-
dopetiolate leaves are widepread throughout the Aspara-
gales, and this character exhibits a great deal of homo-
plasy within Amaryllidaceae (Meerow and Snijman,
1998). At the extreme, one-to-few petiolate species occur
in otherwise lorate-leafed genera (e.g., Crinum, Hymen-
ocallis). The state may occur throughout a genus, but
renders a tribe polymorphic (Calostemmateae, Haeman-
theae, Griffineag). In the tetraploid Andean clade, a sub-
clade is defined by the synapomorphy of a petiolate |eaf
in the rbcL trees, but Eucharis and Rauhia pull away with
trnL-F and in the combined analyses.

Mesophyll palisade—It has been suggested that the
presence or absence of adistinct palisade layer in the |eaf
mesophyll may have systematic significance (Arroyo and
Cutler, 1984; Artyushenko, 1989). Petiolate-leafed taxa
never have palisade chlorenchyma (Meerow and Snij-
man, 1998). It is characteristic of Amaryllideae (Crinum
is polymorphic), but absent in Haemantheae (the state in
unknown for Gethyllis and Apodolirion). In Calostem-
mateae, it is present in Calostemma but absent in the
petiolate Proiphys (Meerow, unpublished data). Palisade
amost universally occurs in the Eurasian clade. It is ab-
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Fig. 7. Amaryllidaceae/ Agapanthaceae clade from one of 5000 equally parsimonious trees generated by cladistic analysis of the successively
weighted combined rbcL and trnL-F sequence matrix for Amaryllidaceae and other Asparagalean genera with selected morphological and karyo-
logical states optimized on the tree. A P’ to the right of a character bar or box refers to the state being polymorphic in the adjacent taxon; if
superimposed on the character bar itself, polymorphy is widespread among all adjacent taxa. ‘‘Agapanthus afr.” = A. africanus, ‘‘ Agapanthus
cam.” = A. campanulatus, Ismene E = |. subg. Elisena, Ismene | = I. subg. Ismene, Ismene P = |. subg. Pseudostenomesson, Stenomesson p. =

S pearcei, Senomesson var. = S. variegatum.

sent in Leucojum (Artyushenko, 1989), and Galanthusis
polymorphic (Davis and Barnett, 1997). Within the
American clade, it is wholly characteristic of the Euste-
phieae (Arroyo and Cutler, 1984; Meerow and Snijman,
1998) but occurs only sporadically within the Hippeas-

treae (Arroyo and Cutler, 1994). The state of Worsleya is
not known. Outside of Eustephieae, a distinct palisade is
absent from the Andean tetraploid clade (Meerow, 19873,
1989). The inference based on the distribution of this
character state on our topology (Fig. 7) is that a distinct
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palisade is plesiomorphic within the family, though the
state within Agapanthaceae, sister to Amaryllidaceae, has
not to our knowledge been reported.

Pubescence—The presence of trichomes on the exter-
nal parts of Amaryllidaceae is common only in some
Amaryllideae and Haemantheae and one African species
of Pancratium (Arroyo and Cutler, 1984; Meerow and
Snijman, 1998). It is completely unknown in the Amer-
ican clade, Cyrtantheae, and Calostemmateae. It may
have evolved independently in the three clades within
which it occurs.

Scape characters—Solid scapes are the predominant
condition in Amaryllidaceae as occurs in Agapanthaceae
as well. Hollow scapes are almost universally character-
istic of Hippeastreae, and thus appears to be a synapo-
morphy for that tribe. The only other generawithin which
hollow scapes occur are Leucojum and Cyrtanthus both
of which are polymorphic for the character (Traub, 1963;
Reid and Dyer, 1984). As discussed previously, obvolute
spathe bracts seem to be apomorphic for the American
clade, and the presence of schlerenchyma in the scapeis
an autapomorphy for Amaryllideae.

Floral symmetry—Zygomorphic and actinomorphic
flowers occur in the Amaryllidaceae, and several genera
(Crinum, Cyrtanthus, Phycella) are polymorphic. Snij-
man and Linder (1996) consider actinomorphy the apo-
morphic condition in Amaryllideae. The flowers of Aga-
panthaceae are zygomorphic. Within Haemantheae, only
Clivia is zygomorphic. In the American clade, zygomor-
phy isthe rule in the ““ hippeastroid”” subclade. Pyrolirion
and Zephyranthes (including Haylockia) are the only gen-
era characterized exclusively by actinomorphic flowers,
while Phycella (not included in the sequence analyses) is
polymorphic. In the Andean subclade, only Eucrosia,
Plagiolirion, and Ismene subgenus Elisena are exclusive-
ly zygomorphic; Rauhia is polymorphic. The Eurasian
clade is on the whole actinomorphic; only Lycoris is
characterized by zygomorphic flowers. The mosaic oc-
currence of actinomorphy throughout the family (Fig. 7)
and the occurrence of polymorphic genera suggest that
transformations between the two states of floral symme-
try may be easily modified by pollinator-mediated selec-
tion, and perhaps controlled by one or few genes.

