
Introduction
Although the c. 10,000 species in the Poaceae places it
as the fifth largest flowering plant family, a number of
biological features raise it to a unique position. The
family has contributed crop species that provide
about 80% of the annual global food (FAOSTAT
1999). In fact, four of the top crops that feed the
world are cereal crops: wheat, rice, corn, and barley.
This economic significance is matched by an
ecological dominance as grasses cover about one fifth
of the earth (Shantz 1954). Grasslands are signature
of the Poaceae. Because of this economic and
ecological importance, grasses have attracted
considerable attention in the biological and
agricultural sciences. The past century showed
enormous amounts of research conducted on various
biological aspects of the family, including systematics,
genetics, cytogenetics, breeding, physiology, anatomy,
developmental biology, chemistry, chromosome
structure, and, more recently, whole plastid and
nuclear genome sequences. Results from these
studies have provided a wealth of information on the
biology of the family, which have become and remain

valuable resources used in furthering our
understanding of Poaceae systematics and in assessing
the mode and tempo of grass evolution. 

Development of our views of grass systematics
followed major trends in advancement in the sciences
and engineering. Major discoveries come in spurts
and are usually followed by periods of relative
stagnation. Optical development associated with
microscopes provided a closer look at various
anatomical features; advancement in chemical
techniques revealed information on a number of
molecules such as flavonoids, proteins and alkaloids;
development of computers and various analytical
software programs enhanced the capability of
handling large data sets and facilitated large-scale
analyses of available grass data; and finally, the
current advancement in molecular biology and
biotechnology provided us with the tools to look at
information derived from genes and genomes. 

Parallel to, or as a consequence of, these major
developments, the field of grass systematics underwent
a series of refinements that individually or collectively
corresponded to the progressive stages cited above.
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These stages of progress in grass systematics, although
not necessary sharply distinct, are in general quite
recognizable and can be divided into two major
periods, which in turn can be further divided into sub-
periods. The two main periods are the Predictive
Period and the Analytical Period. These two periods
differ in the means by which hypotheses on grass
systematics are put forth. In the Predictive Period,
taxonomic hypotheses were based on personal
perceptions using available knowledge in the field and
personal conviction of the systematist. In the Analytical
Period, hypotheses are based on analyses of available
data with preset mathematical formulae that have
eventually taken advantage of computing systems. This
paper will address grass systematics in these two
periods, summarize the overall progress to date, assess
the areas that need further work, and highlight
possible future trends and needs in grass systematics. 

Predictive Period in Grass Systematics
This period began with the first publication on the
classification of grasses by Adanson (1763). The
period included both the classification of grasses into
subfamilies and tribes (Predictive Taxonomy) as well
as the assessment of evolutionary patterns for the
taxonomic units (Predictive Phylogeny). Although
the two approaches overlap completely in time, it
would be best to address them separately. 

Predictive Taxonomy
Hilu & Wright (1982) recognized two stages in this
period, an initial stage that relied solely on
morphological characters, and a second stage that
gradually incorporated microscopic structures and
biochemical features. The initial stage started with

Adanson’s (1763) division of the grass family into
several “sections.” Outstanding contributions during
that period included the allocation by Robert Brown
(1814) of grass genera into the tribes “Panicaceae” and
“Poaceae” (probably equivalent to what was later
recognized as subfamilies Panicoideae and the
traditional Festucoideae) based on detailed
understanding of spikelet structure. This system was
followed to a certain degree by Bentham (1881), and
became the basis of the classification of Hitchcock
and Chase (1950) of the North American grasses into
the subfamilies Festucoideae and Panicoideae. Between
the 1673 and the 1950 publications, a number of
contributions were made in which the number of
subfamilies ranged between two and three
(summarized in Hilu & Wright 1982 and GPWG
2001). The recognition of the major subgroups was
based largely on type of inflorescence, spikelet
number and floret disarticulation.

The emergence of additional characters in grass
systematics had an early start with the recognition in
the nineteenth century of useful patterns in starch
grain (see Hilu & Wright 1982 and GPWG 2001). This
information attracted the attention to the presence of
important traits besides morphology and encouraged
further work on these same traits or others by a new
generation of researchers, ultimately leading to
significant advances in grass systematics. These new
lines of research included (but were not necessarily
limited to) microscopic features, chromosome
cytology, leaf and stem anatomy, embryology, seedling
type, photosynthetic pathways, seed storage protein,
flavonoid chemistry (see literature review in Hilu &
Wright 1982; Clayton & Renvoize 1986; GPWG 2001).
The Predictive Period began with what seems to be
simplistic view of grass classification and moved into
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Table 1. Selected taxonomic treatments of the Poaceae at higher taxonomic levels to represent the overall history and the
various periods discussed here. Brown (1814) classification of grasses into two tribes roughly corresponds to later treatments at
the subfamily. 

Brown 1814 Avdulov 1931 Stebbins & Caro 1982 Clayton & GPWG 2001
Crampton (1961) Renvoize 1986

Paniceae Poatae Bambusoideae Bambusoideae Bambusoideae Anomochlooideae
Poaceae Sacchariferae Oryzoideae Streptochaetoideae Oryzoideae Pharoideae

Arundinoideae Anomochlooideae Pooideae Puelioideae
Festucoideae Olyroideae Chloridoideae Bambusoideae
Eragrostoideae Centhostecoideae Panicoideae Ehrhartoideae

Oryzoideae Arundinoideae Pooideae
Ehrhartoideae Centothecoideae Aristidoideae
Phragmitoideae Chloridoideae
Festucoideae Centothecoideae
Eragrostoideae Panicoideae
Aristidoideae Danthonioideae
Panicoideae Arundinoideae
Micrairoideae



the impressive effort of exploring potential
informative characters in the Poaceae. These
contributions clearly underscored the artificiality of
the two or three subfamily systems and pointed out
the need for substantial taxonomic revisions. As a
consequence, new subfamilies were recognized (Table
1) with the number varying from three (Avdulov
1931) to 13 (Caro 1982). The highlight of the period
is the instability of grass classification as reflected by
inconsistencies in the trend of subfamily recognition
(Fig. 1). The obvious reason for the inconsistencies is
the subjective differential weighing of characters in
the process of subfamily circumscription based on the
individual judgments on taxonomic characters and
subfamily criterion.

