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MONOCOT RELATIONSHIPS: AN OVERVIEW1
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In 10 years, the monocots have gone from being one of the least studied and most phylogenetically misunderstood groups of the
angiosperms to one of the best characterized. Based on analyses of seven genes representing all three genomes, the following clades
have high bootstrap support: Acorales (with the single genus Acorus) is sister to the rest of the monocots, followed successively by
Alismatales (including Araceae and Tofieldiaceae), Petrosaviales, Dioscoreales/Pandanales, Liliales, Asparagales, and finally a polytomy
of Arecales, Commelinales/Zingiberales, Dasypogonaceae, and Poales. Many of these results also have support from at least some
morphological data, but some are unique to the trees created from DNA sequence data. Monocots have been shown in molecular clock
studies to be at least 140 million years old, and all major clades and most families date to well before the end of the Cretaceous.
More data are required to clarify the positions of the remaining unclearly placed orders, Asparagles, Liliales, and Arecales, as well as
Dasypogonaceae. More sequences from the nuclear and mitochondrial genomes are also needed to complement those from the plastid
genome, which is the most sampled and thus far most pattern-rich.
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Monocotyledons (monocots) are one of the major radiations
of angiosperms, and they have been recognized as a group
since studies of seed structure by John Ray (1682, 1696, 1703)
in the seventeenth century. This long history of recognition is
in direct contrast to nearly all other major angiosperm clades,
which have been drastically reorganized as a result of DNA
studies (e.g., asterids, rosids, and Caryophyllales). One of the
primary differences between the monocots and other angio-
sperms is their possession of a single cotyledon (vs. usually
two in other angiosperms). Many systems of classification
have emphasized this trait and erected two subclasses based
on this difference in seed leaf number (e.g., Cronquist, 1981).
There are other, perhaps more significant differences in their
vegetative architecture (Tomlinson, 1995), which made it like-
ly that the monocots would turn out to be monophyletic. Most
monocots have parallel leaf venation (except in Dioscoreales
and several other unrelated genera and families, which have
net-veined leaves), floral parts in threes (rather than fours and
fives as in most eudicots, but several members of the mag-
noliids, such as Annonaceae and Aristolochiaceae, also have
trimerous flowers, so this is clearly not a trait unique to the
monocots), sieve-tube plastids with several cuneate protein
crystals, scattered vascular bundles in their stems (atactostely,
as opposed to bundles in a cylinder), and, probably as a direct
result of the last, no vascular-cambium-producing secondary
phloem and secondary xylem. In spite of their lack of a vas-
cular cambium, some monocots (e.g., Yucca, Aloe, Dracaena,
and Cordyline), nevertheless can become trees through in-
creases in stem diameter via a novel process, usually termed
‘‘anomalous’’ secondary growth. In this case, plants are able
to add new vascular bundles and parenchyma to the primary
body (Zimmerman and Tomlinson, 1970), thus increasing their
girth. Other monocot trees, such as the palms (Arecaceae),
screwpines (Pandaceae), and bananas (Musaceae), are inca-
pable of adding new bundles. Thus, these ‘‘trees’’ are merely
overgrown herbs. The root systems of monocots are also dis-
tinctive in that the radical aborts at an early stage and the root
system of the adult plants develop adventitiously.
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Monocots are relatively uniform for the characters described
and differ from the other major clade of angiosperms, the eu-
dicots, in their possession of uniaperturate, most commonly
monosulcate, pollen, but within the seed plants only triaper-
turate pollen is a clear synapomorphy (i.e., of eudicots). Mono-
cots share their plesiomorphic pollen condition and floral traits
with many of the magnoliids, and it is only their habit (roots,
stems, cotyledonary condition, and leaves) and sieve-cell plas-
tids (Behnke, 1969) that represent potential synapomorphies.
However, even these are homoplasious to a degree. For ex-
ample, multiple, cuneate sieve-cell plastids also occur in some
genera of Aristolochiaceae (Saruma and Asarum), and scat-
tered bundles and an abortive primary root radical are present
in Nymphaeaceae and some Piperaceae. Even before the age
of DNA systematics, these traits were thought likely to be due
to convergence (Dahlgren et al., 1985), and phylogenetic stud-
ies of DNA sequences have supported these conclusions and
demonstrated that none of these taxa and the monocots are
related to the exclusion of other groups (Soltis et al., 1999).

Likewise, some monocots (e.g., Dioscorea, Trillium, Smi-
lax, and Pogonia) have net-veined rather than parallel-veined
leaves, which have presumably evolved as convergent adap-
tations to forest understory conditions (Givnish, 1979; Chase
et al., 1995a, b). Monocots with these traits are widely dis-
persed among nearly all orders, particularly in the petaloid or
liliid monocots, so it is clear that net-veined leaves have
evolved repeatedly from taxa with parallel venation.

The monocot habit represents a major reorganization of an-
giosperm vegetative conditions. Tomlinson (1995) took this
argument of reorganization a step further and stated that the
vascular system of monocots is so highly modified that it is
not homologous to that of dicots and unlikely to have been
derived from that of dicots. This statement is difficult to rec-
oncile with the position of monocots within the angiosperms;
monocots are clearly angiosperms, but although their exact
position is not yet clear, it is nonetheless apparent that they
are embedded within a grade of plants that are in the most
general terms ‘‘dicots’’ (e.g., Amborellaceae, Austrobaileyales,
Ceratophyllales, Chloranthaceae, eudicots, Nymphaeales,
magnoliids). In this sense, monocots are derived from some
sort of primitive ‘‘dicot.’’ However, the distinction between
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monocots and dicots is most apparent when considering eu-
dicots vs. monocots and less clear against the background of
the highly heterogeneous ‘‘primitive’’ dicots (i.e., Amborella-
ceae, Austrobaileyales, Chloranthaceae, Canellales, Laurales,
Magnoliales, Nymphaeales, and Piperales).

Although the general patterns would hold given a variety
of topologies, let us suppose that monocots are sister to Cer-
atophyllum (Ceratophyllaceae; Ceratophyllales) and then that
this pair of taxa is sister to magnoliids, eudicots, plus Chlor-
anthaceae (not unlike the tree presented in Zanis et al., 2002).
This places them away from nearly all groups that could in
any way be considered typical dicots and among the clades
for which there is a high degree of heterogeneity in habit and
vegetative organization. Such a position opens the possibility
that when the monocots evolved, the typical angiosperm habit
was not yet canalized, and this lack of canalization made pos-
sible the ‘‘drastic reorganization’’ to the condition that Tom-
linson stated to be nonhomologous with that in dicots.

