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Abstract—The current infrafamilial taxonomy of the Iridaceae recognizes four subfamilies; Isophysidoideae (1: 1); Nivenioideae (6: ca. 92),
Iridoideae (29: 890), and Crocoideae (29: 1032). Phylogenetic analyses of sequences of five plastid DNA regions, rbcL, rps4, trnL–F, matK, and
rps16, confirm most aspects of this classification and the evolutionary patterns that they imply, importantly the sisiter relationship of
Isophysidoideae to the remainder of the family and the monophyly of Iridoideae. Subfamily Nivenioideae is, however, paraphyletic;
Crocoideae is consistently found nested within it, sister to the core Nivenioideae, the woody Klattia, Nivenia, and Witsenia. This clade is sister
to Aristea, which in turn is sister to the Madagascan Geosiris, and then to the Australasian Patersonia. We treat Aristea, Geosiris, and Patersonia
as separate subfamilies, Aristeoideae and the new Geosiridaceae and Patersonioideae, rendering Nivenioideae and Crocoideae monophy-
letic. The alternative, uniting a widely circumscribed Nivenioideae and Crocoideae, seems undesirable because Nivenioideae have none of
the numerous synapomorphies of Crocoideae, and that subfamily includes more than half the total species of Iridaceae. Main synapomorphies
of Crocoideae are: pollen operculate; exine perforate; ovule campylotropous; root xylem vessels with simple perforations; rootstock a corm;
inflorescence usually a spike; plants deciduous. Four more derived features of Crocoideae are shared only with core Nivenioideae: flowers
long-lived; perianth tube well developed; flowers sessile; and septal nectaries present. The genera of the latter subfamily are evergreen shrubs,
have monocot-type secondary growth, tangentially flattened seeds, and the inflorescence unit is a binate rhipidium. The latter feature unites
core Nivenioideae with Aristea, Geosiris, and Patersonia, which have fugaceous flowers and, with few exceptions, a blue perianth. Molecular-
based phylogenetic trees using sequences from five plastid DNA regions now show discrete generic clusters within Crocoideae and Iridoi-
deae, the foundation for the tribal classification. The five tribe classification of Iridoideae, initially based on morphological characters and
subsequently supported by a four plastid DNA region sequence analysis, continues to receive support using additional DNA sequences.
Application of molecular clock techniques to our phylogeny indicates that the Iridaceae differentiated in the late Cretaceous and diverged
from the next most closely related family, Doryanthaceae circa 82 mya, thus during the Campanian. The Tasmanian Isophysis is the only extant
member of the clade sister to the remainder of the Iridaceae, from which it may have diverged 66 mya, in the Maastrichtian. The generic
phylogeny shows the proximal clades of the family are all Australasian, which corroborates past hypotheses that the Iridaceae originated in
Antarctica-Australasia, although its subsequent radiation occurred elsewhere, notably in southern Africa and temperate and highland South
America at the end of the Eocene or later.

Keywords—divergence times, Geosiridoideae, infrafamilial classification, new subfamilies, plastid DNA sequences, Patersonioideae.

With over 2030 species divided among 65–75 genera (Table
1), Iridaceae are among the largest families of the order As-
paragales (Goldblatt 2001a). In the first attempt to under-
stand the phylogeny of the family since cladistic methods
have been a focus of plant systematics, Goldblatt (1990a),
using 52 traditional characters, identified four main clades
corresponding to major generic clusters often recognized in
classifications of the family as subfamilies or tribes. In the
resulting classification, these clades were recognized as sub-
families: Isophysidoideae (1 genus: 1 species); Nivenioideae
(6: 92); Iridoideae (20: ca. 890); and Crocoideae (then called
Ixioideae) (29: 1032). The study was flawed in that characters
were not always polarized by immediate outgroup compari-
son. However, no one at that time could have selected a
suitable outgroup from among the many families that have
been thought to be allied to Iridaceae. Indeed, the association
of Iridaceae with the Asparagales was then novel (Dahlgren
et al. 1985) and not widely accepted. A second study using 33
morphological and anatomical characters (Rudall 1994, 1995),
placing more emphasis on anatomical features, reached
somewhat different results. Genera of Crocoideae were sister
to the rest of the family which divided into two clusters of
genera, one corresponding to Iridoideae and the other in-
cluding the genera of Goldblatt’s Nivenioideae plus Isophysis.
This was clearly a different topology, although with more or

less identical generic clusters in the major clades, but notably
with Isophysis no longer sister to the remaining genera of the
family.

Molecular techniques were first applied to the family in a
study by Souza-Chies et al. (1997) using the plastid gene rps4.
Their results confirmed the monophyly of Iridaceae and sup-
ported the position of Isophysis, only member of Isophysidoi-
deae, as sister to the remainder of the family. Their conclu-
sion is tempered by an unfortunate choice of outgroup, gen-
era of Amaryllidaceae and Agavaceae, families not
immediately allied to Iridaceae, and this may have affected
the resulting topology within the family.

Subsequently, Reeves et al. (2001), in the first multigene
study of the phylogeny of the family, and using sequences of
four plastid DNA regions, rbcL, rps4, the trnL intron, and the
trnL–F intergene spacer, reached conclusions broadly con-
gruent with Goldblatt’s and Souza-Chies et al.’s results. By
this time outgroups to the Iridaceae were known to comprise
Doryanthaceae, Ixiolirion (Ixioliriaceae), and Tecophilaea-
ceae, in that order (Fay et al. 2000; Graham et al. 2006; Pires
et al. 2006). While the exact relationships of the families in
this cluster have still not been satisfactorily resolved, they
comprise an appropriate outgroup. Reeves et al.’s study
made it clear that Goldblatt’s (1990a) morphology-based con-
clusions were largely correct. These conclusions were: 1) that
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the Tasmanian monospecific Isophysis, which has a superior
ovary, is sister to the rest of the family, all of which have an
inferior ovary; 2) subfamilies Crocoideae and Iridoideae (as
circumscribed by Goldblatt) were well supported clades. The
molecular data contradicted Goldblatt’s study in one impor-
tant respect. Nivenioideae comprise a grade that included
Crocoideae as a more distal note. The Australasian Patersonia
(22 species) was sister to Geosiris (1 species), in turn sister to
Aristea (ca. 50 species), which was sister to a dichotomy yield-
ing the remaining Nivenioideae (Klattia, Nivenia, and Witse-
nia, 15 species in all), as sister to Crocoideae. This result
renders Nivenioideae paraphyletic.

Molecular phylogenetic studies of the Iridaceae have con-
tinued partly to try to clarify the question of paraphyly of the
Nivenioideae/Crocoideae grade and also to try elucidate the
generic phylogeny of Iridoideae and Crocoideae. The latter
subfamily was particularly poorly resolved and had weak or
no statistical support for most generic associations (Reeves et
al. 2001). The latter issue has been resolved and has been the
subject of a separate paper (Goldblatt et al. 2006). The para-
phyly of Nivenioideae and an attempt to achieve a better
understanding of the generic phylogeny of Iridoideae, in par-
ticular Tigridieae, then, are the two main thrusts of this pa-

per. A combined molecular and morphological study (Rod-
riguez 1999; Rodriguez and Sytsma 2006) substantially ad-
vanced our understanding of Tigridieae but many genera
were not included in their study. In order to better under-
stand the phylogeny of Iridaceae we obtained samples of as
many genera as possible and increased the DNA regions se-
quenced to five, adding two more plastid DNA regions, matK
and rps16. Only one genus of Crocoideae, the tropical African
Zygotritonia, has so far escaped our net, but we still lack
samples of Cardenanthus, Itysa, Kelissa, Lethia, Mastigostyla,
Phalocallis, Pseudotrimezia, Tapeinia, and Tucma, all South
American Iridoideae, and the North American Salpingostylis
(also included in Calydorea). Nevertheless, it seems appropri-
ate now to publish the results of our study, partly because
these are important for considerations of generic circum-
scription and partly because we hope our results will stimu-
late further study.

We have also applied molecular clock techniques to our
phylogeny and and provide provisional dates for the diveg-
ence of the family from its nearest extant ancestor, Doryan-
thaceae, 82 mya, thus during the Campanian. Dating of other
clades provides estimated dates for the divergence of all gen-
era included our analysis.

TABLE 1. Infrafamial classification of the Iridaceae. Treatment of Tigridieae is provisional pending further study; Belamcanda, Hermodactylis and
Pardanthopsis are included in Iris following Tillie et al. (2001) and Goldblatt and Mabberley (2005). The dates after authors of infrafamilial taxa indicate
year of original publication but are not referenced. Recognized taxa are in bold italics. Numbers in parentheses indicate the total genera and species for
tribe or subfamily or total species for a genus. Only important generic synonyms are indicated. Total: 66 genera, ca. 2028 species.

1. Subfamily Isophysidoideae Takhtajan ex Thorne and Reveal (Thorne 2007) (1: 1): Isophysis (1) – Tasmania.
2. Subfamily Patersonioideae Goldblatt, this paper (1: 21): Patersonia (21) – Australia, Borneo, Sumatra, New Guinea.
3. Subfamily Geosiridoideae Goldblatt & J. C. Manning, this paper (1: 1): Geosiris (1) – Madagascar.
4. Subfamily Aristeoideae Vines (1895) (1: ca. 55): Aristea (ca. 55) – subSaharan Africa, Madagascar.
5. Subfamily Nivenioideae Goldblatt (1990a) (3: 15): Klattia (3) – Cape Region, South Africa; Nivenia (11) – Cape Region, South Africa; Witsenia (1) –

Cape Region, South Africa.
6. Subfamily Crocoideae G. T. Burnett (1835) (29: ca. 1032).