Paraperigone—The ‘“‘paraperigone’” is an anomalous
secondary outgrowth of the perianthal meristem with
ramifying vasculature (Arber, 1939; Singh, 1972), not to
be confused with a similar-looking structure formed by
staminal connation (see below). It is most well devel oped
(and typified) by the corona of Narcissus. Such a well-
developed paraperigone occurs in only one other genus,
the Chilean endemic Placea (Hippeastreae). However, a
homologous series of fimbrae, scales, or a continuous cal-
lose ring occurs in Cryptostephanus (Haemantheae), one
or two species of Cyrtanthus, and variably thoughout Ly-
corideae and Hippeastreae. It has thus probably evolved
at least three times (Haemantheae, Cyrtantheae, and the
Eurasian/American clade), but from a meristematic po-
tential that is deep rooted in the family. Polymorphism
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for this character within genera may suggest that it is
easily lost.

Staminal connation—The fusion of the stamina fila-
ments was the single most important character with
which Traub (1957, 1963) justified recognizing his “‘in-
frafamily’” Pancratioidinae, a subfamilial taxon that in
fact was glaringly polyphyletic. Though staminal con-
nation is a widespread character state within the Andean
tetraploid clade (Fig. 7), it is paralleled elsewhere in the
family, particularly in Amaryllideae subtribe Amarylli-
dinae (Snijman and Linder, 1996), the Calostemmateae,
in Gethyllis, and some species of Cyrtanthus (Reid and
Dyer, 1984). In the Eurasian clade it occurs in Pancra-
tium, the flower morphology in general of which bears
striking resemblance to severa Andean genera (Hymen-
ocalideae pro parte, Paramongaia, and Pamianthe).
Meerow and Dehgan (1985) attemepted to link these so-
called **pancratioid’” genera by pollen morphology, but a
more parsimonious explanation may be convergence for
pollinator specificity (Morton, 1965; Bauml, 1979; Grant,
1983). However, Pancratium and these Andean genera
are monophyletic in a larger sense (as part of the Eur-
asian/American clade), and the exact position of Pancra-
tium within the Eurasian subclade is still not strongly
resolved (Fig. 6).

Fruit and seed characters—Fruit and seed morphol ogy
have been an important focus of experimentation within
the family. Baccate fruits have apparently evolved only
once, despite the difference in gross morphology between
the long, aromatic fruit of Gethyllis and Apodolirion and
the berries of the rest of Haemantheae. Phytomelan [the
ancestral state for all Asparagales (Huber, 1969)] has
been lost from the testa as many as five times in the
Amaryllidaceae: in Amaryllideae, Griffineae, Hymeno-
callideae, Haemantheae, and Calostemmateae [in Calos-
temmateae a true seed never forms, but an integumentary
rudiment is present (Rendle, 1901)]. In both Haeman-
theae and Hymenocallideae, phytomelan is found around
the seeds of one genus each (Cryptostephanus and Lep-
tochiton, respectively). The loss of one integument [or
both, as been controversially reported for some Crinum
(Prillieux, 1858; von Schlimbach, 1924; Tomita, 1931,
Markotter, 1936, but see Snijman and Linder, 1996)] is
synapomorphic for Amaryllideae.

A flattened, winged seed, which occurs in Agapantha-
ceag, is very common in the American clade, but other-
wise occurs only in Ungernia (Lycorideae) and Cyrtan-
theae. The most similar type of seed to this is the D-
shaped seed of Worsleya and some Pancratium. A dry,
hard, wedge-shaped or irregularly round seed is charac-
teristic of most of the Eurasian clade (except Lycorideag),
frequently with an elaiosome at the chalazal end. Among
al genera of the family, Pancratium is the most poly-
morphic for seed type (Werker and Fahn, 1975).