Burger (1981) took the idea that monocots were derived
from dicots and turned it upside down, thus providing us with
an alternative to the most commonly held hypothesis. Al-
though the early angiosperms may have been atypical and de-
velopmentally uncanalized, it is difficult to imagine how a vas-
cular cambium can be reinvented from an atactostele. It is far
easier to hypothesize that, as occurred independently in Pi-
perales and Nymphaeales, monocots are secondarily herba-
ceous. A similar situation occurs in Ranunculales, in which an
atactostele occurs, and some taxa can become woody without
having a vascular cambium. Although members of the eudi-
cots, Ranunculales are sister to the remaining members of this
clade and may also have diverged before the canalization of
typical eudicot traits. The most parsimonious explanation of
this situation, based on the tree topology from analyses of
DNA sequence data, is that a vascular cambium was likely
inherited by the angiosperms from the common ancestor they
shared with the gymnosperms (Pryer et al., 2001). The com-
mon ancestor of all extant monocots then lost this ability, but
the similar structure found in Piperales and Nymphaeales is
due to convergence, not shared ancestry.

In summary, there was previously clear information to in-
dicate that the monocots were a natural group, but dicots as a
whole lacked clear evidence of monophyly relative to mono-
cots. That is, some ‘‘dicots’’(e.g., magnoliids and perhaps Cer-
atophyllaceae) were more closely related to the monocots than
to the rest of the ‘‘dicots’’ (e.g., eudicots). How the monocots
fit into the larger angiosperm tree is covered in Soltis and
Soltis (2004, this volume), but it is now clear on the basis of
molecular (DNA sequence) studies that monocots are related
in some way to magnoliids, eudicots, Chloranthaceae, and Cer-
atophyllaceae (Zanis et al., 2002). All DNA studies, except for
those of 18S rDNA (Bharathan and Zimmer, 1995; Soltis et
al., 1997), have demonstrated that the monocots are mono-
phyletic. In the Bharathan and Zimmer (1995) study, only Aco-
rus was not placed with the other monocots (it fell with Ar-
istolochiaceae), but this result lacked bootstrap support (great-
er than 50%); in the Soltis et al. (1997) analysis, Acorus also
fell in an isolated position away from the monocots. In both
studies, the remainder of monocots were monophyletic. Anal-
yses of single genes (plastid rbcL, Chase et al., 1995a; plastid
atpB, Savolainen et al., 2000; plastid matK, Hilu et al., 2003;
and mitochondrial atpA, Davis et al., 1998, in press) and com-
bined data (Chase et al., 2000b, in press; Savolainen et al.,

2000; Graham et al., in press) have consistently shown mono-
cots, including Acorus, to be monophyletic.

Monocot phylogenetic relationships have been extensively
studied with DNA data (Chase et al., 1993, 1995a, in press;
Davis et al., 1998, in press; Duvall et al., 1993b; Hilu et al.,
2003; Graham et al., in press) and are now among the best
understood of the major clades in the angiosperms. Three ma-
jor international conferences have focused attention on mono-
cot phylogenetics, and each has seen a marked improvement.
The first symposium was held at the Royal Botanic Gardens,
Kew, UK, in 1993 (Rudall et al., 1995). The second was held
at the Royal Botanic Garden, Sydney, Australia, in 1998 (Wil-
son and Morrison, 2000), and the third was held in 2003 at
the Rancho Santa Ana Botanical Garden, Claremont, Califor-
nia, USA (Columbus et al., in press). In the following sections,
I review the evidence of relationships of the major groups of
monocots and comment upon phylogenetic analyses relative
to recent classifications. Unless otherwise noted, the taxonom-
ic circumscriptions are those of APG II (APG II, 2003). In
this paper, I routinely use the broader circumscriptions of fam-
ilies that are considered optional in APG II (2003) and denote
this by the use of ‘‘s. l.’’ Table 1 indicates both these broad
and narrow optional circumscriptions of APG II (2003).

Root node within the monocots—Morphological analyses
of monocots (Stevenson and Loconte, 1995) placed the root
of the monocot tree in a grade of taxa with net-veined leaves:
Dioscoreaceae, Luzuriagaceae, Petermanniacae, Philesiaceae,
Stemonaceae, Taccaceae, Trichopodaceae, and Trilliaceae
(APG II lumps Taccaceae and Trichopodaceae in Dioscorea-
ceae and Trilliaceae in Melanthiaceae). DNA analyses of rbcL
data (Chase et al., 1993, 1995a; Duvall et al., 1993a, b) instead
placed the root between Acorus (Acoraceae; Acorales) and the
rest and scattered the net-veined taxa among families with
more typical parallel venation. Although the morphological
data placed Acorus far away from the root node with Typha-
ceae and Hydatellaceae, a combined analysis of rbcL and mor-
phological data (Chase et al., 1995b) again placed the root in
the same position as the rbcL-alone analysis. Analyses of 18S
rDNA data (Bharathan and Zimmer, 1995; Soltis et al., 1997),
as mentioned earlier, placed Acorus among the magnoliids and
the root between the Alismatales sensu lato (s. l.) (sensu APG
II, including Araceae and Tolfieldiaceae) and the rest; essen-
tially, this is similar to that of rbcL except that Acorus was
not with the rest of the monocots. Combined analyses consis-
tently have placed the root as in the rbcL tree or in the case
of combined mitochondrial atpA and plastid rbcL (Davis et
al., in press) between the alismatid clade, including Acorus,
and the rest (see later). In relative terms, assignment of the
root among the monocots has been relatively consistent and
strongly supported (Chase et al., 2000b, in press; Graham et
al., in press), except for the topology produced by the com-
bined atpA/rbcL matrix. I would argue that this last result is
due to some sort of spurious interaction between atpA and
rbcL because neither gene analyzed alone produced such a
rooting, and mitochondrial genes are known to have highly
uneven rates of change in different lineages of monocots as
well as having lineage-specific biases (Petersen et al., in press).
Such patterns produce unreliable results; combining atpA with
yet more genes (seven; Chase et al., in press) produced the
same rooting as originally seen with rbcL, but in the last case,
this relationship is well supported by the bootstrap (Fig. 1).

In the paper in which the position of Acorus was first de-
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TABLE 1. List of families and order of monocots from Angiosperm
Phylogeny Group (AGP II) (2003). Families of Asparagales that
could optionally be combined into larger units are indicated in
brackets. Sparganiaceae are included in Typhaceae here, although
in APG II (2003) they were separate, which was a mistake. Petro-
saviales is used here because their position as sister to a clade
composed of several families already recognized in APG (II) is
well supported in Chase et al. (in press) and Graham et al. (in
press).