Tribe Tritoniopsideae Goldblatt and Manning (2006) (1: 24); Tritoniopsis (including Anapalina) (24) – southwestern and southern Cape, South
Africa.

Tribe Watsonieae Klatt (1882) (incl. Pillansieae Goldblatt 1990a) (8: 111): Cyanixia (= Babiana socotrana) (1) – Socotra; Lapeirousia (42) – tropical and
southern Africa; Micranthus (3) – Cape Region, South Africa; Pillansia (1) – Cape Region, South Africa; Savannosiphon (1) – south tropical Africa;
Thereianthus (8) – Cape Region, South Africa; Watsonia (ca. 51) – southern Africa; Zygotritonia (4) – tropical Africa.

Tribe Gladioleae Dumortier (1822) (2: ca. 263): Gladiolus (incl. Anomalesia, Homoglossum, Oenostachys) (ca. 262) – Africa, Madagascar, Eurasia;
Melasphaerula (1) – southern Africa.

Tribe Freesieae Goldblatt and Manning (2006) (4: 26): Crocosmia (8) – tropical and southern Africa, Madagascar; Devia (1) – W Karoo, South
Africa; Freesia (including Anomatheca) (15) – eastern tropical and southern Africa; Xenoscapa (2) – southern Africa.

Tribe Croceae Dumortier (1822) (14: ca. 608): Afrocrocus (1) – southwestern South Africa; Babiana (including Antholyza) (ca. 90) – southern Africa;
Chasmanthe (3) – southwestern South Africa; Crocus (ca. 85) – Europe, Asia, North Africa; Dierama (44) – tropical and southern Africa;
Duthieastrum (1) – southern Africa; Geissorhiza (86) – South Africa, mainly southwestern Cape; Hesperantha (including Schizostylis) (ca. 82) –
subSaharan Africa; Ixia (ca. 67) – southern Africa; Radinosiphon (2 or more) – south tropical and southern Africa; Romulea (ca. 95) – Africa,
Mediterranean, Canary Is., Socotra; Sparaxis (including Synnotia) (15) – Cape Region, South Africa; Syringodea (7) – southern Africa; Tritonia (ca.
30) – south tropical and southern Africa.

7. Subfamily Iridoideae (29: ca. 890)
Tribe Diplarreneae Goldblatt (2001b) (1: 2): Diplarrena (2) - Australia, Tasmania.
Tribe Irideae B. M. Kittel (1840) (5: ca. 510): Bobartia (15) - southern Africa, mainly Cape Region; Dietes (6) - eastern and southern Africa, Lord

Howe Island; Ferraria (ca. 14) - southern and south tropical Africa; Iris (including Belamcanda, Hermodactylus, Pardanthopsis) (ca. 275) - Eurasia, North
Africa, North America; Moraea (including Barnardiella, Galaxia, Gynandriris, Hexaglottis, Homeria, Roggeveldia) (ca. 200) mainly subSaharan Africa, also
Eurasia

Tribe Sisyrinchieae J. S. Presl (1846) (6: ca. 177): Libertia (ca. 12) - South America and Australasia; Olsynium (including Chamelum, Ona, Phaio-
phleps) (ca. 12) - South America and western North America; Orthrosanthus (10) - South and Central America, Australia; Sisyrinchium (ca. 140) -
South and North America; Solenomelus (2) - South America; Tapeinia (1) - South America.

Tribe Trimezieae Ravenna (1981) (= Mariceae Hutchinson 1934, nom. illeg.) (3: 42): Trimezia (ca. 12) - South and Central America; Neomarica (ca.
18) - South and Central America; Pseudotrimezia (12) - eastern Brazil.

Tribe Tigridieae B. M. Kittel (1840) (15: ca. 172): Alophia (ca. 5) - tropical South America, Central America, Mexico, S North America; Caly-
dorea (provisionally including Catila, Itysa, Tamia) (ca. 16) - South America; Cardenanthus (ca. 8) - South America, mainly Bolivia; Cipura (ca. 9) -
South and Central America; Cobana (1) - Central America; Cypella (provisionally including Kelissa, Onira, Phalocallis) (ca. 30) - South America,
Mexico and Cuba; Eleutherine (2) - South and Central America, West Indies; Ennealophus (including Tucma) (5) - South America; Gelasine (ca. 6) -
South America; Herbertia (ca. 6) - southern South America; Hesperoxiphium (4) - Andean South America; Larentia (ca. 5) - northern South America,
Mexico; Mastigostyla (ca. 15) - South America; Nemastylis (4) - Central America and southern North America; Tigridia (provisionally including
Ainea, Cardiostigma, Colima, Fosteria, Rigidella, Sessilanthera) (ca. 55) Mexico, Central America, Andes.
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MATERIALS AND METHODS

Taxa, voucher information and GenBank accession numbers are listed
in Appendix 1. Total DNA from fresh or silica gel-dried leaves was ex-
tracted using the 2 × CTAB method (Doyle and Doyle 1987) and subse-
quently purified through a cesium chloride gradient (1.55g/ml) or with
QIAquick™ silica columns (Qiagen, Crawley, West Sussex, U.K.) accord-
ing to manufacturer’s protocol for PCR products. To increase the gene
and taxon sampling of the phylogenetic analysis of Reeves et al. (2001;
rbcL, trnL–F and rps4 regions for 57 genera), we have amplified and
sequenced here numerous additional taxa (i.e. 81 taxa representing about
70 genera) for five plastid DNA regions, i.e. the rbcL exon (primers as in
Reeves et al. 2001), rps4 exon (Souza-Chies et al. 1997), trnL–F region
(intergene, intron and 3 exons, see Taberlet et al. 1991), matK exon (Hilu
et al. 2003) and rps16 intron (Oxelman et al. 1996). Primers, as in refer-
ences above, were used for PCR amplification (28–30 cycles, 1 min dena-
turation at 95°C, 30 sec annealing at 50°C, 1 min extension at 72°C, 7 min
final extension; using Master Mix™ 2.5 mM MgCl2; ABgene Ltd., Epsom,
Surrey, U.K.). Before sequencing, the amplification products were puri-
fied using QIAquick™ (Quiagen). Cycle sequencing (26 cycles, 10 sec
denaturation at 96°C, 5 sec annealing at 50°C, 4 min extension at 60°C)
with BigDye™ Terminators (v2.0; Applied Biosystems, Inc., Warrington,
Cheshire, UK) was performed in 5 �l volumes on the purified PCR prod-
ucts and then precipitated with ethanol. Both strands were sequenced
using the amplification primers (plus internal primers of Reeves et al.
2001, for rbcL and Hilu et al. 2003, for matK), and run on an Applied
Biosystems Inc. 377 automated DNA sequencer following manufacturer’s
protocols. Contigs were edited using Sequence Navigator (Applied Bio-
systems) and assembled using Autoassembler (Applied Biosystems, Inc.).
DNA sequences were aligned manually and reached 6,701 characters
(base pairs; bp) in length including insertion/deletions coding as missing
data. Most of the regions with indels were, however, difficult to align
unambiguously and were removed from the analyses (i.e. 950 characters).
Data were deposited in TreeBASE (study number S1955).

Phylogenetic analysis was performed using PAUP*4.0b2a (Swofford
2001). Initial most-parsimonious trees were obtained from combining all
plastid regions and performing 1,000 replicates of random taxon addition
using equal weights (EW; Fitch 1971) and tree bisection-reconnection
(TBR) branch swapping, with only five trees held at each step to reduce
the time spent in swapping on large or suboptimal islands of trees. These
trees were then used to reweight the characters according to their res-
caled consistency indices (Farris 1989). New searches as described above
were performed using the reweighted matrix until weights reached equi-
librium. The successive approximation weighting (SW) approach in tree
search reduces the disturbing effect, if any, of unstable taxa (Farris 1969).
Strict consensus trees were built in each case and those nodes that col-
lapse in the EW and SW searches are indicated on the resulting figures
(see Results). To evaluate the internal support of each clade, 1,000 boot-
strap replicates were performed with EW and the TBR swapping algo-
rithm with simple addition of taxa and only five trees held at each step
(Felsenstein 1985). We report only those bootstrap percentages (bs)
greater than 50% that are consistent with the strict consensus tree. A
molecular clock was rejected (P<0.001, data not shown) by the likelihood
ratio test (Felsenstein 1985), so we used the non-parametric rate smooth-
ing (NPRS) method (Sanderson 1997) implemented in TreeEdit (v1.0 al-
pha 4–61, by A. Rambaut and M. Charleston; http://evolve.zoo.ox.
ac.uk/software/TreeEdit), which accounts for rate heterogeneity across
lineages to produce an ultrametric tree. For this purpose, we used the SW
tree topology and evaluated using Modeltest which model best fitted the
data (Posada and Crandall 1998). The GTR+I+G (i.e. general time revers-
ible, proportion of invariant characters and gamma distribution) was
found to fit this criterion, we therefore implemented this model in PAUP
and calculated maximum likelihood branch lengths before applying
NPRS.