Predictive Phylogenetics
Concepts on grass evolution emerged late in the 19th
century (Celakovsky 1889; Goebel 1895; Schuster
1910), reflecting keen observations. It was suggested
that Streptochaeta or a grass with similar spikelet
structure is the most ancestral in the family. Those
authors took the first crucial steps in evaluating
character polarity and using it in predicting potential
phylogenetic trends. The theme was exploited in
subsequent predictive phylogenetic assessments, such
as those of Stebbins (1956) and Tateoka (1957), with
some of those predictions being confirmed by recent
molecular phylogenetic studies. I will discuss five
papers from that period to illustrate the phylogenetic
thinking of grass systematists at this stage and
compare their predictions with our current
understanding of grass phylogeny. 

Roshevits (1937) provided what he termed “a
system of origin of grasses” based on the two-
subfamily system (Poatae and Sacchariferae) of Avdulov
(1930). Within the two subfamilies, three “series”
were recognized for the Poatae (Series Bambusiformes,
Phragmitiformes, and Festuciformes) and two for the
Sacchariferae (Paniciformes and Eragrostiformes). He
depicted the Poatae emerging from an unknown
“progenitors of grasses” with the Bambusiformes at its
base, and the Sacchariferae to be derived from the
Poatae at some point. Roshevits (1937) placed
Streptochaeteae at the base the Bambusiformes, and
consequently of the whole grass family. From
Streptochaeteae, he envisioned the divergence of the
tribe Bambuseae and subsequent bifurcation into the
Phareae line and the “ancestral type” of the
Phragmitiformes series. Within the Phragmitiformes, he
drew a line from the Arundineae to the ancestral types
of the Festuciformes. For the subfamily Sacchariferae,
he presented an ancestral type at the base, giving rise
to the two series Paniciformes and Eragrostiformes.
Roshevits also presented detailed branching patterns
for the respective tribes of each of the five series.
Despite the problems in the classification system, the
presentation of a predictive grass phylogeny in a
branching form, the placement of the Streptochaeteae
at the very base of the family and the Phareae near the
base are important contributions. 

Stebbins (1956) presented an illustration of his
perspectives of evolutionary patterns in the Poaceae
(Fig. 2A). The outline is not in the form of a
phylogenetic tree but rather a view of a tree canopy
with an unknown ancestral taxon in the center and the
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Fig. 1. Trends in Poaceae subfamily recognition since Brown (1814) treatment of the family. 
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Fig. 2. Patterns of evolutionary relationships among subfamilies and tribes of Poaceae presented after Stebbins (1956). G. L. Stebbins
illustrated the relative differentiation of the grass groups around an ancestral complex (noted as an asterisk) in (A), or (Stebbins 1982) as
lines radiating from an “ancestral complex (B). In the latter case, measurements of branch lengths are superimposed here on a re-
drawing of his original diagram. 

A

B



various grass lineages placed in distances that
correspond to their degree of specialization. Stebbins’
avoidance of depicting branching patterns for the
grass tree was likely driven by caution. He notably
placed Streptochaeta very close to the root, affirming
previous concepts. The tribes Arundineae, Danthonieae,
Centotheceae, and Bambuseae were also very close to the
root. Pharus, one of the currently recognized early
diverging genera, was placed in a separate island close
to the Oryzeae but relatively distant from the root. He
predicated ancestral taxa for some of the subfamilies:
Arundinelleae for the Panicoideae; the genera Melica,
Glyceria and Schizachne (Meliceae) for the Festucoideae
(Pooideae); Uniola for the Eragrostoideae (Chloridoideae);
and Streptochaeta for the Bambusoideae. Some of these
relationships are confirmed now, such as the near
basal position of Uniola in the Chloridoideae (Hilu &
Alice 2001) and the early divergence of the Meliceae
and Nardus in the Pooideae (Soreng & Davis 1998; Hilu
et al. 1999; Döring et al. this issue). Stebbins (1956)
placed Aristida close to the Chloridoideae.

In a subsequent publication, Stebbins (1982)
presented his predictive evolutionary concept of grasses
in another form with six subfamilies radiating from the
unknown ancestor (Fig. 2B). He based his hypothesis

on gross morphological and microscopic characters
and noted character polarity for several traits, including
habit. The distance from the ancestral group and
relative position depicted degrees of evolutionary
relationships. I have measured the distances to quantify
Stebbins’ thinking of the degree of evolutionary
differentiation (Fig. 2B). The Bambusoideae (with
Streptochaeta and Bambusa close to the base) has the
shortest distance from the ancestral group (3.8 cm),
followed by the Pooideae (5.8) and Oryzoideae (5.9). The
evolutionary distances assumed a relative leap for the
Arundinoideae, Eragrostoideae and Panicoideae,
considering their distances at 7.7 cm, 9.0 cm and 12.2
cm from the ancestors, respectively. The short distance
of the Bambusoideae from the ancestral group may have
been influenced by the inclusion of Streptochaeta in the
subfamily. The overall system reflects to some degree
the current thinking in grass phylogenetics by
underscoring close affinities among today’s PACCAD
clade members and their relative distance from the
root of the family, and highlighting some affinities
between Oryzoideae (Ehrhartoideae) and Pooideae.