Characterization of certain seeds of Amaryllidaceae as
fleshy (regardless of whether phytomelan is present) has
led, in the past, to false homologies (see discussion in
Meerow, 1989). Truly fleshy seeds occur in Amaryllideae
(in which case the bulk of the seed volume is endosperm;
Rendle, 1901), Hymenocallideae (the fleshy portion isin-
tegumentary; Whitehead and Brown, 1940), and some
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water-rich Haemantheae. But an “‘intermediate’”’ state oc-
curs in a number of genera in which the seed is round,
turgid, but not really fleshy (the seed will burst under
pressure rather than give way), and contains copious, oily
endosperm. This type of morphology is found in Cryp-
tostephanus (Haemantheae), Lycoris (Lycorideae), Eu-
charideae sensu Meerow (1989), Griffinia, and a single
species of Hippeastrum.

Chromosome number—A chromosome number of 2n
= 22 is considered plesiomorphic in Amaryllidaceae due
to the broad occurrence in many of the tribes of the fam-
ily (Goldblatt, 1976; Flory, 1977; Meerow, 1984, 1987b).
Andean-centered genera in the tribes Eucharideae, Eus-
tephieae, Hymenocallideae, and Stenomesseae are char-
acterized by a somatic chromosome number of 2n = 46
or presumptive derivations thereof (Di Fulvio, 1973, Flo-
ry, 1977; Williams, 1981; Meerow, 19873, b). Resolution
of these genera as a clade in our plastid DNA trees sup-
ports the interpretation of a monophyletic polyploid ori-
gin for these tribes from an ancestor with 2n = 22 via
chromosome fragmentation or duplication and subse-
quent doubling or vice versa (Sat6, 1938; Lakshmi, 1978;
Meerow, 1987b).

Biogeographic implications—Raven and Axelrod
(1974) postulated a western Gondwanaland origin for
Amaryllidaceae sensu Huber (1969), and this is support-
ed by the plastid DNA phylogeny. The deepest branches
of the topology originate in Africa, including the sister
group of the family Agapanthus. Africa has also been the
site of considerable innovation in the family’s history as
well, as typified by the Afrocentric tribes Amaryllideae,
Haemantheae, and Cyrtantheae. Most of the diversity
within those three tribes is, however, centered in South
Africa, and thus may reflect radiation engendered by the
more recent paleoclimatic and geological history of Af-
rica encompassing Neogene and later times (Axelrod,
1972; Raven and Axelrod, 1974). The increased aridity
of the African climate and the uplift of the continental
mass beginning near the end of the Oligocene, further
abetted by Quaternary climatic fluctuations, were cata-
strophic to many elements of the African flora, but it may
have been a selective pressure for diversity among groups
of geophytes capable of adapting to increasing drought.
The geophyte richness of South Africa is well docu-
mented (Goldblatt, 1978), and the Cape region has been
suggested as a possible refuge for certain African plant
and animal groups as the tropical flora of the continent
was impoverished (Raven and Axelrod, 1974). However,
the three basal genera of the baccate-fruited Haemantheae
according to our combined analysis (Fig. 6), Clivia,
Cryptostephanus, and Scadoxus, are all forest understory
taxa, do not form bulbs, and are at least in part (Scadoxus,
Cryptostephanus) elements of tropical vegetation farther
north. Cryptostephanus does not occur in South Africaat
al, and this is the only genus of Haemantheae in which
the plesiomorphic state of a phytomelanous testa occurs.

The Calostemmateae, the only exclusively Australasian
element of the family, may have been isolated from the
African lineages as Australia separated from western
Gondwanaland (Raven and Axelrod, 1974). Direct mi-
gration between Africa and Australia may have persisted
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up through the close of the early Cretaceous, athough
India and Madagascar may have provided a less direct
corridor up until the late Cretaceous (Raven and Axelrod,
1974). That the Calosternmateae remains within the un-
resolved grade of otherwise African tribes would suggest
relative antiquity for the lineage. Crinum is the only
amaryllid that is known to occur on Madagascar, despite
the island’s probable role as a refuge for taxa decimated
by the Neogene African extinctions, whereas indigenous
Indian amaryllids are restricted to Crinum and two to
three species of Pancratium. The adaptations of Crinum
for long-distance dispersal have been demonstrated (Ko-
shimizu, 1930), and Pancratium may have been able to
directly enter India from either Africa or Eurasia during
the late Cretaceous or early Eocene (Raven and Axelrod,
1974).