Acorales
Acoraceae Martynov

Alismatales
Alismataceae Vent.
Aponogetonaceae J. Agardh
Araceae Juss.
Butomaceae Mirb.
Cymodoceaceae N. Taylor
Hydrocharitaceae Juss.
Juncaginaceae Rich.
Limnocharitaceae Takht. ex Cronquist
Posidoniaceae Hutch.
Potamogetonaceae Rchb.
Ruppiaceae Horan.
Scheuchzeriaceae F. Rudolphi
Tofieldiaceae Takht.
Zosteraceae Dumort.

Asparagales
Alliaceae Batsch ex Borkh.
[1Agapanthaceae F. Voigt]
[1Amaryllidaceae J. St.-Hil.]
Asparagaceae Juss.
[1Agavaceae Dumort.]
[1Aphyllanthaceae Burnett]
[1Hesperocallidaceae Traub]
[1Hyacinthaceae Batsch ex Borkh.]
[1Laxmanniaceae Bubani]
[1Ruscaceae Spreng.]
[1Themidaceae Salisb.]
Asteliaceae Dumort.
Blandfordiaceae R. Dahlgren & Clifford
Boryaceae (Baker) M.W. Chase, Rudall & Conran
Doryanthaceae R. Dahlg. & Clifford
Hypoxidaceae R. Br.
Iridaceae Juss.
Ixioliriaceae Nakai
Lanariaceae H. Huber ex R. Dahlgren & A.E. vanWyk
Orchidaceae Juss.
Tecophilaeaceae Leyb.
Xanthorrhoeaceae Dumort.
[1Asphodelaceae Juss.]
[1Hemerocallidaceae R. Br.]
Xeronemataceae M.W. Chase, Rudall & M.F. Fay

Dioscoreales
Burmanniaceae Blume
Dioscoreaceae R. Br.
Nartheciaceae Fr. ex Bjurzon

Liliales
Alstroemeriaceae Dumort
Campynemataceae Dumort
Colchicaceae DC.
Corsiaceae Becc.
Liliaceae Juss.
Luzuriagaceae
Melanthiaceae Batsch
Philesiaceae Dumort.
Rhipogonaceae Conran & Clifford
Smilacaceae Vent.

TABLE 1. Continued.

Pandanales
Cyclanthaceae Poit. ex A. Rich.
Pandanaceae R. Br.
Stemonaceae Caruel
Triuridaceae Gardner
Velloziaceae Hook.

Petrosaviales
Petrosaviaceae Hutch.

COMMELINIDS

Dasypogonaceae Dumort.

Arecales
Arecaceae Schultz

Commelinales
Commelinaceae Mirb.
Haemodoraceae R. Br.
Hanguanaceae Airy Shaw
Philydraceae Link
Pontederiaceae Kunth

Poales
Anarthriaceae D.F. Cutler & Airy Shaw
Bromeliaceae Juss.
Centrolepidaceae Endl.
Cyperaceae Juss.
Ecdeiocoleaceae D.F. Cutler & Airy Shaw
Eriocaulaceae Martynov
Flagellariaceae Dumort.
Hydatellaceae U. Hamann
Joinvilleaceae Toml. & A.C. Sm.
Juncaceae Juss.
Mayacaceae Kunth
Poaceae (R. Br.) Barnh.
Rapateaceae Dumort.
Restionaceae R. Br.
Thurniaceae Engl.
Typhaceae Juss.
Xyridaceae C. Agardh

Zingiberales
Cannaceae Juss.
Costaceae Nakai
Heliconiaceae Nakai
Lowiaceae Ridl.
Marantaceae R. Br.
Musaceae Juss.
Strelitziaceae Hutch.
Zingiberaceae Martynov

scribed, Duvall et al. (1993a) developed the Acoranan hypoth-
esis, which posited that ancestral monocots would have been
similar to Acorus, a genus of plants growing in freshwater wet
sites in the northern temperate zone. The position of Acorus
alone as sister to the rest of monocots does not support the
Acoranan hypothesis of Duvall et al. (1993a); primitive traits
for monocots could just as likely be retained in the sister clade
of Acorus. However, the combination of the two basalmost
nodes (Acorus and Alismatales) with predominantly aquatic
(both submerged and emergent) taxa does support the hypoth-
esis that monocots were primitively aquatic or at least asso-
ciated with wet habitats. Aquatic angiosperms, such as Nym-
phaeales, also have scattered vascular bundles (atactosteles),
vessels in the vascular tissue are also absent from aquatic taxa,
and this syndrome is present in both Acorales and Alismatales.
Other traits exhibited by Acorus (e.g., unifacial leaves) are
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Fig. 1. Bootstrap 50% consensus trees of phylogenetic analyses of monocot relationships. a. Modified from Chase et al. (2000), based on plastid atpB and
rbcL and nuclear 18S rDNA; b. modified from Chase et al. (in press), based on plastid atpB, rbcL, matK, and ndhF, mitochondrial atpA, and nuclear 18S and
26S rDNA. Number of asterisks indicates general ranges of bootstrap percentages. Names of orders follows APG II (2003), except for that of Petrosaviales.
Size of triangles indicates roughly the size of clades in terms of species.

unlikely to be ancestral for monocots, and one should in turn
look for such characters among the families of Alismatales and
Dioscoreales/Pandanales. Taxa with parallel venation are un-
common among clades attached to the basal nodes of the
monocot tree, although this condition does appear in Acorus,
Tofieldiaceae, a few aroids and alismatids, and Japonolirion
(one of the two genera of Petrosaviales; see later).

Higher-level relationships among the monocots—The first
DNA sequence studies of monocots were those of Chase et al.
(1993) and Duvall et al. (1993b) with the plastid gene rbcL,
although neither of these was sampled extensively (94 and 78
species of monocots, respectively). Chase et al. (1995a), again
using rbcL, sampled 175 taxa and was particularly focused on
relationships among liliid families. Using parsimony and max-
imum likelihood analyses for tree construction and the boot-
strap (Felsenstein, 1985) and Bremer support (decay of par-
simony; Bremer, 1994) for estimating internal support, these
three papers demonstrated that the higher-level relationships
were only weakly supported, although all analyses converged
on similar tree topologies with Acorus sister to the rest of
monocots (73% bootstrap support, Duvall et al., 1993b; one
step less parsimonious, Chase et al., 1995a). Savolainen et al.
(2000) and Soltis et al. (2000) both used more genes (plastid
rbcL and atpB, and these two genes plus nuclear 18S rDNA,
respectively) but with fewer taxa. Their results supported the
clades obtained with rbcL and provided higher levels of in-
ternal support, as estimated with the bootstrap and jackknife
(Farris et al., 1996). Chase et al. (2000b) used the data from
these two studies plus increased the taxon sampling (135 taxa)
and again demonstrated relationships similar to those found
with just rbcL. Acorus was excluded from the clade with the
rest of the monocots with high support (99% bootstrap). Like-
wise, Alismatales were sister to the remainder (excluded from)
with high support (95%). Ordinal relationships for most fam-
ilies were also clear in this analysis with three genes (Fig. 1a);

Arecales, Commelinales, Liliales, Pandanales, Poales, and Zin-
giberales all received greater than 90% bootstrap support, but
their interrelationships and those of Asparagales and Diosco-
reales were weakly supported (less than 77% bootstrap). Thus,
the Chase et al. (2000b) analysis was unable to robustly ad-
dress higher-level relatinships for the majority of taxa.