A year after the publication of Stebbins (1956),
Tateoka (1957) presented his views on this subject
(Fig. 3). Tateoka (1957) pointed out the importance
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Fig. 3. A predictive phylogeny for the Poaceae proposed by Tateoka (1957). Arrows are superimposed on his original lines connecting
the grass subfamilies.



of various features such as chromosome cytology, leaf
anatomy, embryo structure, seedling type, root hairs,
and starch grains in grass systematics. However,
among these features, Tateoka considered
chromosome cytology and leaf structure to be
particularly important in grass systematics and used
them along with morphology and geographic
distribution to present his taxonomic and
phylogenetic schemes. Tateoka presented his
perception of divergence patterns in the Poaceae with
solid lines, although the starting points of the lines
linking subfamilies were not connected to a
particular taxon and the divergence patterns within
subfamilies was quite vague (Fig. 3). Those branches
are highlighted here in arrows. He proposed an
unknown taxon at the base of his Pharoideae as a
progenitor for the Poaceae. Impressively, he placed
Anomochloeae and Streptochaeteae as the first diverging
grasses after that ancestor, a position that has been
recently confirmed (Clark et al. 1995; Hilu et al.
1999). His Pharoideae included eight tribes of what are
traditionally Bambusoideae and Oryzoideae, with the
Oryzeae branching off among the bambusoids distant
from the base. The Pooideae was placed at the top of
the grass phylogeny, far removed from his
bambusoid-oryzoid group. The Panicoideae were
placed adjacent to the Pharoideae, as were the

Arundinoideae (“Arundoideae” of Tateoka, Fig. 3).
However, no solid line leading to the Panicoideae was
drawn, possibly implying uncertainty about its origin.
The Arundinoideae had Arundinelleae at its base, with
the latter adjacent to the borders of neighboring
Panicoideae (Fig. 3). This placement of the
Arundinelleae signals a conjecture of potential close
affinity of the tribe to the Panicoideae where it is now
placed. From his Arundinoideae, Tateoka derived the
Pooideae from near Lygeeae and Nardeae, two tribes that
are now placed in the Pooideae where they occupy a
near basal position in the subfamily in current
phylogenetic hypotheses (Soreng & Davis 1998; Hilu
et al. 1999; Döring et al. this issue). The Eragrostoideae
appear to be derived from near the Arundineae; this
position has been contemplated in subsequent
studies and our work (Hilu et al. 1999). 

Tsvelev (1976) proposed evolutionary relationships
among grass tribes found in the USSR. The
relationship is depicted in a circular form with
subfamily placement reflecting relative close affinities,
and tribe positions within those subfamilies placed at
a relative distance from a central ancestral group. He
asserted that the theme of his evolutionary
perspective followed that of Stebbins (1956). Tsvelev
(1976) stated that “it is impossible to derive all tribes
and subfamilies of grasses from any single existing
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Fig. 4. A circular representation of subfamily and tribal phylogeny in the Poaceae put forth by Tsvelev (1976) for the genera of the
USSR. Distances from the center represent degree of differentiation, and subfamily positions are indicative of measures of relatedness to
each other. 



tribe. Therefore, it will be more correct to display the
affinity relationships between the grass tribes we
accepted, not in the form of an ancestral tree, but in
the form of a cross section of this tree at this stage, as
done by Stebbins (1956).” Tsvelev’s note of caution
about the depiction of grass phylogeny may have been
based on emphasis of extinction of some ancestral
links in the family. The three major groups
(subfamilies) arundinoids (including the Aristideae),
chloridoids and panicoids were placed in an adjacent
position, leaving a neighboring bambusoids, oryzoids
and festucoids (Festucoideae, currently named Pooideae)
(Fig. 4). The placement of the Bambusoideae next to
the Panicoideae was mirrored in Stebbins’ (1982)
evolutionary hypothesis. The proximal positions can
be construed as a primal presentation of what later
was recognized as the “PACCAD” and “BEP” clades
(Clark et al. 1995). Tribal positions of interest include
the placement of the Arundinelleae closer to the center
of the diagram within the Panicoideae and the basal
position of the Pappophoreae in his Eragrostoideae,
implying overall relative ancestral status. These
phylogenetic positions have recently been confirmed
(Hilu et al. 1999; Hilu & Alice 2001; GPWG 2001). It is
rather intriguing to see that Tsvelev presented all the
tribes in his diagram as distinct entities except for his

Poeae-Aveneae-Phleeae-Phalaroideae group. Recent
molecular phylogenetic studies have clearly
demonstrated the difficulties in segregating members
of the traditional Aveneae and Poeae into two
monophyletic lineages (Döring et al., this issue). 

Among the most extensive and detailed
presentations of evolutionary relationships are those
presented by Clayton & Renvoize (1986) in Genera
Graminum. Their perspective of subfamily
relationships underscores the importance of the
evolution of photosynthetic pathways and their
associated anatomical and ecological features. Clayton
& Renvoize’s (1986) contribution to predictive
evolutionary relationships was immense at the tribal
and genus levels where hypotheses on patterns of
divergence were presented for each subfamily and
some individual tribes. These predictive evolutionary
relationships have been utilized as starting hypotheses
for a vast number of subsequent studies, including
present day phylogenetic reconstructions. The
proposed evolutionary relationships were further
supported by information in their text, furthering the
significance of the publication. In numerous cases,
some of the genera, particularly the large ones, are
depicted as ancestors to more than two lineages (e.g.
Tridens, Eragrostis and Leptochloa in Fig. 5). However,
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Fig. 5. One of the diagrams illustrating Clayton and Renvoize’s (1986) views of evolutionary relationships among grass genera and
tribes. 



polyphyly and paraphyly of some of these genera have
been demonstrated (Hilu & Alice 2001), and this
approach of presenting evolutionary relationship in
predictive phylogenetics should not be construed as a
drawback but rather a strength in the predictions. 

Analytical Period
With these assessments of grass systematics underway,
analytical approaches of data sets of various sizes and
composition began to surface. The development in
computer technology coupled with advances in
computational biology, especially those directed toward
systematic biology, were major factors underlying the
emergence and subsequent success of the Analytical
Period. This period will be further divided into two
types: Phenetic Analyses and Phylogenetic Approaches. 