To transform relative time into absolute age, we chose the date for the
root node of Iridaceae and their closest relatives, 82 million years (my),
from the study of Wikström et al. (2001). No reliably identified fossils of
Iridaceae are known before the Miocene. Deposits of this age have
yielded fossil Libertia pollen but this date is too recent to be useful for
dating the family. The 82 my calibration provided a minimum age of 61
mya for the split between the two main clades of the family, Iridoideae
and Patersonioideae-Geosiridoideae-Aristeoideae-Nivenioideae-
Crocoideae. An older age of 103 my has also been proposed by Janssen
and Bremer (2004) for the root node of Iridaceae. If we apply this cali-
bration point, then all the ages described below would be about 20%
older, decreasing proportionately towards the apex of the tree.

RESULTS

With Equal Weighting, 25 most parsimonious trees were
found, with length 5784 steps, consistency index (CI) of 0.559,
and retention index (RI) of 0.794. With Successive Weighting,
the number of equally most parsimonious trees was reduced
to three, each differing only in small details (CI = 0.559
and RI = 0.794). One of these trees is used as the basis for
Figs. 1, 2.

The entire Iridaceae clade has 100% bs. Isophysis is sister to
the rest of the family, again with bs 100% (Fig. 1a). It is worth
listing the primary synapomorphies for the Iridaceae here.
These are: leaves isobilateral and unifacial with blades ori-
ented in the same plane as the flowering axis; calcium oxalate
present as styloid and cuboidal crystals; stamens three, those
of the inner whorl being absent; and depending on the im-
mediate ancestor of the family, possibly extrorse anthers and
inflorescence units rhipidia (Goldblatt 1990a). A dichotomy
above the Isophysis node yields the lineage of genera that
comprise Iridoideae sensu Goldblatt, which are sister to the
rest of the family. Patersonia is resolved at the first node, as in
the Reeves et al. study, while Geosiris and Aristea are resolved
individually, each with bs 100%. The core three genera of
Nivenioideae remain sister to Crocoideae, each clade also
receiving 100% bs support.

Crocoideae—In the Crocoideae clade (Fig. 1a), the taxo-
nomically isolated South African and Cape genus, Tritoniop-
sis (24 spp.) (bs less than 50%) is sister to the remaining
genera. These resolve into what is essentially a polychotomy
that includes four clades: Watsonia–Cyanixia (now tribe Wat-
sonieae, bs 72%); Gladiolus and Melasphaerula (tribe Glad-
ioleae, bs 98%); Xenoscapa–Anomatheca (Freesieae, bs 91%),
and Hesperantha–Afrocrocus (Croceae, bs 62%). This last clade
has half the genera of the subfamily and one-third the total
species in the family, 14 genera and over 600 species, that fall
into weakly supported clusters, Babiana–Hesperantha (bs 68%)
and Afrocrocus–Radinosiphon (bs 55%). The four major generic
clusters plus Tritoniopsis, now accorded tribal status received
lower bootstrap support than in our earlier study (Goldblatt
et al. 2006), largely because more taxa are included in the
present analysis and gap coding was not used. Applying the
molecular clock techniques (NPRS to correct for rate hetero-
geneity, see Methods) to our phylogeny shows that Cro-
coideae diverged from core Nivenioideae ca. 37 million years
ago (mya) (Fig. 2). Tritoniopsis diverged from the remaining
genera ca. 24 mya, and the major generic clusters (now tribes)
listed above shortly after that.

Iridoideae—In the Iridoideae (Fig. 1b) the basic topology is
the same as in Reeves et al.’s (2001) study. Diplarrena, only
genus of Diplarreneae, is sister to the remaining genera.
These resolve into two clades, a predominantly Old World
lineage (only Iris extends into North America) (bs 100%) that
corresponds exactly to tribe Irideae of Goldblatt (1990a), and
a New World and Australasian lineage that includes Si-
syrinchieae (Libertia–Solenomelus, bs 100%), sister to Trimez-
ieae (Neomarica and Trimezia, bs 100%) plus the remaining
genera, all Tigridieae (bs 100%). As in Reeves et al.’s study,
the topology reverses Goldblatt’s study in which Si-
syrinchieae was sister to Irideae plus Trimezieae/Tigrideae.

Subfamily Iridoideae differentiated ca. 62 mya and Diplar-
rena ca. 57 mya and Irideae from the three remaining Aus-
tralasian and New World tribes about 50 mya. (Fig. 2).

Problems of generic circumscription within Tigridieae led
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us to include multiple members of several genera and, as
expected from earlier molecular and morphological study
(Rodriguez 1999; Rodriguez and Sytsma 2006), Calydorea
(sensu Goldblatt and Henrich 1991), Cypella (sensu lato, in-
cluding Larentia (i.e. C. mexicana and C. rosei), Nemastylis and
Tigridia are polyphyletic. The main Central American and
Mexican clade of Tigridia is also paraphyletic, as it includes
Ainea,the Cardiostigma group of Calydorea, Nemastylis convo-
luta, Fosteria, Sessilanthera, and species currently included in
Rigidella. The Tigridia clade (Ainea–Nemastylis convoluta) plus
its sister genus, Cobana, receives 100% bootstrap support,
whereas the clade including the South American Tigridia phil-
ippiana I. M. Johnst. plus Ennealophus (ca. 5 spp.) has bs 62%.

DISCUSSION

Status of Nivenioideae and Crocoideae—The first impor-
tant question arising from the analysis is how to deal taxo-
nomically with genera of Nivenioideae sensu Goldblatt
(1990a) and the nested subfamily Crocoideae while maintain-
ing a phylogenetically acceptable solution, i.e. one that pre-
serve monophyly of taxa. We see two possible resolutions;
union of Nivenioideae and Crocoideae in one subfamily or,
alternatively, preserving of Crocoideae in its present circum-
scription and consequently recognizing separate subfamilies
for Patersonia, Geosiris, and Aristea so that Nivenioideae are
no longer paraphyletic.

Crocoideae and Nivenioideae in their restricted sense are

morphologically and geographically coherent, are readily
recognized, and each has multiple synapomorphies. In addi-
tion, Crocoideae represent an important assemblage, the cir-
cumscription of which has a long history. First described by
Burnett (1835), and sometimes treated as a tribe rather than a
subfamily (when the latter rank was not used, as by Diels
1930) and Hutchinson 1934), Crocoideae have had a more or
less continuous history, often as Ixioideae or Ixieae, since
their treatment in Genera Plantarum (Bentham and Hooker
1883) and in the first edition of Engler and Prantl’s Das Pflan-
zenfamilien (Pax 1888). In Pax’s account Crocoideae were nar-
rowly circumscribed to include only acaulescent genera, and
therefore were treated as separate from the remaining Ixioi-
deae. Combining Crocoideae and Nivenioideae (sensu lato),
however, leaves us with a virtually indefinable assemblage
with the only apparent morphological synapomorphy flow-
ers with a perianth tube, a feature vestigial in Aristea and
Geosiris. Crocoideae, in contrast, alone have more synapo-
morphies than most families of Asparagales, indeed of many
plant families (Table 2).

Contrasting with Crocoideae, Nivenioideae, as broadly cir-
cumscribed by Goldblatt (1990a), have the rootstock a rhi-
zome or woody caudex, the inflorescence a derived biseriate
structure consisting of two rhipidia fused together (a binate
rhipidium sensu Weimarck 1939), a radially symmetric peri-
anth, anther endothecium with base plate or U-shaped thick-
enings (Manning and Goldblatt 1990), embryo sac anatro-

FIG. 1. One of three most parsimonious phylogenetic trees of the genera of Iridaceae obtained after successive weighting. The number of steps after
optimization of equally weighted characters is shown above the branches (ACCTRAN optimization) and bootstrap percentages above 50% are shown
in bold below the branches. Black arrows indicate the group that collapses in the strict consensus of the equally weighted trees; unfilled arrows indicate
additional nodes collapsing in the strict consensus of the equally weighted tree. Subfamilial and tribal classification is shown on the right. A. Outgroups
and Isophysis to subfamily Crocoideae. B. Subfamily Iridoideae.
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pous, pollen grains of the monocot type with a monosulcate
aperture without an operculum, and reticulate exine. None of
these features is derived except the binate rhipidium. Nive-
nioideae are mixed for several characters that make it diffi-
cult to define, apart from the unusual biseriate inflorescence
units and presence of a perianth tube (rudimentary in Aristea
and Geosiris: Weimarck 1940, Goldblatt et al. 1987). By con-
trast, Iridoideae and Isophysidoideae lack a perianth tube,
except in a few derived genera of the former, and have uni-
seriate rhipidia. Thus, a broadly circumscribed Nivenioideae
remains poorly defined morphologically, apart from the bi-
nate rhipidia that we assume has a homologue in a single
flower of Crocoideae with its subtending outer (abaxial) bract
and inner (adaxial) so-called bract, actually a prophyll. The
inescapable conclusion seems to be that a broadly circum-
scribed Nivenioideae is not a useful concept at the morpho-
logical level.

