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I. Abstract 

A phylogenetic analysis of the grass family (Poaceae) was conducted ••• *      i. 
sets, one representing variation in 364 mapped and clad slal v inforSlv  S ^^ 
from all regions of the chloroplast genome L •J~Z' mf0miatlVe reStnctlon sites 

"structural characters " The strucmral ,>,'",!,> ' P f"tmg Vanatlon m'42 ^formative 
chrotnosotnal, and S^S^^^^S^^^ •'-I, 
The man simple comprises 7S e*e•i«;•vY • TT t, the ehlor°Plas' genome. 

vita);n*«a*.M^^J^Z^T.-}**•*"* '»d">'- 

•ithhto..ffenpeudothers. Sever.lgeder,ofeonw^SllSL^S?1"',?' "••" 
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Nardus, Olyra, Pharus, and ftrep/ocAaeto) also were included with the <•i of *•,      • • 
the,r phylogenetic affinities. The two character sets wer T^LTsZ^LT,      7" 
neous analysis of the combined matrices also was conductedcombTdda a <     , 
analyzed using homoplasy-implied weights. Among mJr^S?     the com iS T 
weighted analyse wcreresolution of a sister-grotm relationship between ^indPoa" 

late mcludiST      f^"ftWea<^ Agrostideae [i.e., Aveneae], and Poeae, the 
latter including Seslena) are resolved as a monophyletic group that is nested amon* th, ~ 
main.ng elements of the subfamily (Brachypodieae, MelLe" Stip aTnloZ* Dar 

•^W  •f'rf^AS£COndPrinCipdS°a!°f*e-alysiswastoidZfy^cmr; 
ynapomorphies of clades. Among the synapomorphies identified for some Xe So 

W»«-«B.»d»^ •«1, ^i• ta fc, d.de tot comprises Ceo" toSdSe 

veT,•^ 

II. Introduction 

In recent years agrostologists have generated several explicit phylogenetic hypotheses 
oncemmg major d.verstfication patterns in the grass family (Poaceae). fn c«wta 

7° ttr^XT^r5 haVC bCen baS6d °n -^logical chaTac e, 5a m 
1987, Kellogg & Campbell, 1987); on chloroplast DNA (cpDNA) restriction sites (Davis & 

X£: HaLov * 7•hltB ^ a,!oBi"
3): °n nUCle°tide Se^=nC£S of nuclear nSm^t 

f^A2 Hamby & Z«•«. 1988, 1992), genes of the chloroplast genome (Doebley eVal 

' & MonT^ZV1,1994;
T
Nad0tcta1'. IS^Barkeretal., 1995; LkJS^tln 

&. Morton, 1996; Hongpmg L.ang & Hilu, 1996), and the nuclear gene Alcohol-dehvdT 

S; ^TJLt "}%* and,°n T°US C°mbinati0nS °f *«* ^-acter set iSS Under, 1995) Most of ftese analyses have yielded results consistent with the recognition of 
two major Cades m the family, one of them corresponding to subfamily PooideaeZ second 
compnsmg subfamihes Panicoideae, Arundinoideae, Chloridoidcae, and CentotheE 
coJIecnvely referred to as the "PACC clade" (Davis & Soreng, 1993). However, there have 
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' potheses of r^^X^SS^- ^^SS^SfT^ ^ * 
Tateoka, 1957; Prat, 1960; Stebbins & C^nJ iwi n • ,« ! "dci"' 1957' I962i 
ford eta,., 1969; Sharma, i979 ;cl mT£'&SSB ^ "^ '^ "* 
ton & Renvoize, 1986; Soderstrom & Ellis lMrlsTi ,•i,: atS°n et aL' 1985= Clay- 
1992), some of which f^S^^^i^^^ **« & *«*£ 
as later detected by cladistic analyses AlmTehXr * and *= PACC dade' 
these treatments, Ldflc^oa ^J^StSS^T ^T^,,a^ 
clades, aside from the disposition of tax" assSed to R     K     "j  " °f ^ two maJor 