Phenetic Analyses
The Phenetic Analyses period began with the advent
of Numerical Taxonomy and its application in
systematic biology. The field was ideal for grass
systematics with the availability of large amounts of
information in the literature on the vast majority of
grass genera. Numerical taxonomy, besides its
manipulation of large data sets (taxa and
characters), helps in reducing, but not eliminating,
subjectivity in handling and assessing information, a
practice that took us a step closer to natural
taxonomic treatments. Although the handling of
large data sets is an accurate assertion, subjectivity
can be introduced through the choice of characters,
their scoring and the delimitation of groups, i.e. the
placement of the phenon lines that demark the
splitting of clusters. The impact of these variables
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Fig. 6. A phenogram from the Clifford et al. (1969) cluster analysis study of Poaceae. The re-drawn diagram accurately reflects the
distances noted in the original publication.



was evident in the numerical phenetic studies
conducted on the Poaceae. I will focus here on five
studies that aimed at assessing grass taxonomy at the
subfamily level. 

H. T. Clifford pioneered the field of numerical
analyses in the Poaceae (Clifford 1965; Clifford &
Goodall 1967; Clifford et al. 1969; Watson et al. 1985).
I will summarize here two of these studies. Clifford et
al. (1969) scored 50 characters for 92 grass genera
and analyzed the data set with MULTCLAS and
MULTBET for cluster analysis and GOWER for
principal coordinate analysis (PCO). They
represented each genus by one species, a practice
that may not account for variability at the
intrageneric level. The highlight of the analysis was
the presence of two major clusters of genera (Fig. 6),
one comprising the pooid and bambusoid grasses as
two distinct subclusters. The second cluster includes
the andropogonoid grasses in a subcluster linked to
the eragrostoids and two closely associated
subclusters representing the panicoid and
“phragmitoid” groups of grasses. Their PCO analysis
segregated the bambusoids from the remaining
groups, but again separated the panicoids from the
andropogonoid grasses. The emergence of two major
clusters is an important contribution as they reflect
what was later defined as BEP and PACCAD clades.
Worth noting here is the low degree of correlation
between the pooids and bambusoids (Fig. 6), a finding
that underscores the looseness of the latter group.

Based on the five groups emerged in the cluster
analysis and the distribution of the taxa in the PCO,
Watson and Clifford concluded that grasses could be
divided into at least five groups of homogenous
bambusoids, pooids and andropogonoids, and the
relatively heterogeneous eragrostoid and panicoid-
phragmitoid groups. They noted that due to the lack
of discreteness among the groups and pattern of
distribution of the genera in the PCO, it is not
possible to recognize some of the groups at the
subfamily level. 

Watson, Clifford and Dallwitz (Watson et al. 1985)
conducted another numerical analysis on the Poaceae
but this time with a larger data set. They analyzed a
data set of 720 genera and 85 morphological and
microscopic characters with the SAHN and MACINF
programs. They recovered similar clustering patterns
with both programs, but in the case of using SAHN,
they limited the taxa to “near-comprehensively
recorded taxa” and noted that they had to
“laboriously weigh all the information they had to
hand.” The summary dendrogram in Watson et al.
(1985) shows two major clusters, one representing
the subfamily Panicoideae, but this time all its
members (recognized as supertribes Panicanae and
Andropogonanae) clustered together. The second
major grouping included the subfamilies Pooideae,
Bambusoideae, Chloridoideae, and Arundinoideae (Fig.
7). The grouping into five well-defined clusters
representing these subfamilies was an improvement
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Fig. 7. A redraw of the summary dendrogram from Watson et al. (1985) cluster analysis study showing grass subfamilies and major
tribes. The arrows highlight the two major clusters and the circle points out the unusual grouping of the chloridoid and arundinoid
grasses with the pooids and bambusoids. 
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over the study of Clifford et al. (1969). However, the
very distinct separation of the Panicoideae from the
rest of the family and the nesting of the Chloridoideae
and Arundinoideae in the Bambusoideae and Pooideae
cluster was later clearly demonstrated to be artificial
relationships in numerous studies as well as current
findings (see Clark et al. 1995; Hilu et al. 1999;
GPWG 2001). 

Hilu & Wright (1982) conducted a cluster analysis
study on 215 grass genera and 85 morphological and
microscopic characters using the unweighted pair-
group method with simple averages (UPGMA). In
that study, variation in traits within genera was
accommodated by coding the presence and absence
of each character as separate bistate characters (for
details see Hilu & Wright 1982). Based on this type
of scoring, the number of characters used in the
analyses totaled 220. All characters were weighted
equally. Eight clusters were evident based on total
characters. The clusters corresponded to the
subfamilies Pooideae, Oryzoideae, Bambusoideae,
Eragrostoideae (Chloridoideae), Arundinoideae,
Centostecoideae (Centothecoideae), and a cluster that

encompasses Lygeum, Nardus and Diarrhena (Fig. 8).
The latter three genera were proposed as a potential
nucleus of a new subfamily, Nardoideae. Current
molecular-based trees are generally congruent with
the overall topology of that phenogram. Hilu and
Wright noted that Pharus displayed extreme
isolation. The genus clustered first with the
Bambusoideae (Fig. 8). After the Bambusoideae, grasses
were assembled into two clusters: one included
Panicoideae, Chloridoideae, Centothecoideae, and
Arundinoideae and the second the Oryzoideae and the
Festucoideae (Pooideae) plus Lygeum, Nardus and
Diarrhena. The clustering, thus, represent Pharus,
and what was later dubbed PACCAD (Panicoids,
arundinoids, chloridoids, centothecoids, aristoids,
danthonoids), and BEP (bambusoids, ehrhartoids,
pooids) with the Bambusoideae as a separate cluster
(Anomochloa and Streptochaeta were not included in
the study). The position of Lygeum, Nardus and
Diarrhena in relation to the Pooideae is also quite
important as, at least Lygeum and Nardus, are
appearing at the base of the Pooideae in recent
phylogenetic studies (Soreng & Davis, 1998; Hilu et

Fig. 8. The overall clustering of grass subfamilies from Hilu and Wright (1982). The diagram is re-drawn with Pharus added to reflect its
position in the dendrogram. Narrow arrow defines the cluster corresponding to PACCAD clade, whereas broader arrows point to the
positions of Bambusoideae, Festudoideae (Pooideae) and Oryzoideae (Ehrhartoideae) (BEP). The circle points to the position of Lygeum,
Nardus and Diarrhena (referred to as “Nardoideae”) in relation to the Festucoideae (Pooideae).



al. 1999; GPWG 2001). Döring et al. (this issue)
recovered a basal clade comprising Lygeum and
Nardus (Diarrhena was not represented) in the
Pooideae in a matK-based tree, which they are
recognizing as a nucleus for a tribe Nardeae.
Therefore, in the Hilu & Wright (1982)
dendrogram, the Pooideae cluster can be construed
as core Pooideae (Festucoideae) linked to the remaining
pooids Lygeum, Nardus and Diarrhena. 