In an analysis with two additional plastid genes, matK and
ndhF, one mitochondrial gene, atpA, and two nuclear ribosom-
al genes, 18S and 26S, Chase et al. (in press) achieved a much
improved estimate of relationships at higher levels in the
monocots (Fig. 1b). The addition of the two plastid genes that
both have more variable sites than the others previously ana-
lyzed (atpB and rbcL) made the biggest overall improvement.
Chase et al. (in press) also reported that addition of the mi-
tochondrial atpA sequences for several nonphotosynthetic gen-
era (e.g., Sciaphila, Triuridaceae; Thismia and Burmannia,
Burmanniaceae; and Arachnitis, Corsiaceae) resulted in lower
bootstrap support for much of the tree, presumably from high-
er rates of sequence divergence and inconsistent/biased pat-
terns of molecular evolution in these taxa (see also Petersen
et al., in press, for an examination of this problem with both
atpA and cob). Addition of the two ribosomal DNA regions,
which individually have little pattern (Soltis and Soltis, 1998),
improved bootstrap percentages (Soltis et al., 1998), so the
combined gene approach, which has been used successfully in
many groups of land plants (Pryer et al., 2001; Qiu et al.,
2000; Soltis et al., 2000; Zanis et al., 2002), appears to be well
suited to analysis of phylogenetic relationships in the mono-
cots. Graham et al. (in press), using many additional plastid
genes, also achieved much higher levels of bootstrap support
for much of the monocot tree. I will now focus on each of the
monocot orders, starting with the basal nodes and finishing
with Poales, providing comments on results and implications.

Acorales—As mentioned earlier, Acoraceae with a single,
North Temperate genus, Acorus, is the sole member of Acor-
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ales. For many years, it was considered to be a member of
Araceae, but in recent years, it had become clear that it de-
viated substantially from that family (Grayum, 1987) and
should at least be considered a distinct, but perhaps allied fam-
ily. The Duvall et al. (1993a) analysis of rbcL sequences dem-
onstrated that such a conclusion had been appropriate and fur-
thermore that Acorus was alone sister to the rest of the mono-
cots. This position now appears to be well founded, in spite
of the combined analysis of rbcL and atpA in Davis et al. (in
press), which placed Acorus within Alismatales. There are rea-
sons to be skeptical of this result (see previous comments).
The isolated position of Acorus and its unusual mixture of
traits may not have many implications for ancestral character-
istics of the monocots, and I would caution readers not to be
led astray by comments (e.g., Duvall et al., 1993a, b and oth-
ers) that Acorus is ‘‘basal’’ within the monocots; this not par-
ticularly accurate description has been taken by some workers
to mean that this genus has primitive traits for monocots,
which of course is not necessarily true. No a priori reason
exists for one of a pair of sister taxa to always represent an-
cestral traits for the larger group; hence the term ‘‘basal’’ is
meaningless, unless it is understood simply to mean that ‘‘Aco-
rus is sister to the rest of monocots,’’ in which case, it is better
to state the latter so it does not confuse the issue of what is
being discussed—phylogenetic positions or character states.

Acorus grows in wet sites, often as an emergent aquatic,
and has morphological traits typical for aquatics, such as air
canals in its leaves. Morphological analyses using paleoherb
magnoliids (such as Aristolochiaceae) as outgroups could nev-
er achieve this rooting within monocots because none of the
outgroups has many traits in common with Acorus (Chase et
al., 1995b). This is one clear case in which only molecular
data could help us arrive at this conclusion.

Similarities in floral development and leaf morphology of
Acorus to species in Juncaginaceae (Alismatales) were noted
by Buzgo (2001) and Rudall and Buzgo (2002), respectively.
Similarity in morphology between these two taxa does not
necessarily imply a unique relationship; it could mean as well
that these correspondences are symplesiomorphies for mono-
cots in general. Similarity, noted in isolation, could also be a
result of convergence between these taxa. Without study of
other taxa in Alismatales and Petrosaviales (Fig. 1), we cannot
interpret such findings in a robust framework.

Alismatales—A taxon with nearly this circumscription has
been a feature of several previous classifications (e.g., Cron-
quist, 1981, as subclass Alismatidae; Dahlgren et al., 1985, as
superorder Alismatiflorae), but in the DNA analyses, two ad-
ditional families have consistently had a strongly supported
position as close relatives of the alismatid families. The first
was no particular surprise because Araceae had previously
been thought to be related to the alismatid families (Dahlgren
et al., 1985), but the second, Tofieldiaceae, was unexpected;
the three genera of this family had previously been placed in
the melanthioid lilies, Melanthiaceae (Liliales; see later). Many
Araceae and some Tofieldiaceae are marsh plants or aquatics,
so Alismatales are prime examples of the aquatic nature of
many groups near the basal nodes of the monocot tree. Ad-
ditionally, Tofieldiaceae share several features of flowers and
inflorescences that are either unique or otherwise rare among
monocots, supporting the broader circumscription of Alisma-
tales (APG II, 2003; Remizova and Sokoloff, 2003).

Nearly all previous authors have recognized the world’s

smallest angiosperms, Lemnaceae, as separate from Araceae
because of their distinct appearance. APG (1998) did not do
so because it was clear that they were embedded in the latter.
In the lemnids, the plant body is reduced and thallus-like, and
it functions in both photosynthesis and assimilation because
there are no leaves and few true roots. Flowers are similarly
reduced (to a single anther or ovary), but the majority of their
reproduction is asexual. Lemnids are related to the ‘‘proto-
aroids’’ (L. Cabrera et al., Royal Botanic Gardens, Kew, and
UNAM, Mexico, unpublished data), which include Lysichiton,
Symplocarpus, Orontium, and Gymnostachys, which also have
atypical vegetative and floral features for Araceae (e.g., spa-
dices without a spathe and unifacial leaves in Gymnostachys).
These taxa all evolved before traits considered the hallmark
of the aroids became canalized. None of these aroids attached
at the first several nodes of the Araceae tree has many species,
but the lemnids with approximately 30 species are more or
less cosmopolitan.