We therefore propose the recognition of three additional
subfamilies: Aristeoideae, Geosiridoideae, and Patersonioi-
deae, each currently monogeneric (Appendix 2). This leaves
Nivenioideae with three genera, all derived in the Iridaceae
in being evergreen shrubs or subshrubs with woody stems
that have monocot-type secondary thickening (Goldblatt
1993). The three genera also have unique shield-shaped (tan-
gentially compressed) seeds and typically one per locule
(Manning and Goldblatt 1991). They also have binate rhi-
pidia that have two or only one flower. In other genera with

binate rhipidia, each of the two subunits of the rhipidium
usually has at least two and sometimes numerous flowers.

Phylogenetic Patterns in Crocoideae—The fairly well re-
solved phylogenetic tree obtained for Crocoideae (Fig. 1a)
leaves us with several puzzles, for few of the generic clusters
resulting from the DNA sequence analysis are congruent
with morphology. In fact, we were so confounded by some
generic clusters that we checked for errors by sequencing
additional samples of some genera (data not shown). In each
case the initial result was confirmed.

TRITONIOPSIDEAE—That the Cape Tritoniopsis lies sister to
the remaining Crocoideae, now seems consistent with some
unusual features of the genus, in retrospect seen as plesio-
morphic. Notably, the inner floral bracts exceed the outer and
lack the apical bifurcation and 2-keeled or 2-veined structure
of the remaining genera (Lewis 1954; Goldblatt et al. 2006). In
this the bracts of Tritoniopsis resemble the spathes in 1-flow-
ered binate rhipidia of Nivenioideae. Tritoniopsis is also the
only member of Crocoideae with leaves lacking a differenti-
ated central vein (pseudomidrib) (actually lacking in mature
leaves of some Dierama species although present in seed-
lings), except for those species with pleated leaves. This is the
plesiomorphic condition for Iridaceae. The remaining Cro-
coideae have leaves with a single central vein. Tritoniopsis
species are also summer-flowering although they grow in a
winter-rainfall environment, whereas most other Iridaceae of
winter-rainfall habitats flower in winter and spring and are

FIG. 1. Continued. B. Subfamily Iridoideae.
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FIG. 2. Chronogram for the phylogeny of Iridaceae (NPRS, see Methods), with a scale in millions of years. The bold line highlights the lineages from
Australasian origin (see Discussion for details). Subfamilies are indicated (see Fig. 1 for details, NIV = Nivenioideae; GEO = Geosiridoideae; PAT =
Patersonioideae; ISO = Isophysidoideae)
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summer-dormant. All Crocoideae except Tritoniopsis have a
derived campylotropous ovule, another reason to regard the
genus as sister to the remaining genera of the subfamily.

WATSONIEAE—The Micranthus–Lapeirousia clade, now Wat-
sonieae, makes intuitive sense; most genera have divided
style branches (only notched apically in Cynixia and Pilla-
nisa), the derived basic chromosome number, x = 10, and
share with Tritoniopsis axillary corm development (Goldblatt
1990a; Goldblatt et al. 2006). The remaining genera of Cro-
coideae have derived axial corm development. The southern
African genera of Watsonieae, Micranthus, Pillansia, Thereian-
thus, and Watsonia, have often been associated taxonomically
and were included in a tribe as early as 1882 by F. W. Klatt
(Anomatheca and Freesia, which also have divided style
branches have at times been included in Watsonieae). The
tropical and southern African Lapeirousia is also usually in-
cluded in Watsonieae despite its unusual bell-shaped corms.
The remaining Cyanixia and Savannosiphon, both tropical Af-
rican, accord well with this tribe, to which we also infer that
the tropical African Zygotritonia belongs. The genus also has
axillary corm development, and its derived 3-sulcate pollen
grains match those of Cyanixia. The three tropical African
genera share derived, pleated leaves with multiple major
veins.

GLADIOLEAE AND FREESIEAE—The association of Gladiolus
and Melasphaerula (now Gladioleae) proved surprising; it has
never been predicted based on any morphological criteria but
the relationships of both genera have always been uncertain.
No morphological synapomorphies unite the pair which
have different basic chromosome numbers, x = 10 in Me-
laphaerula, x = 15 in Gladiolus (Goldblatt et al. 2006). Notably
the two genera have derived seedlings with a coleoptile (Til-
lich 2003). The Freesia–Xenoscapa clade, now Freesieae, at first
seems unusual; the style branches are deeply divided in Ano-
matheca, Freesia, and Xenoscapa but apically notched in Cro-
cosmia and Devia. Basic chromosome number is the derived x
= 11 (Goldblatt and Takei 1997) and all five genera have
specialized leaf margin anatomy (Goldblatt et al. 2006). The
leaf margins have thickened epidermal cells and lack sub-
marginal sclerenchyma, the latter the plesiomorphic condi-
tion for Iridaceae (Goldblatt 1990a).

CROCEAE—The remaining Afrocrocus–Hesperantha clade,
now Croceae, is diverse and includes half the genera and
more two-thirds the species of the tribe, over 600 species, that
fall into two clusters, Babiana–Hesperantha (bs 68%) and Afro-
crocus–Radinosiphon (bs 55%). The latter cluster includes the

acaulescent genera, Afrocrocus, Crocus, Romulea, and Syringo-
dea, long considered closely related (Pax 1888; Hutchinson
1934). Their sister relationship to the caulescent, tropical and
eastern southern African Radinosiphon is, however, surprising
and had never been predicted. Clearly the acaulescent Afro-
crocus/Romulea/Syringodea/Crocus clade (with radially sym-
metric flowers) evolved from a caulescent ancestor with a
zygomorphic flower, but Radinosiphon shows no apparent
morphological link to them. The second clade of Ixieae in-
cludes the closely related species pair, Hesperantha and Geis-
sorhiza, long thought to be sister taxa (Lewis 1954; Goldblatt
1985), which share asymmetric corms with woody tunics,
and a larger group, Babiana–Ixia. The clade is linked morpho-
logically by derived leaf margin anatomy (a feature not
shared by Babiana, Ixia and Dierama) and smooth, hard-coated
seeds, in which the epidermal cell outlines are obscured by
heavy thickening of the outer epidermal walls and cuticle.
Excepting Babiana, the genera of this clade share an odd fea-
ture: the vascular trace to the ovule is excluded during de-
velopment (Goldblatt and Manning 1995; Goldblatt et al.
2006). An association of the genera of this clade (excepting
Babiana) has long been recognized. Lewis (1954), for example,
included Dierama, Ixia, Sparaxis (plus its synonyms Streptan-
thera and Synnotia), all x = 10, plus Tritonia (with its synonym
Montbretiopsis) (x = 11) with Chasmanthe (x = 10) in subtribe
Ixiineae. Lewis also included Crocosmia (x = 11) in Ixiineae.
As noted above, that genus falls in Freesieae, where its ple-
siomorphic seed coat surface with prominent cellular out-
lines is consistent. The congruence of morphology and mo-
lecular data is obviously incomplete for Croceae.

HOMOPLASY IN CROCOIDEAE—In our molecular-based phylo-
genetic tree the Chasmanthe clade includes Babiana which has
plesiomorphic leaf anatomy and seed development and the
derived chromosome base number of x = 7. The seeds have
an unusual, pear-shape that may be associated with absence
of the excluded trace character. Significantly, Crocosmia and
its sister genus, Devia, do not fall in the Chasmanthe clade, but
are sister to Freesia (including the congeneric Anomatheca).
Freesia seeds typically have an inflated raphe (a derived fea-
ture, Goldblatt and Manning 1995), which may inhibit the
development of an excluded vascular trace present in Crocos-
mia/Devia. Xenoscapa, sister to the remainder of the clade, has
angular seeds lacking an excluded vascular trace and addi-
tionally, like Crocosmia, have the epidermal cell outlines vis-
ible rather than obscured (Goldblatt and Manning 1995;
Goldblatt et al. 2004b). The level of support in the molecular
analysis for the combined Crocosmia/Devia and Freesia/
Anomatheca clade (bs 98%), nevertheless, suggests this pairing
reflects a real relationship.

The following evolutionary conclusions seem evident:
1. Asymmetric corms with roots arising from lateral ridges

arose twice (Hesperantha–Geissorhiza and Romulea/Syringodea)
2. Woody corm tunics arose four times (Hesperantha–

Geissorhiza, Romulea–Syringodea, Melasphaerula, and Lapeirou-
sia).

3. Excluded seed vasculature arose twice (Chasmanthe clade
and Freesia/Crocosmia/Devia) but achieved by apparently dif-
ferent developmental patterns (Goldblatt et al. 2006).

4. Derived leaf anatomy arose three times (Chasmanthe
clade (reversed in Babiana and in Dierama/Ixia) and Freesia/
Crocosmia/Devia) or once, but reversed in Hesperantha–
Geissorhiza, Babiana, and the Radinosiphon clade. Notably two
specialized species of Tritonia, T. marlothii M.P. de Vos and T.

TABLE 2. Synapomorpies of Crocoideae (Goldblatt 1990a, 1991; Man-
ning and Goldblatt 1990; Rudall 1995).