The last phenetic case to be discussed is based on
molecular characters: the grain storage protein
prolamins (see Hilu 2000 for review). These
represent a series of studies started in 1988 (Hilu &
Esen 1988) on prolamins polypeptide size, and
immunological similarities (as measured by degree
of cross-reactivity using antisera) at the whole
family level and within individual subfamilies.
Immunological similarities in this work were
measured by the highly sensitive enzyme-linked
immunosorbent assay (ELISA) method and
quantified by an ELISA reader. Prolamins range in
molecular size from about 10 kDa to over 100 kDa
and are encoded by a multigene family. The size
variation is quite linked to the current systematic
opinion of the family, with the Oryzoideae and
Bambusoideae having 10 – 16 kDa prolamins, the

Chloridoideae, Panicoideae, Arundinoideae (s. l.),
Centothecoideae, and Aristida displaying 20 – 30 kDa
polypeptides, and the Pooideae having a wide range
of polypeptide sizes but primarily around 30 – 100
kDa. These prolamin size groups were the first
molecular markers to delimit a major grass lineage
that was later named PACC/PACCAD. The studies
also pointed out similarities between the
Bambusoideae and Oryzoideae in prolamins, which was
latter confirmed by DNA sequences of the 10kDa
genes in representatives of the two subfamilies
(Hilu & Sharova 1998). These size similarities were
further examined by ELISA to assess structural
similarities among prolamins. An UPGMA analysis
of immunological data from representatives of
these grass subfamilies substantiated the prolamin
size similarities and their derived relationships. The
grouping showed the bambusoids to be very
distinct, followed by the oryzoids, the pooids and
then a cluster representing members of the
PACCAD clade with Aristida being least similar (Fig.
9). The tribe Aristideae was shown by matK data
(Hilu et al. 1999) as sister to the rest of the
PACCAD clade. Thus, prolamin size and molecular
similarities did not resolve a BEP but a well-defined
PACCAD. 
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Fig. 9. An illustration reflecting phenetic relationships among grass subfamilies based on immunological similarities of prolamins
measured by the ELISA method; polypeptide sizes are mapped on the phenogram. The diagram summarizes results from a series of
publications by K. Hilu and A. Esen reviewed in Hilu (2000).



Analytical Phylogenetics
The 1986 international conference on grasses
systematic organized by T. Soderstrom, K. Hilu, M.
Barkworth, and C. Campbell and held at the
Smithsonian Institute in Washington D.C. and its
proceedings (Soderstrom et al. 1987) represents a
landmark in grass systematics. It brought together a
large number of scientists with diverse interests in
grasses and resulted in presentations and a subsequent
publication that highlighted current knowledge and
potential future directions in the field. That volume
contained the first two publications on cladistic
analyses of the Poaceae (Baum 1987; Kellogg &
Campbell 1987). Both studies were morphology-based.
Kellogg & Campbell (1987) based their analysis on an
initial 390 grass genera using 23 to 33 morphological
and anatomical characters. They established the
monophyly of the Pooideae, Bambusoideae, and
Panicoideae, recognized the polyphyly of the
Arundinoideae, and pointed out the lack of conclusive
evidence for the monophyly of the Chloridoideae. Using
Joinvillea as the outgroup, they illustrated one of seven

most parsimonious trees; the tree showed Pooideae plus
Nardus as the first diverging lineage in the Poaceae, with
the Aristideae diverged near the base. Kellogg &
Campbell (1987) concluded that tree structure
depends largely on assumption of structure within
subfamilies. They also pointed out a high proportion
of homoplasy as indicated by the low consistency
index. High degrees of homoplasy, which is not
unexpected in morphologies, could greatly impact
tree robustness by increasing the proportion of noise
compared with signal. 

In contrast, Baum’s (1987) analysis was based on
fewer taxa (21 tribes from North America), a smaller
number (21) of characters, and lacked an outgroup.
Baum stressed that his cladistics study was preliminary
and tentative in nature. Baum’s (1987) phylogenetic
hypothesis was impressive for an initial attempt at the
family as well as for being based on morphological
characters. The tree showed the bambusoid
Arundinarieae at the base, followed by Phareae,
Oryzeae, Pooideae, and then a lineage corresponding to
current PACCAD (Fig. 10). In the latter group, the
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Fig. 10. One of the first two cladistics hypotheses on grass phylogeny re-drawn from Baum (1987). The diagram highlights the
phylogenetic positions of major grass groups, with an arrow added to denote the PACCAD clade.



Centotheceae was sister to a monophyletic Panicoideae
plus remaining tribes. The Chloridoideae appeared
polyphyletic and included the Stipeae, Aristideae and
Arundineae. As in the Kellogg & Campbell (1987)
cladistics analysis, homoplasy in structural characters
might have impacted the analysis, particularly the
terminal lineage.