The families of the alismatid clade (Alismatanae sensu
Dahlgren et al., 1985) are submerged or emergent aquatics.
They share with Araceae the lack of vessels in their stems,
leaves with a distinct petiole, intravaginal squamules (not pre-
sent in all Araceae), an inflorescence with a spathe and spadix,
lacticifers, and extrorse anthers (these last three not present in
some members of both groups). In Tofieldiaceae, a ‘‘calycu-
lus,’’ which has characteristics of both a spathe and a floral
whorl, subtends the flower (Remizova and Sokolof, 2003). Al-
ismatales thus have many taxa with some extrafloral structures,
and this complex nature of these organs makes it difficult to
determine what is a flower and what is an inflorescence. This
situation is met with again in Pandanales (discussed later) and
is a good example of how many angiosperms outside the core
eudicots have reproductive organs of unclear homology. Inflo-
rescence/floral structure of all of these families requires a great
deal more study.

Petrosaviales—This order was not recognized in APG II
(APG, 2003) because at that time the position of this bigeneric
family was still somewhat unclear (Fig. 1a). With the addi-
tional information available in Chase et al. (in press; Fig. 1b)
and Graham et al. (in press), their position is now clear: they
are sister to the liliid/commelinid clade. Because they are sister
to a clade composed of many orders, they must therefore also
be accepted as an order (APG II, 2003). Although there are
only two genera in the family, their position in the monocot
tree makes them more important than their numbers would
indicate. They are also worthy of additional study because they
are a closely related pair of taxa, one of which is photosyn-
thetic, Japonolirion, and the other an achlorophyllous myco-
parasite, Petrosavia. Comparative studies of Acorales and
families of Alismatales should also include Petrosaviales be-
cause similarities within these three orders will likely provide
clues about ancestral traits in monocots in general. Cameron
et al. (2003) studied the morphology of these plants and pro-
posed to include Japonolirion in Petrosaviaceae. Like Tofiel-
diaceae these two genera had previously been included in Me-
lanthiaceae (Dahlgren et al., 1985) or Melanthioideae of Lili-
aceae s. l. (Ambrose, 1980).

Dioscoreales—Dioscoreales and Pandanales are strongly
supported as sister clades in the combined analysis of Chase
et al. (in press; Fig. 1b) and Graham et al. (in press), but these
are the first analyses in which they have had this relationship.
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In Chase et al. (2000b; Fig. 1b), both orders were supported,
but there was no bootstrap support (.50%) for any specific
relationship of either order. Some concept of Dioscoreales has
been a feature of several previous classifications (e.g., Thorne,
1976, 1992; Dahlgren et al., 1985), but in general, other au-
thors have circumscribed them with many more families than
did APG II (2003), in which there were only three: Burman-
niaceae, Dioscoreaceae, and Nartheciaceae. Characters asso-
ciated with their net-veined leaves were used as the basis to
ally Petermanniaceae, Stemonaceae, Trilliaceae, and Smilaca-
ceae with Dioscoreaceae, Taccaceae, and Trichopodaceae (all
three now part of Dioscoreaceae s. l.; Caddick et al., 2002a).
Burmanniaceae and Nartheciaceae have never before been as-
sociated with Dioscoreacae, but there are morphological char-
acters that support this alliance (Caddick et al., 2002a, b). Bur-
manniaceae were previously placed near the orchids (Orchi-
daceae), largely due to their shared mycoparasitic life history
traits, but these similarities were suspected to be convergent
because characters of these two groups are otherwise dissim-
ilar (Dahlgren et al., 1985). Molecular evolution in Burman-
niaceae is unusual in that these taxa are clearly evolving at a
faster rate than their close relatives (Caddick et al., 2002a),
and this poses problems for obtaining a clear answer about
their relationships (Petersen et al., in press). Nartheciaceae
were previously considered members of Melanthiaceae or Lil-
iaceae, but they were known to be divergent members of these
families (Ambrose, 1980).

Many previous authors considered Dioscoreales or some
component of the order to be the most ‘‘archaic’’ or ancestral
monocots (Huber, 1969; Dahlgren et al., 1985). The cladogram
of Stevenson and Loconte (1995) also placed Dioscoreales s.
l. (i.e., including nearly all net-veined monocots) at the basal
nodes, largely because they included only several of the pa-
leoherb families as outgroups (i.e., Aristolochiaceae, Nym-
phaeaceae, and Piperaceae), and these inhabit similar habitats,
such as forest understories and margins. As indicated earlier,
Dioscoreales in this wider circumscription was demonstrated
to be polyphyletic (Chase et al., 1993; Duvall et al., 1993b).

Pandanales—This order was one of the major surprises of
the earliest molecular results because it placed with two fam-
ilies long thought to be related, Cyclanthaceae and Pandana-
ceae, two others that had never before been associated with
them, Velloziaceae (Chase et al., 1993; Duvall et al., 1993b)
and Stemonaceae (Chase et al., 1995a). There is still little mor-
phological evidence known to support such a set of relation-
ships, but the DNA data are clear about this result. At least,
tetramerous flowers, which are rare in the monocots, are
uniquely shared by Cyclanthaceae and Stemonaceae. Ribo-
somal DNA sequences also support the placement of the
achlorophyllous (mycoparasitic) family Triuridaceae with Pan-
danales (Chase et al., 2000b). Previously, Stemonaceae were
most often associated with Dioscoreaceae (both are vining taxa
with net-veined leaves), but Velloziaceae have been more
problematic in their affinities. Dahlgren et al. (1985) associated
them with Bromeliaceae, but they expressed doubts about this
relationship. On the basis of their more or less separate and
numerous carpels, many authors have associated Triuridaceae
with the alismatid families (Cronquist, 1981; Dahlgren et al.,
1985).

Rudall (2003) has hypothesized that the flowers of Triuri-
daceae are instead an inflorescence, which would account for
the peculiar arrangement of the stamens inside a whorl of car-

pels in Lacandonia (Marquez Guzman et al., 1989). Similar
inflorescence-like flowers occur in Cyclanthaceae and Pandan-
aceae. Pseudanthia have evolved several times in the angio-
sperms. The flowers of several clades of monocots (e.g., Al-
ismatales, Pandanales), as well as most other groups of angio-
sperms except the core eudicots (Soltis et al., 2003), would
perhaps be best viewed as structures with aspects of both flow-
ers and inflorescences, which might explain why some floral
genes are also involved in inflorescence induction (e.g.,
LEAFY; Irish, 1999).