1. Xylem vessel elements of the roots with simple perforations (shared
with Iridoideae). 2. Rootstock a corm with discrete vascular bundles and
rooting from the base. 3. Leaf epidermal cells with wavy margins and
with multiple papillae. 4. Leaf blades (when plane) with a pseudomid-
rib (possibly excluding the Tritoniopsis). 5. Mesophyll cells elongating
parallel to the leaf axis. 6. Inflorescence a spike (sometimes flowers
solitary on branches), always with sessile flowers subtended by a pair of
bracts at base of ovary (possibly homologous with the spathes enclosing
the inflorescence units of Nivenioideae). 7. Flower bilaterally symme-
tric (i.e. zygomorphic). 8. Anther endothecium with spiral thickening-
s (also developed in Iridoideae). 9. Embryo sac campylotropous (or re-
verse anatropous) 10. Pollen grains ancestrally with perforate exine. 11.
Pollen grain apertures monosulcate with one or a pair of longitudinal
exine bands forming an operculum (except rarely when grains trisul-
cate, zonasulcate, spiraperturate, or inaperturate).
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delpierrei M.P. de Vos also have plesiomorphic leaf anatomy
anatomy, one more reversal, assuming they are correctly as-
signed to genus. The leaf marginal anatomy is clearly more
labile than such a fundamental feature would lead one to
expect.

Such levels of morphological homoplasy are not a priori
unacceptable, but can we accept them uncritically on the ba-
sis of the molecular sequence study? The subfamily requires
further analysis and it would be particularly useful to com-
pare phylogenies based on sequences of one or more nuclear
genes. This may provide independent verifiation of the plas-
tid-baed phylogeny and may inform us about the possibility
of chloroplast capture at some point in the evolution of these
lineages. Another question that arises, is whether the genera
of Crocoideae, as presently circumscribed, are monophyletic.
Congruence of vegetative and fruit morphology with chro-
mosome numbers (Goldblatt 1971) suggests that they are.
However, further phylogenetic analysis that includes two or
more species for certain genera, both those of large size or
ones that lack convincing synapomorphies, such as Crocus,
Crocosmia, and Tritonia seems desirable.

Relationships within Iridoideae—Unlike the pattern in
Crocoideae, the phylogeny of the major clades of Iridoideae
is readily understood in morphological terms, hence the con-
gruence of molecular and morphology based phylogenies.
The genera of Iridoideae included in the analysis here have
100% bootstrap support, as does the sister relationship be-
tween the taxonomically isolated Australian Diplarrena (2
species) and the rest of the subfamily. Diplarrena, alone of the
subfamily, has a zygomorphic flower, two functional, un-
equal stamens, and retains septal nectaries, probably ances-
tral in Iridaceae (Rudall et al. 2003), although absent in Iso-
physis.

The sister clade comprising the remaining genera of Iridoi-
deae may be defined morphologically by the absence of sep-
tal nectaries, tepals usually clawed, and style branches invo-
lute to tubular and stigmatic apically. The style branches are,
in addition, often thickened, closely associated with the sta-
mens, and often have elaborate terminal appendages, condi-
tions not seen elsewhere in the family (Goldblatt 1990a). Nec-
taries when present are perigonal or intrafilamental (Gold-
blatt 1990a; Rudall et al. 2003). Genera examined for xylem
elements in the roots have simple perforations (Cheadle
1963) and endothecium thickenings are spiral. These two syn-
apomorphies are shared with Crocoideae and the latter with
Diplarrena.

The major dichotomy in the Iridoid clade is the separation
of Old World genera corresponding to Goldblatt’s (1990a)
Irideae, and the New World genera plus Libertia and Orthro-
santhus, which are also Australasian. The two clades each
receive 100% bootstrap support. Unexpected support for the
Iridoid clade comes from phytochemistry; free meta-carboxy
amino acids and �-glutamyl peptides are present in many
species (Larsen et al. 1981; 1987). Sampling is poor for New
World genera, and the latter compounds have to date not
been reported for Sisyrinchieae but are present in a few Ti-
gridieae (Diplarrena has not been examined for these com-
pounds).

Irideae are not strictly Old World in distribution: Iris, al-
though predominantly Eurasian, is well represented in North
America. The remaining genera are African but Dietes has
one species, D. robinsoniana, restricted to Lord Howe Island in
Australasia. DNA sequences have confirmed that D. robinso-

niana is correctly placed in Dietes (Donato et al. 2000). The
major morphological synapomorphies for Irideae are anthers
appressed to flattened style branches and presence of trans-
verse stigmatic lobes below paired petaloid crests. The two
features are poorly or not expressed in Iris domestica (= Be-
lamcanda chinensis (L.) Adans.), numerous species of Moraea
(especially the Galaxia and Homeria groups of that genus,
Goldblatt 1998), and the South African Bobartia. The latter
genus was associated historically with Sisyrinchium and its
immediate allies (Sisyrinchieae) because the style branches
are slender, apically stigmatic, and extend between the sta-
mens (e.g. Bentham and Hooker 1883). Unlike other Si-
syrinchieae, the filaments of Bobartia are free. Its association
with Sisyrinchieae was seriously questioned by Rudall and
Goldblatt (1992), partly on grounds of chromosome cytology
and leaf anatomy, but could not be demonstrated unambigu-
ously using morphology-based phylogenetic analysis. The
position of Bobartia in Irideae was only established by mo-
lecular methods, first by Souza Chies et al. (1997) using rps4,
and confirmed by Donato et al.’s (2000), Reeves et al.’s (2001),
and our study.

SISYRINCHIEAE AND THE NEW WORLD TRIBES TRIMEZIEAE AND

TIGRIDIEAE—The New World clade of Iridoideae has a di-
chotomy (bs 100%) between the genera assigned to
Sisyrinchieae that have filaments united in the lower half,
and those often with free filaments, which unless united are
threadlike and unable to support the anthers that loosely
adhere to thickened style branches (the filaments in some
derived genera are partly to entirely united, e.g. Tigridia). In
Sisyrinchieae the style branches are shifted slightly in posi-
tion, and come to lie alternate to the stamens, often extending
between the free parts of the filaments. The clade sister to
Sisyrinchieae yields another well supported dichotomy (bs
100%) between Neomarica plus Trimezia (Trimezieae) which
have creeping or erect rhizomes, sometimes corm-like in
their compactness, and a larger clade of some 15–20 genera
(depending on the taxonomy followed) united morphologi-
cally by a bulbous rootstock, deciduous habit, and the de-
rived chromosome base number of x = 7. The earliest name
for this clade at tribal rank is Tigridieae. Our sampling of
genera within Tigridieae remains incomplete, but neverthe-
less, allows us to comment about some of the relationships
within the tribe. We have sequenced at least one species each
for 11 genera, and two or more of Calydorea (sensu Goldblatt
and Henrich 1991), Cypella, Nemastylis, Rigidella, and Tigridia,
but lack representatives of the following, which are not con-
sistently recognized at generic rank: Cardenanthus, Kelissa,
Itysa, Lethia, Mastigostyla, and Tucma.

The tree topology is consistent with Rodriguez’s (1999) and
Rodriguez and Sytsma’s (2006) analyses in demonstrating the
paraphyly of Tigridia in Central America–Mexico. The clade
comprising several species of Tigridia has Ainea (1 sp.), Fos-
teria (1 sp)., Nemastylis convoluta, and Sessilanthera (4 spp.)
included within it. In addition, two of four species usually
included in Rigidella, T. flammea and T. orthantha, fall within
the clade. They share with Tigridia sensu stricto the following
synapomorphies: bisulcate pollen grains; united filaments;
deeply forked style branches with the filiform style arms held
either side of the opposed anther; and the derived basic chro-
mosome number, x = 14. One species of Cardiostigma, in-
cluded in Calydorea by Goldblatt and Henrich (1991) because
of its simple style branches, C. mexicanum, also lies within the
Tigridia clade, while the monospecific Cobana, which has
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simple, filiform style branches and free, but vestigial fila-
ments, is sister to the remainder of the clade.

Rodriguez’s (1999) study, which used both plastid rbcL and
nuclear ITS sequences, fully complements our analysis, ex-
cept that we have widened the sampling outside Tigridia as
well as used five plastid DNA regions. The addition of a
species of Ennealophus, a genus of five species of South
America, to the matrix yields significant in information about
relationships of the Tigridia group of genera; T. philippiana is
sister to Ennealophus and falls outside the Tigridia clade. Sig-
nificantly, the single species of South American Tigridia so far
counted is diploid, x = 7 (Kenton and Heywood 1984), and
another species, currently undescribed, that we examined for
pollen, has a single aperture, thus monosulcate pollen grains.
A survey of the style branches of herbarium specimens, criti-
cal in assigning species to Tigridia, show them to be deeply
divided, stigmatic apically, but in the South American spe-
cies flattened rather than terete. In light of this, a convergent
development of Tigridia-type style branches seems likely but
examination of living flowers is necessary to confirm this.

GENERIC CIRCUMSCRIPTIONS IN TIGRIDIEAE—We see two solu-
tions to this muddled and taxonomically unacceptable situ-
ation if the priciple of monophyly is maintained for genera of
the family. One is to recognize every minor floral variant in
the Central American–Mexican Tigridia alliance as a separate
genus, as well as splitting Tigridia and Rigidella into multiple
monophyletic assemblages, creating more small genera
based on the most trivial perigonal, staminal or stylar differ-
ences. The alternative is to include within Tigridia the minor
floral variants represented by Ainea, Colima (i.e. Nemastylis
convoluta), Cardiostigma, Fosteria, Rigidella, and Sessilanthera.