With the advent of molecular phylogenetics, some
of the first phylogenetic attempts were based first on
gene sequence information with limited taxon
sampling and then restriction site analysis from the
chloroplast genome. I will discuss first the
contributions of restriction site studies but will address
those initial sequencing studies with the rest of the
contributions of this approach. Davis & Soreng (1993)
carried out the first restriction data study to address
systematic questions in the Poaceae at the subfamily
level. The study focused on the Pooideae but included
representatives of other subfamilies. Rooted with
Joinvillea, they obtained eight most parsimonious
trees. In the tree they presented (one of the eight
most parsimonious tree), two major clades were
recovered. One clade included members of the
Panicoideae, Arundinoideae, Centothecoideae, and
Chloridoideae, which they referred to as PACC clade, as
sister to a clade encompassing the bambusoid and
oryzoid genera with Nardus and Pharus nested in
them. The second clade resolved the pooid genera. In
a follow-up study, Soreng & Davis (1998)
phylogenetically analyzed a data set of 364 chloroplast
restriction sites and 42 structural characters
(morphological, anatomical, physiological,
chromosomal, and plastid genome structural
features) for 72 grass genera and three outgroup
species from the Restionaceae, Flagellariaceae and
Joinvilleaceae. The study was again focusing on the
Pooideae and, thus, the sampling was skewed toward
that subfamily. They conducted data and taxa
partitioning in that study; I will focus here on the
results of the combined data analysis. The strict
consensus tree of the combined data rooted with
Restionaceae, Flagellariaceae and Joinvilleaceae, depicted a
grade of Streptochaeta + Anomochloa, Pharus, sister to a
polytomy of Oryzoideae, Bambusoideae (in two successive
clades representing woody and herbaceous taxa).
Following this grade, the remaining taxa formed a
polytomy of Brachyelytrum, remaining Pooideae and a
PACCAD clade. Although the backbone of the tree
lacked robustness, resolving Lygeum and Nardus as first
diverging in the Pooideae, bringing insight into
relationships among members of the subfamily, and
resolving the sister group relationship of Streptochaeta
+ Anomochloa to the remaining members of the Poaceae
are important contributions. However, the monophyly
Streptochaeta and Anomochloa has been disputed
(Clayton & Renvoize 1986; Hilu et al. 1999; Mathews et
al. 2000; Zhang 2000). 

Restriction sites were soon replaced in molecular
systematics by a more superior molecular approach,
namely, nucleotide substitutions and indels (insertion
deletion events). These characters are easy to define,
cumulative when compared with restriction site data,
and accessible through GenBanks. Hamby & Zimmer
(1988) and Doebley et al. (1990) started this field of
work in the Poaceae utilizing sequences from nuclear
ribosomal RNA and the plastid rbcL gene sequences,
respectively. Small taxon sampling, as the field was
technically in its infancy, limited their contribution to
grass phylogeny. Two studies appeared in 1995
addressing phylogenetic relationships based on
nucleotide substitutions, one focused on the
Arundinoideae (Barker et al. 1995), and the other on
the Bambusoideae (Clark et al. 1995) with broader
sampling from other grass groups. Barker and
colleagues, using the rbcL gene sequences, constructed
a phylogenetic tree showing a paraphyletic Oryzoideae
(Zizania appeared sister to an Oryza plus Bambusa
clade) as the first diverging Poaceae (Anomochloa,
Streptochaeta and Pharus were not included). This
clade was followed by a split in the family into
Pooideae plus a well supported clade that reflected a
polyphyletic Arundinoideae (included Chloridoideae)
and a centothecoid clade that was sister to the
Panicoideae. The polyphyly of the traditional
Arundinoideae is the highlight of that study. A
subsequent study (Barker et al. 1999) based on
sequences from another plastid gene, rpoC2, resulted
in the redefinition of the Arundinoideae and the
segregation of the Danthonioideae. Using sequences
from the plastid ndhF gene, Clark et al. (1995)
generated a tree in which the monophyly of
Streptochaeta and Anomochloa and its sister group
relationship to remaining grasses emerged, reflecting
the relationship appeared in the study of Soreng &
Davis (1998). However, the novel contribution of
their study to the backbone of grass phylogeny was
the emergence of two major clades, one is the PACC
and the other is a newly named BOP to encompass
the Bambusoideae, Oryzoideae and Pooideae. Clark et al.
(1995) did not cite bootstrap values, but a decay
value of “1” signifies very low support for their BOP
clade. With the recognition of the priority of the
name Ehrhartoideae over Oryzoideae (see GPWG 2001),
the acronym was changed from BOP to BEP and,
therefore, the latter acronym will be used in this rest
of the paper. Aristida appeared sister to PACC plus
BEP, a position that currently is not supported (Hilu
et al. 1999; GPWG 2001). The Centothecoideae was
nested within the Panicoideae clade. Clark &
Judziewicz (1996) re-instated subfamily status for the
Anomochlooideae and redefined the Pharoideae as a
monotypic subfamily. 

Aiming at resolving phylogenetic relationships in
the Poaceae as a whole, Hilu et al. (1999) used the
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rapidly evolving and information-rich matK gene
sequences from representatives of 60 grass genera to
reconstruct a phylogeny for Poaceae. The study resolved
Streptochaeta and Anomochloa in a grade (diverging
individually) but not a clade sister to remaining Poaceae,
and thus argued against the reestablishment (after
Caro 1982, see Table 1) of the subfamily
Anomochlooideae. This topology was later supported by
Mathews et al. (2000) and Zhang (2000) using
sequences from nuclear phytochrome B and the
plastid rpl16 intron. Following these two clades, Pharus
appeared sister to the rest of the Poaceae. Material for
Puelia and Guaduella was not available and, thus, their
position in grass phylogeny based on matK is yet to be
established. The matK study did not recover the BEP
clade since the Pooideae and Bambusoideae formed a
well-supported clade but the Oryzoideae clade emerged
sister to the PACC subfamilies with low support. Other
results of the study are the segregation of the sister
group relationship of a monophyletic Centothecoideae to
a strongly supported Panicoideae, the sister group
relationship of Aristida to remaining PACC taxa, a basal
position of a well-supported Brachyleytrum + Nardus
clade to remaining Pooideae, a basal clade in the
Chloridoideae that included Uniola, Pappophorum and
some Eragrostis species, and the appearance of
traditional arundinoids in successive clades. 