Liliales—Like most of the previous orders, some concept of
this order was present in most previous systems of classifica-
tion that recognized more than one family, Liliaceae s. l. Their
circumscription was variable, and even the system of Dahlgren
et al. (1985) placed some families there that belonged in other
orders (e.g., Iridaceae) and left out others (e.g., Smilacaceae,
Philesiaceae). Liliales now are composed of 11 families, most
of which are geophytes or rhizomatous perennials. As com-
pared to Asparagales, they have perigonal nectaries and suc-
cessive microsporogenesis and lack phytomelan in their seed
coats. Some are vines, such as Smilax and Petermannia (the
latter was included as a synonym of Colchicaceae in APG,
1998; APG II, 2003, but the voucher for this plant has now
been determined to be another vining genus, Tripladenia, of
Colchicaceae). The mycoparasitic family Corsiaceae also be-
longs to Liliales, based on nuclear ribosomal DNA data (18S
and 26S) and mitochondrial atpA (Chase et al., in press)

Asparagales—This last order of liliids is the largest of the
monocots (in terms of the number species) and contains the
largest family of monocots, Orchidaceae. The position of or-
chids among monocots has been the subject of a great deal of
speculation (Dressler and Chase, 1995; Rasmussen, 1995), and
in terms of DNA data, orchids have also been difficult to clear-
ly place. The early work with rbcL (Chase et al., 1993; Duvall
et al., 1993b) placed them with Asparagales, but other data
sets (e.g., atpB, Savolainen et al., 2000; atpA, Davis et al., in
press; and some analyses of matK, Hilu et al., 2003) have
placed them elsewhere, but always with weak bootstrap sup-
port. With a limited sampling of outgroup monocots, Fay et
al. (2000) found high bootstrap support for the monophyly of
Asparagales including Orchidaceae, and Chase et al. (in press),
Graham et al. (in press), and Pires et al. (in press) found that
orchids were sister to the rest of Asparagales. Morphological-
ly, orchids fit well in this position; they are among a grade of
families at the basal nodes that have simultaneous microspo-
rogenesis and inferior ovaries. Phytomelan is commonly found
in seeds of the dry-fruited members of the order, but some of
those with hairy seeds (e.g., Eriospermum, Asparagaceae s.
l.), berries (e.g., Maianthemum, Asparagaceae s. l.), or highly
reduced seeds (e.g., orchids) lack this dark pigment in their
seed coats. Phytomelan is not a synapomorphy for Asparaga-
les, but it is common in these families and rare outside the
order.

Most relationships within Asparagales are now well estab-
lished (Pires et al., in press; Graham et al., in press), but cir-
cumscriptions of several of the families have varied. Of
course, the great majority of these taxa were included in the
grossly polyphyletic Liliaceae (Cronquist, 1981), but the treat-
ment of Dahlgren et al. (1985) attempted to delimit monophy-
letic groups, treated as families, and in so doing circumscribed
them narrowly. As a result, APG (1998) recognized 28 fami-
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lies in Asparagales. Although such narrow treatments were an
appropriate way to deal with a taxonomically problematic set
of taxa, this narrow set of family limits was not a necessity
once relationships were better understood. APG II (2003) thus
optionally reduced the number of families to just 14, mostly
by condensing several clades of multiple families into single
ones. For example, Alliaceae s. l. consist of Alliaceae sensu
stricto (s. s.), Agapanthaceae, and Amaryllidaceae, and Xan-
thorrhoeaceae s. l. of Asphodelaceae, Hemerocallidaceae, and
Xanthorrhoeaceae s. s. This move also reduced the number of
small families, which are undesirable in classification because
they make the classification complicated. A further move may
be to reduce the asteliid families (i.e., Asteliaceae, Hypoxi-
daceae, Lanariaceae, and perhaps Blandfordiaceae) to a single
family, Hypoxidaceae s. l.; it has previously been demonstrat-
ed that there are some shared morphological characters for all
but Blandfordiaceae (Rudall et al., 1998). Such condensations
were largely motivated by the problems in teaching such a
complicated taxonomic scheme; these changes make it much
more likely that students will learn families that comprise
more of the genera that they commonly encounter (at least in
the temperate zones and in horticulture).

Arecales—The larger commelinid clade (previously termed
‘‘commelinoids,’’ a name considered to be easily confused
with subfamily Commelinoideae, Commelinaceae; APG II,
2003) was recognized by several earlier authors because of
their shared silica bodies, starchy endosperms, epicuticular
waxes of the Strelitzia type, and cell walls with UV-fluorescent
ferulic acids (Dahlgren et al., 1985). However, Arecales (single
family, Arecaceae, the palms) were not included in this con-
cept of the commelinids, although Dahlgren et al. (1985) noted
that palms shared these characters with those families. Instead,
most authors preferred to consider palms related to a set of
families with which they appeared to share habits and spathe-
bearing inflorescences. However, Dahlgren et al. (1985, p.
105) stated that relationships of Arecaceae vis-à-vis Pandan-
aceae/Cyclanthaceae were ‘‘undoubtedly two of greatest prob-
lems in monocot evolution.’’ Thorne (1983) and other authors
saw the connection of Arecaceae to Pandanaceae and Cyclan-
thaceae as so tenuous that three monofamilial orders were an
appropriate taxonomic treatment; such unclear ideas about re-
lationships were often used as an argument to justify creation
of small orders. DNA sequences have indicated that similari-
ties in habit and inflorescence are parallelisms because palms
are members of the commelinid clade and Pandanaceae/Cy-
clanthaceae are only distantly related to them. Within com-
melinids, there is still no clear picture (e.g., a relationship with
high bootstrap support) of where the palms fit (Fig. 1b). All
shortest trees in Chase et al. (in press) placed Arecales as sister
to the rest of the commelinids. Graham et al. (in press) placed
the palms as sister to Poales but with less than 50% bootstrap
support. Although we do not yet have a firm idea of where
palms fit exactly in the commelinids, DNA data have at least
gone a long way to sorting out these ‘‘two major problems’’
in higher-level relationships among monocots.