^-aandgenerio•^^ 
pelodesmos Link, Anisopogon R Br  Danthn»i•*,       £ , V.   iy m•cult t0 Place are ^m- 
A* M^Conert, NaJsl, P^danttS^Tc^£T'^ ^ <" 
Stipeae. These so-called orphan genera and trib ° ,      i, , ' S,ePhanachn° Keng, and 
Arundinoideae (compare thTckssSon of S•   S" " ^ either in Pooidea= " 

te^*^ 
based studies of a third assemblag S^ses tbft ^^^"^""^tion in exemplar- 

that has been divided into a, many as 13 SbSSSL * p ^ ** "iS a ^• *«>UP 
(Caro, 1982). Meanwhile, evidence ha^ m!tteSS ^T^' "I? " 8 SUbfamiHes 

fication of grasses requires broad unZS!2a£ ^ understMt^8 of the earliest diversi- 
ons & Soreng, 1993; Clark etaL, ^^^ rePr««tation from the Bambusoideae 

While the Pooideae and PACC clariec w. u 
most cladistic studies, tUiS^^iSS^T " a°D^«ic «•P- in 
contradictory. Bambusoideae may be tZffiSSlS!? "" ??* ^ ^^ 
Watson, 1993) ormay beparaphyletic ornnZhli I  •      gg & CamPbell> 1987; Kellogg & 

ton, 1996;HongpingLiang&Hiu, 1996) HoS m^^ °fx
&Lf d?r-^^ Duvall &Mor- 

conducted to date have included such Km ted saTDl ^ 
CXemPIar"based Sadistic analyses 

soideae and other putatively early-dh^ nSatltTdTT0"' ClementS °f Bamb- 
make more than general comparisons aTng ftem ^^ ^ PerfmpS Prema*« to 

In many ofthenoncladistic classifications and hyDothese,rif^^ n , 
"^fdasanatural group. Even in somecladfrfSe B^f°^ *f"^^ are 

strained as monophyletic (Kellogg & Campbell 987^' Bf
ambusoideae bave been con- 

& Watson, 1993). Other imi ^fi'^S'T^1 gr°UP (KelI°^ 
(1917), Bews (1929), Roshevits (1937) SStoSl^? tamng °895)' Besse>' 
deae represent an archaic group from whiTh are dS H ^' ' SUggCSted *" Bambus°i- 
Pooideae or in the vriauf^K^^^S2^,P, • CODVel"ionally P'a«d in 

D,scussions of Bambusoideae are complicated by the fact that   • 
group vary widely. For example, among me genera anH Zt c'•mscnptions of the 
one or more modem authors LeToSlf Brl T / IT"1 &°m **» subfami'y by 
rheneae, Ehrhaneae, OryZeae Stf^T1 ?' BeaUV" Centoth=ceae, Diar- 
E.Hubb.,and^;ocATr^^ 
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subfamilies of their own (e.g., Anomochlooideae Potztal StreDtochaetoirf«, rr u « uu , 
Butzin, Pharoideae L. G. Clark & Judz. Parianoideae rc E Sim , n [ V?1 Ubb'] 

hartoideae Link if »*,*, is iactadcflfSSSSL^1 ^ 0ryZ°ldeae ^ 
Another complicating factor encountered by grass systematise ;.fh,t••M • _• , . 

fications of the grasses are intuitive and idiosyncm cto! nf lsthatl"°^t existing classi- 
cs family is so large groups once reL^S * gree °f an°then Be0ause the 

objective analyses of date to d^onstraX" ' t'?• 'T^ £° be cohere"^ithout 
neticanalysesofgrassdatareSZt3tSZ^^Z^""^?* 
family (Hilu & Wright 1982- Watson et .1   108<     f ? haVe Provided Programs of the 

terminals of analysis (e.g., Hilu SlS^ ST^^^S^ T 
reviewed therein; Kellogg & Campbell, 1987; Kellogg & Wateon 1 w A ' " 
approach is that all putative groups of interes can bf rfn^v     ? }"      advantaSe in ^ 
approach involves theoretical .5 SSSSfe r^ H°T'" 
phyly of groups, creation of nonexistent characte «tei7r• v • ^^Pt1011 of mon°- 
ous ad hoc approaches to the trelmtenfnf^f T COmbmatlons' ai>d adoption of vari- 
are created; Nixon & Davt l^Lfn^tln ^^ ^^ teminals that 

mises inherent in such approaches it shouH .X"    P ??£ methodoI°gi=al compro- 

the practice of "termm 1 fosLn "whfch resu st ^ T* '^^ ^ ^ in COntet 

vidual taxa, or • 'composite Sn^" aZes SSfc*? IT" ^ • "^ "ind!" 
1991; Nixon, 1996; Nixon & Caruenter 115SS p     K 4W