Molecular markers in the form of structural changes
in genes/genomes can provide valuable phylogenetic
information. Phylogenetically informative indels at
the 3’ end of the matK gene in members of the
Poaceae have been noted (Hilu & Alice 1999). Two
important indels are noteworthy. First is a six-base
pair insertion uniting members of the PACCAD
clade. Second, a single base pair deletion at the end
of the gene in Anomochloa and Streptochaeta that cause
frame shift. This deletion is lacking in the remaining
Poaceae but is shared with the sister family
Joinvilleaceae, thus confirming the basal-most
position of these two genera. 

The Hilu et al. (1999) publication was followed by
the Grass Phylogeny Working Group study aiming at
reconstruction of phylogenetic relationships in the
Poaceae, using information from six genes,
chloroplast genome restriction sites and
morphological data (GPWG 2001). The most
parsimonious tree obtained from the combined data
analysis resolved a monophyletic Streptochaeta and
Anomochloa as first diverging grasses, followed by a
grade of Pharus, Puelia plus Guaduella, and then two
clades representing the previously recognized BEP
and PACCAD clades (see consensus tree in Fig. 11).
Support for the above mentioned backbone branches
was very strong (100% bootstrap) except for the BEP
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Fig. 11. A consensus tree for the major grass lineages derived from various recent phylogenetic studies on the Poaceae. Incongruence in
topologies of some clades, such as the PACCAD clade and the Anomochloa and Streptochaeta clades, is presented as polytomies. 



clade that received 70% value. Analyses of individual
data sets revealed some incongruence in patterns of
phylogenetic relationships such as the emergence of
Streptochaeta and Anomochloa as a grade instead of a
clade with rbcL data, and the divergence of the
Ehrhartoideae (Oryzoideae) after Pharus as sister to
remaining grasses. Based on the emerging clades, the
study recognized ten subfamilies: Anomochlooideae,
Pharoideae, Puelioideae, Bambusoideae, Ehrhartoideae,
Pooideae, Aristidoideae, Arundinoideae, Danthonioideae,
and Centothecoideae. GPWG (2001) underscored
problems related to the monophyly of the
Anomochlooideae, the placement of Streptogyna, the
nature of early diverging Pooideae, the lack of strong
support for the Centothecoideae, and the low robustness
(both in terms of resolution and support) in the
structure of the PACCAD clade. 

Although the chloroplast genome was the focus in
molecular studies on the Poaceae, the ITS region
(Hsiao et al. 1999) and the phytochrome gene family
(Mathews & Sharrock 1996; Mathews et al. 2000) were
used in reconstructing phylogenies for the Poaceae.
The Hsiao et al. (1999) parsimony tree resolved a
grade of Streptochaeta, Pharus, Oryzoideae, and
Bambusoideae (paraphyletic BEP), followed by a split
into Pooideae and PACCAD. Support for these
relationships was very strong (97 – 100% bootstrap
values) except for the sister group relationship
between Bambusoideae and the remaining grasses. The
Arundinoideae was monophyletic. The inferred
topology is rather good for a region that is difficult to
align at that level. The phytochrome B-based
phylogeny (Mathews & Sharrock 1996; Mathews et al.
2000) was similar to that inferred from ndhF but with
stronger support for the BEP clade. 

Therefore, contributions from the Analytic
Phylogenetic period are gradually and cumulatively
providing the building blocks for extensive
phylogenetic hypotheses for the Poaceae. Although
robustness is still lacking in parts of the tree, the
achievements are significant and the work is still in
progress. I have presented a consensus phylogeny for
major lineages of the Poaceae synthesized from various
phylogenetic studies, where incongruence is
presented as polytomies (Fig. 11).

Problems and prospects in grass systematics
It is quite evident that a considerable progress in
grass systematics has been made. It is also evident
that the current picture we have of the Poaceae is the
result of an accumulation of information and
perspectives based on intuitive but acute insights and
phenetic and phylogenetic analytical approaches. It
is rather remarkable to see observations made over a
hundred years now substantiated by molecular work
and phylogenetic reconstructions. The progress

made in grass systematics highlights the immense
efforts and contributions made by earlier grass
systematists, the concerted effort to synthesize the
information that followed, and the commitment of
researchers to incorporating recent advances in
science and engineering into resolving outstanding
issues in grass systematics. 

It is clear that overall gross morphology has led to
the lumping of otherwise distinct natural groups
such as the case in the Pooideae of the two-subfamily
system. However, as detailed information from
microstructure and chromosome cytology became
available, the problem was recognized, and
segregation of new hierarchical entities in the
Poaceae was proposed, leading to the initial multiple
subfamily systems of Avdulov (1931), Pilger (1954),
Beetle (1955), Stebbins & Crampton (1961),
Jacques-Felix (1962), Tateoka (1957), and others.
The various sources of information fit well together
to provide supporting evidence for new
classifications that prompted one of the first exciting
periods of progress in grass systematics. However, the
number of subfamilies recognized varied (Fig. 1),
stemming from subjective assessments of taxonomic
levels and group boundaries. Therefore, it is not
surprising to see the Phenetic Analytical period
showing considerable stability in the number
(around 5) and kind of subfamilies being
recognized. Using varying numbers of diverse types
of characters has generated well-defined groups that
can for the most part be easily discerned. The
perception of those researchers in the placement of
the phenon lines skewed hierarchical definition of
taxa, leading to the splitting or lumping of clusters
and, consequently, taxonomic units. An example of
this is moving down the phenon line slightly in Hilu
& Wright (1982) to circumscribe the cluster of
Lygeum, Nardus and Diarrhena as a Nardoideae instead
of keeping them as part of the Pooideae, where that
position corresponds to present-day definition of
these taxa as basal Pooideae (Döring et al. this issue).
Character scoring, as in the case of Watson et al.
(1985), might have led to the partially distorted
relationships among grass subfamilies. Nevertheless,
the major definable clusters of subfamilies remained
unaffected for the most part in the majority of the
contributions. The approach, however, lacked the
phylogenetic component. 