An argument in favor of the latter choice is that some of
these small genera obviously represent pollination adapta-
tions. The porose anthers and vestigial filaments of
Sessilistigma likely are adapted for vibratile pollination. The
red flowers with pouched tepals containing sugary nectar
that characterize Rigidella are probably adapted for pollina-
tion by hummingbirds (Goldblatt and Manning 2006). Simi-
larly, the unusual flowers of Ainea, Cardiostigma, Colima, and
Fosteria are likely to be adapted for different pollinators, yet
to be identified, than more typical Tigridia flowers, the pol-
lination of which is not established. Treatment of species
with flowers adapted for specialized pollination strategies as
separate genera is not a useful concept. We favor a phyloge-
netic classification that would yield monophyletic genera,
whether uniform or diverse for pollination strategies. This
philosophy accords with current taxonomic philosophy and
is consistent with treatment of the African genera of Irida-
ceae. Genera such as Babiana, Gladiolus and Tritoniopsis all
include species with a range of pollination systems, and all
three now include genera based on specialized floral mor-
phology that have been reduced to synonymy within them
once their relationships were understood (Goldblatt and de
Vos 1989; Goldblatt 1990b).

The reduction to synonymy in Tigridia of Ainea, Colima,
Cardiostigma, Fosteria, Rigidella, and Sessilanthera, however,
does not solve the larger question, which is how to treat not
only the South American species referred to Tigridia, but the
multiple other genera recognized there, all based on minor
difference in the reproductive part of the flower. Sequences
of additional genera and species will likely demonstrate the
same situation as that in the Tigridia clade, repeated conver-
gence for similar flower types with little or no associated

morphological vegetative changes. We stress this latter point,
hardly any genera of the Tigridieae can be identified except
when the flowers open, so similar is their vegetative mor-
phology.

A review of some South American genera is informative. A
broadly circumscribed Cypella, proposed by Ravenna (1964)
and Goldblatt (2001a) that includes Hesperoxiphion, Larentia,
and Phalocallis is not acceptable in light of our phylogeny
unless we embrace the radical solution, union of all genera of
Tigridieae under the earliest generic name. It is premature to
propose such a solution. Until we have sequences of addi-
tional genera and multiple representatives of each, we will
have to recognize at least Hesperoxiphion and Larentia. Phalo-
callis remains to be sequenced. At least Hesperoxiphion is sister
to Gelasine plus Eleutherine with no bootstrap support and
Larentia (i.e. Cypella mexicana and C. rosei) is sister to Cipura
(bs 100%). Despite these sequence data, we find no convinc-
ing taxonomic features to distinguish Hesperoxiphion and
Larentia from Cypella sensu stricto.

Significantly, Rodriguez’s data show the South American
Tigridia lutea sister to the entire Tigridia clade plus Alophia,
Eleutherine, and Ennealophus. The South American represen-
tatives of Tigridia should be examined critically for an alter-
native generic placement. We note, however, that a photo-
graph of the flower shows what appear to be the taxonomi-
cally critical features of Tigridia, deeply divided style
branches arching away from the divergent anthers (Ravenna
1976). Examination of herbarium specimens suggests to us
that the style branches are linear but flattened, as in Masti-
gostyla, and not terete as in typical Tigridia.

The inclusion of small species clusters with derived floral
(or vegetative) morphology that have been recognized as
separate genera into a larger genus in which they are nested
has precedent for the family in Moraea (Iridoideae), and Ba-
biana, Gladiolus, Ixia, Sparaxis, and Tritoniopsis (Crocoideae).
In these latter genera, species with divergent floral morphol-
ogy is now known to be associated with shifts in pollination
systems (Goldblatt and Bernhardt 1999; Goldblatt and Man-
ning 2006), often for sunbirds (in Babiana, Gladiolus, and Tri-
toniopsis), buzz pollination (Ixia), or large bee pollination in
Sparaxis (otherwise largely hopliine beetle pollinated) leading
to the maintenance of separate genera with these systems. In
Tigridieae the same phenomenon seems the reason for the
continued recognition of Rigidella (adapted for hummingbird
pollination), Cardiostigma and Cobana (adapted for buzz pol-
lination) and so on. Shifts in pollination systems are always
reflected in changes in floral morphology, sometimes appar-
ently of the most fundamental nature. We argue, however,
that they should not per se be reflected in the generic tax-
onomy. Certainly, once relationships are understood, either
by convincing molecular data, as in Iris (Tillie et al. 2001) and
Moraea (Goldblatt et al. 2002), or by correlation of vegetative
morphology and some independent character, segregates
should be reduced to synonymy so that generic taxonomy
yields monophyletic clades and nested species with alterna-
tive pollination strategies can be recognized for what they
are. Thus concordance of vegetative morphology and chro-
mosome number led to the inclusion of the bird pollinated
genera Anaclanthe and Antholyza in Babiana, bird pollinated
Anapalina in Tritoniopsis, bird pollinated Anomalesia and Ho-
moglossum in Gladiolus, and bee or long-proboscid fly polli-
nated Synnotia in Sparaxis (Goldblatt 1990b; Goldblatt and de
Vos 1989; Goldblatt 1992; Goldblatt et al. 2000). We advocate
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a comparable treatment of the genera in Tigridieae, not only
to achieve parallel generic circumscriptions across the family
but also to maintain the principle of monophyly.

The patterns of variation in Iris, Moraea, and the Tigridia
clade have several parallels. Deeply divided style branches
and a long filament column (Molseed 1970) are plesiomor-
phic in the Tigridia clade, and some of the variation in the
genus includes reduction of filament length, the develop-
ment of porose anthers and, in Cobana, undivided style
branches. Most Moraea species on the other hand, have peta-
loid style branches with prominent crests and partly united
filaments, but in the Galaxia and Homeria groups of the genus
the style branches are reduced and the filaments entirely
united; in a few species the style branches are filiform and
either deeply divided (Hexaglottis group) or simple and al-
ternate with the stamens, e.g. M. simplex Goldblatt and J. C.
Manning. In the Tigridia clade some species have lost the
distinctive zone of nectaries associated with folds in the
tepals and the flowers then appear less specialized. In
Moraea, nectaries, located at the bases of the tepals, may also
be lost (the M. villosa group), a feature associated with ho-
pliine beetle pollination, while in a few other species the
nectar is secreted directly onto the tepal surface from veins
on the tepal claws, associated with pollination by flies with
lapping mouthparts. Once the reasons for the different flower
types in the Tigridia clade are better understood, there should
be less reluctance to accept the reduction of those genera to
synonymy in Tigridia.

Biogeography—The molecular clock shows the divergence
between Doryanthaceae and Iridaceae at circa 82 mya, thus
during the Campanian of the Cretaceous, using Wikström et
al. (2001) for the calibration point for root node of the Irida-
ceae. Isophysis is the only extant member of the clade sister to
the remainder of the Iridaceae, from which it may have di-
verged 66 mya, in the Maastrichtian.

The generic phylogeny shows a striking geographical fea-
ture. The proximal clades of the family are all Australasian.
Isophysis is endemic to Tasmania, Diplarrena (sister to remain-
ing Iridoideae) is Australian, and Dietes robinsoniana, one of
the most unspecialized species of this otherwise African ge-
nus, is restricted to Lord Howe Island. In the clade sister to
Iridoideae, the Australasian Patersonia is sister to the remain-
ing and primarily Afro-Madagascan clade (some derived lin-
eages have representatives in Eurasia).

The pattern corroborates earlier hypotheses (e.g. Goldblatt
1991) that the Iridaceae have a southern origin. Applying
Reeves et al.’s (2001) phylogeny of the family to biogeo-
graphic methodology Sanmartín and Ronquist (2004) reach
this same conclusion, that Iridaceae differentiated in Antarc-
tica-Australasia. Previous molecular clock methods placed
the divergence of the family in the late Cretaceous ca. 70 mya
(Goldblatt et al. 2002) but our revised divergence time, ca. 82
mya indicates an older age for Iridaceae. At this time Aus-
tralia was joined to Antarctica in one supercontinent that lay
at high latitudes, prior to significant glaciation (Raven and
Axelrod 1972, 1975; Scotese 1997). In this light is tempting to
speculate that the characteristic vertically flat leaf of the Iri-
daceae may have initially been adapted to optimize sunlight
when the sun was low in the sky, and has persisted in most
genera whether they occur at low latitudes or not. The 82 my
calibration for the age of the family provides a minimum age
of 61 my for the split between the two major clades of the
family, thus in the latest Cretaceous. We speculate these early

Iridaceae must have been confined to heathland, forest mar-
gins, and local open habitats, just as modern Isophysis and
Patersonia are today.