The sister relationship of the Eurasian/M editerranean
clade to the American genera raises the interesting ques-
tion of when and where the Amaryllidaceae, in the main,
entered the New World. It should be noted that this prob-
ably occurred at least twice, as the arrival of Crinum in
the Americas via oceanic dispersal was undoubtedly an
unrelated event (Arroyo and Cutler, 1984). Although mi-
gration between Eurasia and North America has been
possible throughout most of angiosperm history (Raven
and Axelrod, 1974), the hypothesized pathways have
been for plants of temperate forest biota and not consid-
ered to be important for plants of subhumid or semiarid
vegetation (Raven, 1971, 1973). However, eastern North
America and western Europe may have shared a warm,
seasonally dry climate from the late Cretaceous to the
early Eocene (Axelrod, 1973, 1975), which might have
alowed east/west movement of species, with island
chains of the Mid-Atlantic ridge providing stepping
stones. Such a Madrean-Tethyan hypothesis would have
the initial entry of the Amaryllidaceae into the New
World through North America. Although there are mem-
bers of the family in Mexico and the southern United
States, they are, with the exception of the ubiquitous Cri-
num, components of terminal subclades (Zephyranthes,
Habranthus, Hymenocallis) in an overall American phy-
logeny based on nuclear DNA ITS sequences (Meerow,
Guy, and Li, 1998), all of which are linked to more basal
taxa endemic to South America. The validity of the Mad-
rean-Tethan hypothesis has more recently been ques-
tioned by various studies using isozyme, plastid DNA
restriction fragment length polymorphisms (RFLPs), or
cladistic analyses of taxa considered emblematic of the
disunction: Buxus (Kohler and Bruckner, 1989), Datisca
(Liston, Rieseberg, and Hanson, 1992), Lavatera (Ray,
1994), Quercus (Manos, 1992; Nixon, 1993), Pinus (Lit-
tle and Crutchfield, 1969; Miller, 1993), and Styrax
(Fritsch, 1996). In these cases, the hypothesized Mad-
rean-Tethyan linkage is not resolved as monophyletic, the
taxon itself is not monophyletic, or the estimated time of
divergence does not fit the Madrean-Tethyan hyothesis.

Given the extant distribution of Amaryllidaceae in
North America and the generic richness south of the
equator, a northern latitude entry into the New World for
the family would necessitate massive extinction in North
America sometime after migration to South Americatook
place. Glaciation would be the likely factor involved. Lit-
tle migration of plants from North America to South
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America probably took place before the Eocene (Raven
and Axelrod, 1974). All indications are that the move-
ment of extant Amaryllidaceae has been northward from
South America (e.g., Meerow, 1987b, 1989). This does
not necessarily preclude an earlier, initial arrival in North
America, migration to South America, and a more recent,
but secondary, return of some elements of the family to
North Americalong after glaciation extirpated the found-
er populations. However, if a North American entry is
hypothesized, this begs the question of why the Eurasian
sister clade has been so successful in adapting to tem-
perate habitats, which constitute the majority of the spe-
cies in tribes Galantheae, Narcisseae, and Lycorideae,
whereas the American clade is relatively depauperate of
temperate climate adaptation. There is nothing in our data
to prove or disprove an initial New World entry of the
Amaryllidaceae into North America, and the issue is for
the present unresolved.

In conclusion, our combined analysis of plastid DNA
sequences rbcL and trnL-F provide good support for the
monophyly of the Amaryllidaceae and indicate Agapan-
thaceae as its likely sister family. The Alliaceae are in
turn sister to the Amaryllidaceae/Agapanthus clade. The
origins of the family are African. The phylogenetic re-
lationships with Amaryllidaceae s.s. resolve strongly
along biogeographic lines. The tribe Amaryllideae, pri-
marily South African and well supported by numerous
morphological synapomorphies, is sister to the rest of
Amaryllidaceae. The remaining two African tribes of the
family, Haemantheae and Cyrtantheae, are well support-
ed, but their position relative to the Australasian Calos-
temmateae and a large clade comprising the Eurasian/
American genera, is not yet clear. The Eurasian elements
of the family and the American genera are monophyletic
sister clades. Internal resolution of the Eurasian clade
only partially supports currently accepted tribal concepts,
and few conclusions can be drawn on the relationships
of the genera based on these data. A monophyletic Ly-
corideae (Central and East Asian) is weakly supported.
Galanthus and Leucojum (Galantheae pro parte) are sup-
ported as sister genera by the Bootstrap. The American
clade shows a higher degree of internal resolution. A
monophyletic Hippeastreae (less Griffinia and Worsleya)
iswell supported, and a distinct subtribe, Zephyranthinae,
is resolved as well. A distinct Andean clade marked by
a chromosome number of 2n = 46 and derivations there-
of is resolved with weak support, and a distinct petiolate
Andean subclade composed of elements of the tribes Eu-
charideae and Stenomesseae is partially resolved with
weak support. The lack of resolution of Griffinia and
Worsleya in the overall American clade, and of Euste-
phieae in the Andean subclade, may indicate that these
genera represent more isolated elements of the American

lineage.
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