The introduction of cladistics and the recent
advances in molecular systematics have considerably
advanced our understanding of grass systematics. The
several studies conducted at the whole family level
and within various subfamilies have provided new
information on grass phylogenetics and ultimately
served as a foundation for defining its taxonomy at
various levels. These studies represent only the
beginning for more detailed investigations needed in
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the various subfamilies. Patterns of phylogenetic
divergence at the base of the family are well
documented. However, lacking are robust phylogenies
among members of the PACCAD clade, by far the
largest in the Poaceae, as well as relationships among
Pooideae, Bambusoideae, and Ehrhartoideae and their
affinities to the PACCAD clade. 

The significance of recent advancements in
understanding grass phylogeny is not restricted to
increased knowledge of taxon relationships but also
in its application to furthering our knowledge on
character evolution. Evolutionary trends and
potential homoplasies have been deduced from
current phylogentic hypotheses for various traits,
such as morphological, anatomical, physiological,
and cytogenetic characters (Soreng & Davis 1998;
GPWG 2001; Hilu 2004, 2006). The high degree of
congruence among phylogenies based on different
types of characters provides the opportunity for
deriving a reliable consensus phylogeny that can be
used to build evolutionary hypotheses for a number
of biological features in the Poaceae. The pattern of
chromosome evolution in the family has been
inconsistently depicted by various authors due to the
immense variability in basic chromosome numbers,
the prominence of polyploidy in the family, and the
subsequent lack of a well-substantiated phylogeny.
Current knowledge of grass phylogeny has provided
an opportunity to map this character on a consensus
tree and to test previous hypotheses (Hilu 2004).
Similarly, patterns of species diversity have also been
addressed in a phylogenetic context using a
consensus grass tree to address species richness in a
historic context and predict its potential causes (Hilu
2006). Further studies in this area are encouraged as
phylogenetic trees are established to increase our
understanding of the biology of organisms by placing
it in evolutionary perspectives. As Theodosius
Dobzhansky elegantly phrased the title of one of his
articles: Nothing in biology makes sense except in the light
of evolution (Dobzhansky 1973). 

The excitement of the application of molecular
information in grass phylogenetics has resulted in
some premature decisions about the definitions of
subfamilies. Monophyly is a basic principle for
defining a natural group in systematic biology and
phylogenetic methods provide healthy grounds for
the application of this dogma. However, using this
criterion without critical assessments of the methods
and characters used in reconstruction, and
recognizing clades despite evidence to the contrary
from other sources, can result in premature or
erroneous taxonomic judgments. Low support for
clades is a precautionary sign of their reality. Long-
branch attraction can result in misleading affinities
and taxon sampling and type of characters used can
also result in erroneous phylogenies as we have

experienced in angiosperm systematics (see Soltis et
al. 2004). An example here is the re-establishment
of the Anomochlooideae (Clark & Judziewicz 1996;
GPWG 2001) despite the lack of non-molecular
synapomorphies. Application of rigorous, model-
based phylogenetic methods and the use of taxon-
dense and character-diverse data sets are needed in
this case and other studies in the Poaceae. 

The notable proliferation in the number of
subfamilies during phylogenetic period also stems
from the taxonomic recognition of clades consisting
of one or two genera at a subfamily level. The
recognition of a Pharoideae to encompass Pharus is an
example of this trend. Arguments can be made for
genera like Micraira that appears sister to the
PACCAD clade (GPWG 2001) and for some distinct
lineages sister to major grass subfamilies, as in the
case of Eriachne. Confining the subfamily definition to
lineages with larger groups of genera makes the
taxonomy of this large family more comprehensible.
These monotypic small tribes are isolated islands, and
islands ought not to be treated as continents. Moving
in the direction of subfamily proliferation is a trend
that has the danger of acceleration with potential
negative consequences on grass systematics.

Prospects in grass systematics
Three important factors provide even brighter
prospects for advancement in grass systematics. One,
Morpho-Data banks are not only available on the web
for the Poaceae, but are becoming increasingly user-
friendly. Notable among these are the Grass Genera of
the World by Watson & Dallwitz (1992 onwards:
http://delta-intkey.com/grass/) and Kew World Grass
Species by W. D. Clayton, K. T. Harman & H.
Williamson (http://www.rbgkew.org.uk/data/grasses-
db/ident.htm). The second factor is the accumulation
of an immense amount of information from gene
sequences in GenBanks that provides a wealth of
characters for exhaustive analysis at all taxonomic
levels in the Poaceae. Sequencing whole genomes is
another major source of molecular information that
will impact our knowledge on grasses. The availability
of these data is paving the way for the third factor,
namely the exhaustive analyses of individual and
combined data sets of molecular and non-molecular
characters. The continued improvement in computer
power and the availability of “Super Computers”
makes the task of rigorous analyses of large data less
problematic and more practical in terms of time and
funding. The new trend in establishing super trees is
also promising where tree matrices are used in place
of data matrices, and thus overcoming problems
related to incongruence in taxon representations
encountered in different analyses and its consequent
problem of missing data. 
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To enhance the progress in grass systematics, a
genomic DNA bank is most needed. A number of
genera have narrow geographic distribution or
simply are endemics, some species are not easily
accessible, and material is difficult to find for
certain taxa that appear to occupy crucial positions
in the phylogeny of grasses in some analyses.
Unavailability of plant or DNA samples is an
obstacle to further studies at the molecular level
that are using different genomic regions or for
those attempting to expand sample size. Using
genes from different genomic regions as well as
dense sampling are important criteria for achieving
reliable phylogenies (see Soltis et al. 2004).
Establishing a Poaceae genomic DNA bank that can
provide DNA samples with no restrictions but
possibly with minimal fees to recover some of the
costs would strongly enhance the progress in grass
molecular systematics in particular, and grass
systematics in general.

The next two or three decades are expected to
bring a wealth of insight into grass systematics. It is an
exciting period for us to experience and contribute
to as we observe the ongoing molecular and
informatics revolution impacting the biological
sciences in general and systematic biology in
particular. However, information from morphology,
anatomy and physiology remain central to our
understanding of grass systematics, and current
bioinformatics methods should enhance our utility of
both molecular and non-molecular information. 
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