The ancestors of the sister clade to Patersonia, Geosiris-
Aristea-Nivenioideae-Crocoideae, probably reached Africa-
Madagascar about 55 mya by long distance dispersal across a
proto Indian Ocean. At this time India was moving north and
lay between Australia and eastern Africa–Madagascar, mak-
ing dispersal distances across what was to become the Indian
Ocean considerably shorter (Scotese 1997, 2004). Geosiris, a
mycosaprophyte of moist forest habitats, is confined to
Madagascar and the Comoro Islands but Aristea is wide-
spread across subSaharan Africa where it is most common in
mesic upland habitats in the tropics but at all elevations in
temperate southern Africa. Applying the older 103 my age
for the divergence of the Iridaceae suggested by Janssen and
Bremer (2004) would place the separation of Patersonia from
its Afro-Madagascan sister clade at about 70 mya. Distances
between Australia-Antarctica and Madagascar were shorter,
with southern India between them, and the remains of the
subaerial Kerguelen Ridge may have still existed (cf. Samp-
son et al. 1998; Sanmartín and Ronquist 2004), thus providing
a shorter route from western Antarctica to Africa-
Madagascar.

The distal members of the Patersonia clade, Nivenioideae
and Crocoideae, are largely southern African (Nivenioideae
are exclusively a Cape group) and diverged from one another
about 36 mya, at the end of the Eocene. Radiation in both
clades evidently began in the Early Oligocene, from about 25
mya, and both exhibit significant xeromorphic adaptations
consistent with the increasing aridity at the time: a fire-
resistant woody caudex in Nivenioideae and a corm in Cro-
coideae. The lineages of modern tribes and a few genera
(Gladiolus, Melasphaerula, Tritoniopsis) evidently differentiated
as the world’s climate became cooler and drier during the
Oligocene when a climate similar to today may have pre-
vailed (Zachos et al. 2001). Thus these subfamilies experi-
enced their early radiation as southern Africa became pro-
gressively drier and more seasonal. Most genera of both sub-
families, however, evidently differentiated during or after
the Middle Miocene and are at least 11 my old. On the basis
of our analysis, the youngest genera are Klattia and Witsenia
(the latter monospecific), which diverged about 9 mya. Only
Nivenia and Tritoniopsis or their immediate ancestors are sig-
nificantly older; separation of these two genera from their
ancestors may have occurred ca. 25 mya. The major radiation
of Crocoideae, thus seems directly associated with renewed
glaciation of Antarctica circa 14 mya, which lead to a drop in
ocean temperature, intensification of the south Atlantic high
pressure cell (Zachos et al. 2001), resultant desiccation of the
western half of southern Africa, increased summer drought,
and ultimately to the development of the winter-rainfall cli-
mate that prevails there today.

Genera of Iridoideae appear much older. The differentia-
tion of the Iris lineage from the African (and Lord Howe
Island) clade that comprises Dietes, Bobartia, Ferraria, and
Moraea took place, according to our analysis, ca. 45 mya and
even Ferraria and Moraea evidently diverged ca. about 30
mya, thus somewhat earlier in the Oligocene than the 25 mya
estimated by Goldblatt et al. (2002). Separation of the Aus-
tralasian and New World Sisyrinchieae from Trimezieae plus
Tigrideae coincides with the differentiation of the Iris and
Dietes lineages. Ancestors of the Sisyrincheae probably
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reached South America by direct migration since South
America remained connected to Australasia via West Antarc-
tica until at least the mid Eocene (Raven and Axelrod 1975),
thus before the final separation of Antarctica and South
America. Alternatively, members of the Sisyrinchieae may
have simply been shared between Australasia and South
America, two areas that are now widely separated by
ocean and the largely glaciated Antarctica. The Libertia–
Orthrosanthus lineage evidently diverged from the remaining
sisyrinchioids about 27 mya, and from one another (or their
ancestors) in the Early Miocene, probably about 22 mya. The
report of Libertia pollen from the Mid Miocene of New Zea-
land (Mildenhall 1980) is consistent with our divergence date
for the genus. Libertia remains a genus of relatively mesic
habitats, including forest margins and subparamo but Or-
throsanthus occurs exclusively in temperate highlands in
South America, but in very different, heathland and dry open
woodland habitats in Australia. Excepting the Australian
members of Orthrosanthus, the Sisyrinchieae clade occurs
largely in mesic, but sometimes cold-temperate habitats and
exhibits no obvious adaptations for dry conditions.

Separation of the deciduous and bulb-bearing Tigridieae
from the evergreen and rhizomatous (or semicormous) Tri-
mezieae can be dated to about 35 mya, thus during the later
Eocene, thereby coinciding with the differentiation of the
corm-bearing and similarly deciduous Crocoideae in Africa.
The major radiation of Tigridieae, however, evidently oc-
curred during the late Oligocene and Early Miocene. The
arrival of the ancestors of the Central American–Mexican Ti-
gridia (and segregates embedded within the genus) evidently
occurred between the early and Mid Miocene time, that is,
long before North and South America were finally joined via
Central America. The ancestors of the lineage must have
crossed the proto-Caribbean by long-distance dispersal or
island hopping. Radiation in the Tigridia lineage evidently
occurred after 15 mya, when world climates became cooler
and drier as further glaciation of Antarctica proceeded. Other
genera of Tigridieae that have North American or Mexican
species, including Alophia, Larentia (the Cypella mexicanum-C.
rosei pair of Fig. 2b has species in South America), and Her-
bertia may be recent arrivals from South America. Nemastylis
(excluding N. convoluta), is sister to the largely southern
South American Calydorea and the two genera diverged ca. 17
mya, thus at least a second Miocene long-distance dispersal
of Tigridieae from South America seems likely. Little more
can be said for Tigridieae until we have deeper sampling
within the tribe.

Our interpretation of the generic phylogeny of Iridaceae
then confirms the conclusion of Sanmartín and Ronquist
(2004), that the family differentiated in Australasia–
Antarctica and that the ancestors of the Aristea–Crocoideae
lineage and of the Irideae migrated across the proto-Indian
Ocean to African-Madagascar at the end of the Cretaceous
and early Tertiary. Sisyrinchieae, shared beween Australasia
and South America radiated extensively in the New World
but remained species-poor in Australasia. The remaining
New World tribes Trimezieae and Tigridieae evidently share
a common ancester with Sisyrinchieae but are not repre-
sented in Australasia. Iridaceae are thus a family with a fun-
damentally southern origin, and join the few other but better
known examples such as Cunoniaceae, Myrtaceae, Podocar-
paceae, Restionaceae, Winteraceae (e.g. Sanmartín and Ron-
quist 2004; Galley and Linder 2006; Sytsma et al. 2004) and a

few more including Colchicaceae, Gunneraceae, and perhaps
Menyanthaceae and Proteaceae (Raven and Axelrod 1974;
Goldblatt 1978). Unlike Myrtaceae, Proteaceae and Restiona-
ceae, the Iridaceae did not radiate to any extent in Australasia
and have their areas of greatest diversification in southern
Africa and temperate and Andean South America and
Mexico.
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APPENDIX 1. Voucher, molecular database accession and literature in-
formation for all species of Iridaceae included in this study. C (1995) =
Chase et al. (1995), R (2001) = Reeves et al. (2001), S. (1997) = Souza-Chies
et al. (1997), n/a = not available. Vouchers and sequence data base num-
bers for genera of Crocoideae (as listed in Fig. 1a) except for Afrocrocus are
listed in (Goldblatt et al. 2006).

Afrocrocus unifolia (Goldblatt) Goldblatt & J. C. Manning; AM941383,
AM94185, AM941384, AM941386, AM94187; South Africa, Manning 2342
(NBG). Ainea conzatii (R.C.Foster) Ravenna; AM940183, AM940159,
AM940218, AM940206, AM940171; Mexico, Rodríguez & Ortiz-Catedral
2948 (IBUG). Alophia veracruzana Goldbl. & T.M. Howard; R (2001), R
(2001), S (1997), AJ579931, AJ578764; Mexico, Goldblatt & Howard 9070
(MO). Aristea glauca Klatt; –, –, –, AJ579933, AJ578766; South Africa, Gold-
blatt 9500 (MO); Aristea platycaulis Baker; –, –, S (1997), –, –,; Aristea co-
erulea (Thunb.) Vahl.; R (2001), R (2001), –, –, –; South Africa, Goldblatt
9362 (MO). Belamcanda chinensis Adans.; S (1997), R (2001), R (2001), S
(1997), AJ579961, AJ578794. Bobartia gladiata (L. f.) Ker Gawl.; R (2001); R
(2001); S (1997); AJ580604/5; AJ578769; South Africa, Goldblatt 9490 (M0).
Calydorea pallens Griseb.; R (2001), R (2001), R (2001), AJ580606/7,
AJ578770; Argentina, Goldblatt 9579 (MO). Cardiostigma mexicana (R. C.
Foster) Ravenna; AM940184, AM940170, AM940195, AM940207,
AM940172; Rodríguez & Ortiz-Catedral 2993 (IBUG). Cipura campanulata