Dasypogonaceae—The four genera of this family confined
to Australia were previously considered anomalous members
of several other families. Most authors have recently treated
them as either members of Xanthorrhoeaceae s. l. (Cronquist,
1981) or Dasypogonaceae (Dahlgren et al., 1985) and gener-
ally have considered them somehow related to Agavaceae be-

cause at least some members were arborescent. The discovery
that some contained ferulic acids in their cell walls (Rudall
and Caddick, 1994; Rudall and Chase, 1996), whereas others
did not, completely changed the assumptions about relation-
ships of these taxa. DNA data confirmed that Dasypogonaceae
should not be included in Xanthorrhoeaceae (Asparagales;
Chase et al., 1995a) and are related to the commelinids, sup-
porting the cell-wall character as a synapomorphy of com-
melinids. Further weight to this placement was given by the
discovery in Dasypogonaceae of silica bodies (Rudall and
Chase, 1996), which are found only in the orchids outside the
commelinid clade. Like Arecaceae, exact placement within the
commelinid clade is not yet clear. Chase et al. (in press) found
them to be sister to Poales, but with only 58% bootstrap sup-
port (Fig. 1b), and Graham et al. (in press) placed them as
sister to Commelinales/Zingiberales but with less than 50%
bootstrap support.

Commelinales—A relationship of Commelinaceae to fami-
lies of Zingiberales was noted by Dahlgren et al. (1985, p.
377) on the basis of similarities in seed morphology (e.g., the
presence of an operculum). Other characters have not been
considered in the light of the DNA data, which now strongly
support Commelinales and Zingiberales as sister taxa. The oth-
er families of Commelinales, Haemodoraceae, Hanguanaceae,
Philydraceae, and Pontederiaceae were not ever associated pri-
or to the DNA sequence data. There were seed structural data
(Dahlgren et al., 1985) to support a relationship of Haemo-
doraceae, Philydraceae, and Pontederiaceae, but little evidence
is known to support a relationship to Hanguanaceae and Com-
melinaceae. Dahlgren et al. (1985) stated that Commelinaceae
were instead related to the families of Commelinales (Poales
sensu APG) but were ‘‘less specialized.’’ Hanguana had been
hypothesized to be sister to Zingiberales based on morpholog-
ical cladistic studies (Rudall et al., 1999), but DNA analyses
placed them with Commelinaceae, Haemodoraceae, and Phi-
lydraceae (100% bootstrap; Chase et al., in press).

Zingiberales—The eight families of this order have nearly
always been recognized at some level of the taxonomic hier-
archy. They are easily recognized by their inferior ovaries,
inaperturate pollen (except in Costaceae), reduced numbers of
functional stamens (except in Ensete and Ravenala), often
highly modified staminodes (often petaloid), and essential oils.
They formed a clade in the morphological analyses of Steven-
son and Loconte (1995) and Chase et al. (1995b).

DNA studies have always demonstrated Zingiberales to be
monophyletic with high bootstrap support (Chase et al., 1995a,
b; Givnish et al., 1999). The order has a number of small
families that have been kept distinct from their larger sister
families as a matter of tradition, but it seems clear that Canna
(Cannaceae) could easily be included in Marantaceae (An-
dersson and Chase, 2001), Costaceae in Zingiberaceae (Kress
et al., 2002), and Orchidantha (Lowiaceae) in Heliconiaceae
(Kress et al., 2001; Chase et al., in press). Combining Musa-
ceae with either Strelitziaceae or Heliconiaceae, as suggested
by Dahlgren et al. (1985), has not been justified on the basis
of molecular studies (Kress et al., 2001; Chase et al., in press).
Studies of floral development (Kirchoff, 1992; Kirchoff and
Kunze, 1995) have provided important insights into homolo-
gies of the various floral parts of these often highly modified
taxa.
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Poales—The 17 families of this order are dominated by the
sedge and grass families and their close relatives. Most of
these families have been thought to be related and have been
treated as a superorder (Thorne, 1983, 1992; Dahlgren et al.,
1985) or subclass (Cronquist, 1981; Takhtajan, 1997), usually
named for Commelinaceae (e.g., Commelininae or Commelin-
idae). Sparganiaceae (monogeneric) were recognized in APG
II (2003), but this was a mistake and they should have been
included in Typhaceae (also monogeneric, if the two families
are recognized); they have always been highly supported as a
clade in DNA studies. Inclusion of Bromeliaceae and Typha-
ceae in this order (APG, 1998; APG II, 2003) was not part of
most previous systems (e.g., Dahlgren et al., 1985). Dahlgren
et al. (1985) placed Bromeliaceae and Typhaceae in the same
superorder based on their general syndrome of shared traits,
but so far no molecular study has obtained this result. They
both retain soluble starch in several parts of the plant and have
similar seed structure (Dahlgren et al., 1985).

The major split in Poales is that into the graminid and cy-
perid clades. Cyperaceae and Juncaceae are sister taxa (Jones
et al., in press) and not intermingled as in some previous stud-
ies (Muasya et al., 1998). Thurniaceae are then their sister.
Poaceae are sister to the poorly known Australian family, Ec-
deiocoleaceae (Bremer, 2002), and then these two join Join-
villeaceae, Flagellariaceae, and the restio clade, Anarthriaceae,
Centrolepidaceae, and Restionaceae as successive sister taxa.

Sister clades of unequal sizes—One of the more significant
patterns that has been detected in angiosperm phylogenetic
studies has been that of successive, insignificant, and small
sets of taxa that are sister to large, species-rich clades. These
small groups generally have some, but not all, of the traits
associated with their species-rich sister clades, and they often
lack what have become known as ‘‘key characters’’ (Bateman,
1999), which often turn out to be nothing more than the final
trait that makes up what then appears to be the ‘‘successful,
canalized syndrome.’’ The relatives of Poaceae are one such
example (Chase et al., 2000a; Kellogg, 2000); they are spe-
cies-poor in spite of having some of the traits that make up
the successful syndrome. The key trait is just one of these,
which would have been unlikely on its own to confer evolu-
tionary success on the group. Other monocot examples of this
phenomenon include Orchidaceae and Araceae. In the former,
subfamilies Apostasioideae, Cypripedioideae, Vanilloideae,
and Orchidoideae are successive sister taxa to the species-rich
subfamily Epidendroideae (Chase et al., 2003), and they dem-
onstrate an increasing number of the traits that make up the
syndrome of Epidendroideae. Likewise, ‘‘proto-aroids’’ (see
earlier) exhibit a similar syndrome relative to the canalized set
of traits that most people think of as ‘‘typical’’ aroids (spathe,
spadix, unisexual flowers, etc.). In evolutionary developmental
studies, more attention should be paid to these insignificant
groups because it is in these plants that the evolutionary con-
text of individual components can be made clearer because
they are not associated with the full morphological suite typ-
ical of most members of their families.