Ravenna; R (2001), R (2001), R (2001), AJ579939, AJ578772; Nicaragua,
Henrich 143 (MO). Cobana guatemalensis (Standl.) Ravenna; AM940185,
AM940160, AM940196, AM940208, AM940173; Rodríguez et al. 2831
(IBUG). Cypella aquatilis Ravenna; R (2001), R (2001), S (1997), AJ580610/
11, AJ578775; Argentina, Castillo s.n. (MO); Cypella rosei R.C. Foster;
AM940186, AM940161, AM940197, AM940209, AM940174; Mexico, Rod-
riguez & Martinelli 2855 (IBUB). Cypella mexicana C. V. Morton; AM940187,
AM940162, AM940198, AM940210, AM940175; Ortiz-Catedral 212 (IBUG).
Diplarrhena latifolia Benth.; R (2001), R (2001), R (2001), AJ579946,
AJ578779; Australia, Chase 1220 (K). Dietes robinsoniana Klatt; R (2001), R
(2001); –, AJ580614/5, AJ578778; Lord Howe Island, Pickard 3377 (MO);
Dietes robinsoniana Klatt; –, –, S (1997), –, –. Eleutherine latifolia (Standl.&
Will.) Ravenna; Z77283, R (2001), R (2001), AJ579949, AJ578782; Nicara-
gua, Goldblatt 9072 (MO). Ennealophus euryandrus (Griseb.) Ravenna; R
(2001), R (2001), R (2001), AJ579950, AJ578783; Bolivia, Solomon 9972
(MO). Ferraria crispa Burm.; R (2001), R (2001), R (2001), AJ579951,
AJ578784; South Africa, Goldblatt & Manning 9732 (MO). Fosteria oaxacana
Molseed; AM940188, AM940163, AM940199, AM940211, AM940176;
Mexico, Rodríguez 2747 (IBUG). Gelasine elongata (R.Grah.) Ravenna; R
(2001), R (2001), R (2001), AJ580618/9, AJ578787; Uraguay, Goldblatt 5925
(MO). Geosiris aphylla Baill.; R (2001), R (2001), R (2001), AJ579955,
AJ578788; Madagascar, Prance 30781 (K). Herbertia pulchella Sweet; R
(2001), R (2001), R (2001), AJ580620/763, AJ578790; Argentina, Goldblatt
s.n. (MO). Hesperoxiphion peruvianum Bak.; R (2001); R (2001), R (2001),
AJ579959, AJ578792; Peru, Goldblatt s.n. (MO). Iris ensata Thunb.; –, –, S
(1997), –, –; Solomon 19400 (MO); Iris ensata Thunb.; –, –, –, AJ579960,
AJ578793; Japan, Chase I-143 (K); Iris unguicularis Poir.; R (2001), R (2001),
–, –, –; Chase I-100 (K). Isophysis tasmanica (Hook.) T. Moore; C (1995), R
(2001), S (1997), AJ579963, AJ578796; Australia, Bruhl s.n. (TAS). Klattia
flava G.J. Lewis; R (2001), R (2001), R (2001), AJ579966, AJ578799; South
Africa, Goldblatt B656 (MO). Libertia ixioides Spreng.; R (2001), R (2001), R
(2001), AJ579968, AJ578801; New Zealand, Chase I-218 (K). Moraea nama-
quamontana Goldbl.; R (2001), R (2001), –, AJ579971, AJ578804; South Af-
rica, Tolken & Venter 627 (PRE); M. spathulata Klatt; –, –, S (1997), –, –.
Nemastylis convoluta Ravenna; AM940189, AM940164, AM940200,
AM940212, AM940177; Mexico, Ramírez 3390 (IBUG). N. tenuis (Herb.)
Baker; AM940190, AM940165, AM940201, AM940213, AM940178;
Mexico, Rodríguez 2636 (IBUG. Neomarica northiana Sprague; R (2001), R
(2001), –, AJ579972, AJ578805; Brazil, Solomon 6950 (MO); Neomarica sp.; –,
–, S (1997), –, –. Nivenia corymbosa Bak.; R (2001), R (2001), S (1997),
AJ580621/2, AJ578806; South Africa, Goldblatt s.n. (MO). Olsynium filifo-
lium (Gaudich.) Goldbl.; R (2001), R (2001), R (2001), AJ579974, AJ578807;
Argentina, Chase I-243 (K). Onira unguiculata (Baker) Ravenna; R (2001), R
(2001), R (2001), AJ579975, AJ578808; Brazil, Chase 16592 (K). Orthrosan-
thus chimboracensis Bak.; R (2001), R (2001), R (2001), AJ579976, AJ578809;
Ecuador, Chase I-231 (K). Pardanthopsis dichotoma (Pall.) Lenz; R (2001), R
(2001), R (2001), AJ579962, AJ578795; Chase I-155 (K). Patersonia glabrata R.
Br.; C (2000b), C (2000b), –, AJ580623/4, AJ578810; Australia, (UNSW
21494). Patersonia fragilis Asch. & Graeb.; –, –, S. (1997), –, –; Australia,
Sousa-Chies 92-20 (P). Sisyrinchium micranthum Cav.; R (1997), R (2001), –,
AJ579982, AJ578815; Nicaragua, Henrich s.n. (MO); Sisyrinchium sp.; –, –,
S (1997), –, –. Solenomelus pedunculatus Hochr.; R (2001), R (2001), R (2001),
AJ579983, AJ578816; Chile, Chase I-222 (K). Tigridia alpestris Molseed
subsp. alpestris; AM940191, AM940166, AM940202, AM940214,
AM940179; Rodríguez 2768 (IBUG). Tigridia alpestris subsp. obtusa Mol-
seed; AM940192, AM940167, AM940203, AM940215, AM940180; Mexico,
Rodríguez & Ortiz-Catedral 3069 (IBUG). Tigridia flammea (Lindl.) Ravenna;
AM940193, AM940168, AM940204, AM940216, AM940181; Mexico, Ro-
dríguez et al. 2813 (IBUG). Tigridia orthantha (Lem.) Ravenna; AM940194,
AM940169, AM940205, AM940217, AM940182; Mexico, Rodríguez 2836
(IBUG). Tigridia pavonia (L.f) DC.; R (2001), R (2001), –, AJ579987,
AJ578820; Mexico, Chase I-242 (K); Tigridia sp.; –, –, S (1997), –, –. Trimezia
martinicensis (Jacq.) Herb.; R (2001), R (2001), –, AJ579988, AJ578821; Ven-
ezuela, Berry 3802 (MO); Trimezia stayermarkii R. Foster; –, –, S (1997), –, –;
Nicaragua, Goldblatt 1245 (MO). Witsenia maura (L.) Thunb.; R (2001), R
(2001), R (2001), AJ580627-9, AJ578825; South Africa, Orchand 35 (MO).

APPENDIX 2. New or reinstated subfamilies of the Iridaceae recognized
here.

Subfamily Patersonioideae Goldblatt, stat. nov. Patersonieae Baker, J.
Linn. Soc., Bot. 16: 77 (1877).—TYPE: Patersonia R. Brown.

Evergreen perennials with a creeping rhizome or a woody caudex.
Leaves unifacial, without a midrib. Inflorescence a binate rhipidium en-
closed in paired, opposed leafy spathes. Flowers fugaceous, lasting a
single day, radially symmetric, without nectaries; tepals united in a tube,
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spreading. Stamens with the filaments partly to entirely united; anthers
loculicidal, extrorse; pollen inaperturate (but poorly known), exine ver-
rucate. Ovary inferior; style slender, dividing into 3 fringed lobes. Capsules
± woody; seeds angular. Basic chromosome number x = ?11.

Genera 1, species 21; shrubland and montane grassland, Australia,
New Guinea, Borneo, Sumatra.

Subfamily Geosiridaceae Goldblatt & J. C. Manning, stat. nov. Geosiri-
daceae Jonker, Recueil Trav. Bot. Néerl. 36: 477 (1939).—TYPE: Geo-
siris Baillon.

Perennial achlorophylous saprophytes with a creeping rhizome. Leaves
reduced to small bifacial scales, without a midrib. Inflorescence units bi-
nate rhipidia enclosed in paired, opposed gree or dry spathes, often many
units per flowering stem. Flowers fugaceous, lasting single day, radially
symmetric, without nectaries; tepals connate at base, spreading. Stamens
with the filaments free; anthers loculicidal, extrorse; pollen monosulcate,
exine reticulate. Ovary inferior; style slender, dividing into 3 fringed lobes
or apically 3-fid. Capsules ± woody; seeds minute, dust-like. Basic chromo-
some number unknown.

Genera 1, species 1, possibly 2; evergreen forests of Madagascar and the
Comores.

Subfamily Aristeoideae Vines, Stud. text-book Bot. 569 (1895).—TYPE:
Aristea Aiton.

Evergreen perennials with a creeping or erect rhizome. Leaves unifacial,
without a midrib. Inflorescence units binate rhipidia enclosed in paired,
opposed leafy or dry spathes, often many units per flowering stem. Flow-
ers fugaceous, mostly lasting a single morning, radially symmetric, with-
out nectaries or with perigonal nectaries (only Aristea spiralis); tepals
connate at base, usually spreading, inner often larger than outer. Stamens
with free filaments; anthers loculicidal and extrorse, or porose; pollen
most commonly monosulcate, or zonasulculate, dizonasulcate, or spirap-
erturate; exine reticulate, microreticulate, or rugulate. Ovary inferior; style
slender, eccentric, dividing into 3 entire or fringed lobes or apically 3-fid.
Capsules ± woody, globose, cylindric-3-lobed or -3-angled, or prominently
3-winged; seeds globose, angular, triangular-columnar, or lamellate. Basic
chromosome number x = 16.

Genera 1, species ca. 55; grassland, forest margins and Mediterranean
shrubland, sub-Saharan Africa and Madagascar.
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