Molecular clock studies of the monocots—Two studies
have been published that examined the age of the monocots
from the perspective of relatively well-sampled phylogenetic
trees, Wikström et al. (2001) and Bremer (2002). Although the
latter focused on Poales, from it we can extrapolate an age for
the monocots as a whole. The Wikström et al. (2001) paper

used a calibration point well outside the monocots (within the
eudicot order Fagales), and this was criticized by Bremer
(2002) as introducing an error into the calculations. The Wiks-
tröm et al. paper produced an age for extant (crown group
node) monocots of 127–141 million years ago (mya) and Po-
ales of 69–72 mya. Bremer (2002) calculated the age of Poales
using several calibration points within Poales to be 115 mya,
which if we then extrapolate to the monocot crown node
would mean that they are approximately 162–176 mya, which
is older than the Wikström et al. estimate for the age of the
angiosperms. Of course, this is far older than the fossil record
indicates for the angiosperms. I am not trying to say that one
of these estimates is correct; they may both be incorrect. I
would argue instead that we can draw some generalities about
ages of monocot orders and families from these studies, but if
we try to get into too many specifics, then we will have to
choose between the age estimates in the Bremer and Wikström
et al. studies, which would be unwise. Given the problems
with the Wikström et al. calibration point and the apparently
excessively old estimates of Bremer, we can imagine that the
truth may lie somewhere in between. To get better age esti-
mates from molecular clocks, we need improved methods of
calibrating trees based on DNA sequence data.

The oldest fossil monocots are those of the palms, aroids,
and Triuridaceae (Christopher, 1979; Herendeen and Crane,
1995; Gandolfo et al., 2002), all of which occurred around the
mid-Cretaceous. It is clear from this and the molecular clock
studies that the monocots were among the first lineages of
angiosperms to diversify. All orders and the great majority of
families appeared well before the end of the Cretaceous; even
if we take the crown nodes of most families rather than the
root nodes, we still have evidence that these clades existed
before the end of the age of dinosaurs, 65 mya. In contrast,
the ages of most eudicot orders and families are much younger
than similar taxa in the monocots.

Monocot phylogenetics: problems and prospects—Progress
in our understanding of the basic phylogenetic framework for
the monocots has been rapid. The first analyses were published
just about ten years ago (Chase et al., 1993; Duvall et al.,
1993a, b), and now with the exception of three nodes, two of
them fairly minor, we have high confidence in the spine of the
monocot tree. The position of Liliales relative to Dioscoreales/
Pandanales and Asparagales to commelinids are the biggest
points of uncertainty. We also do not as yet have a clear po-
sition for either Arecales or Dasypogonaceae relative to the
other clades of the commelinids. I expect that, by continuing
to collect additional data, the positions of these taxa can be
made clear. Within several of the orders, the positions of some
families also require more than the seven genes we have now
(Chase et al., in press).

There are several more plastid genes that could be added to
improve the situation (e.g., Graham et al., in press), but it is
also important to incorporate information from both the mi-
tochondrial and nuclear genomes. These are needed in partic-
ular to better estimate the relationships of the achlorophyllous,
mycoparasitic families, Burmanniacae, Corsiaceae, and Triur-
idacae. The mitochondrial genes currently available, atpA and
cob, have both proven problematic, at least in some taxa, with
respect to patterns and rates of change; these genes in some
taxa also may have been transferred to the nucleus, giving
them highly unusual patterns of change relative to copies still
residing in the mitochondrial genome (Petersen et al., in
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press). In general, mitochondrial genes are plagued by hori-
zontal gene transfer in ways that plastid and nuclear rDNA
genes seem not to be (Bergthorrson et al., 2003; Won and
Renner, 2003).

The two ribosomal DNA genes, 18S and 26S rDNA, are
thus far the only evidence available for the nuclear genome of
a broad sampling of monocots, but these two are not partic-
ularly good sources of phylogenetic information (i.e., they pro-
duce only low bootstrap percentages; Soltis et al., 1997). We
need sequences from low-copy protein-coding genes, such as
have been developed for eudicot groups (Mathews and Don-
oghue, 1999; Simmons et al., 2001). The approach of Fulton
et al. (2002) for eudicots would also be worthwhile carrying
out for monocots. Developing broadly useful PCR primers for
such genes is also difficult, and some critical taxa appear to
have lost or modified some of these (e.g., Ceratophyllum had
a single copy of the phytochrome gene, which was difficult to
assign to either of two phytochrome genes, PHYB or PHYC;
Mathews and Donoghue, 1999). Although adding information
from both the mitochondrial and nuclear genomes is highly
desirable, there is good evidence that the current trees based
largely on the patterns present in plastid DNA (Chase et al.,
in press) are reliable when the accuracy of predicting (based
on these trees) the distribution of additional traits has been
evaluated in other studies (e.g., Adams et al., 2001; Sykorova
et al., 2003). Therefore, there is no reason to think that evi-
dence from other genomes will be vastly different than the
estimates of phylogeny thus far produced.

The problems posed by the work of Tomlinson (1995) on
habit, especially the vascular system, and Rudall (2003) on
flowers/inflorescences of monocots, both require more inves-
tigation, particularly with respect to genes controlling their de-
velopment. Understanding the re-patterning of the vascular
system in monocots involves understanding how it is con-
trolled in dicots, so both of these areas of study are larger than
just monocots. Monocots exhibit some forms of floral muta-
tion that have never been observed in eudicot flowers, such as
extra whorls of perianth (e.g., in Hippeastrum, Lilium, and
Hemerocallis) without the corresponding conversion of sta-
mens into petals, such as occurs in Rosa hybrids, petaloid se-
pals (tepals), and fusion of sepals and petals into a floral tube
(e.g., in Sandersonia). Thus, it seems clear that the genes con-
trolling monocot floral development are not exactly those ob-
served in eudicots.

Unlike the eudicots in which there are major model species
in at least two of the largest clades, in the monocots we have
only the grasses in which model species have been developed.
In a clade as large and diverse as the monocots, this presents
some problems, particularly because the model species we
have (grasses) are themselves so highly modified, including at
the molecular level (Gaut et al., 1992, 1993, 1996). This both
calls into question the homology of structures and also makes
much more difficult the use of tools developed in the grasses
on other, more ‘‘typical’’ monocots, such as lilies, yams, and
daffodils. There is clearly a need to broaden the picture in the
monocots, and work such as that proposed in Pires et al. (in
press) will move us in that direction.

Now that a broad picture of monocot relationships has been
established, the first thing that is clear is how much we do not
know about the biology of monocots. When we could only
speculate on monocot relationships, we could only hypothesize
about many other possible topics for research. Now we have
the tools to carry out such research and a well-founded as-

sessment of relationships to help focus our questions in the
most reliable manner, which bodes well for greatly improving
our understanding of the peculiarities of the monocots.
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