 
unity ^"on & Davis, 

plmgasasuperioraltZt^ 
individual specimens, SvTdS^T&SS E^ta^^•« 

'  putative higher-level groups *" SerVe as reP«sentatives of 

DNATSnSeSrmt^^^ 
epitomize exemplar -i^iSSSSS^re ^ T^ "^ °f ^ ^ 
ogy) also could employ exemplar sampling W Z T n?Z ^hol°^- anatomy, palynol- 
assembled over ma^y years^y •»««12" ^ SmdiSS ^ Upon a literat"^ 
eluded in a study usually^ no • labefo f ?fd observa£i°"s of all characters in- 
cies (e.g• Oryl saj). A °Z prac^%^^"M'^ia*muS'P» 
analyses of large groups,apanfromcomjuta ion^ ^ T'* ,£XemPIar-based Phylogenetic 
ficient to demonsLe'heir moLphy yTt J a^c Z if ^ T* " E dSpth SUf' 
sampled, as these, like fossils are often nY•5 T! > ' '$ ESSemial that orPhan taxa b= 
Rieppel, 1993; Nixon, 1996) "^generic reconstruction (Farris, 1976; 

lesser groupings. We »vtPc^^"£S^S^B",b,?0'«,e" '-,- Md m^ 
data sets, one comprising a miscellaneous ,S^SSXSe?7 analyS£S °f ^ 
tion m morphology, anatomy biochemi.trv »n^ ^uucturai onaracters, representing varia- 
nome, the second^e2'2w; & ' SeqUenC£S °f the <=W°ropLt ge- 
approach sometimes oS^ZZ^oZinT^ ^^ "^' » 
amongo,ers.EemisseandKluge(r9Sr^rSd(S^^^^^ 
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and Jansen (1994), Smith and Littlewood (1994), Williams et al. (1994), Chase et al n 9951 
and Nixon and Carpenter (1996). 11WS5J. 

The taxon. sample includes representative species of 24 tribes and all 16 subfamilies of 

r/»    T.Tr, ^ Van°M m°dOT aUth0rS'Md bdud" ] ° of 13 tribes of Barnes Meae 
« fchnuted by Clayton and Renvoize (1P86). Three nongrass outgroup, also^e included 
(Nixon & Carpenter, 1994); the outgroups represent Flagellariaceae RestWeaTid Join 
villeaceae, all of which were included in Poales by Dahlgren et al f 985VAK•      1 W l 
exemplars from orphan genera and tribes tbUm^LJ^^^^t^S^ 

verging dements within the family or situated in the critical nexus between the A^und no 
deae, Pooideae, and Bambusoideae [Aristida L., Ampelodesmos R Br• An]p7PoZ 

tlZ%?u T^h'la f^W•- ChasmcAhmLink,Dlarrnena?Beau',W 

We find that both character sets, analyzed separately or simultaneously, support the mono 
phyly of a major Cade that consists of the Pooideae, the PACC clade (as s,ter'C)aid   s 
n s   f less mcus.ve taxa that axe often placed within the Bambusoideae but here aTp, ced 

2 PACCcTaf r,0/theSer0maJOT^UPS^el^"'^^atincludesPooTde Id 
* ^ u I ? 'tself nested among tribes that are often assigned to Bambusoideae Al 
tough the phylogenetic relationships supponed by the present swdy are ^gely   on" s^ 

nt tlH °n °f Clayt°D Md RmVOiZe (1986)' ^^ «"«•«»« «i t al w 
note these and suggest appropnate alterations to the classification. Among the taxi riLrf 

l'~ r P° T Af°PT" and **"
TW

 ^e PACC cIad= ""a?ud« at arnp d 
eements of Pamcoideae, Arundmoideae (except ^tapo^), Chloridoideae, and cTntho- 
thecoideac but subfam. Arundinoideae Is not resolved as monophyletic, and Axis^deae is r! 

0Wd •UAMterH-0f MB
 "St °ftte PACC CkdC- ^ *< Vari0U" '1•ts^nvenrio a y placed in Arundino.deae need to be classified, and we suggest that the subfamily be aban 

toned altogether. Results of the present analysis suggest th« BambusoideaeXX bufc 
most_ restrictive circumscription, are a non-monophyletic assemblage. MonophTy o'Z 

Sh-eptochaeteae should be placed m Anomochlooideae; Phareae in Pharoideae; Oryzeae wkh 
Ehrharteae in Ehrhartoideae (i.e., Oryzoideae); Diarrheneae in Pooideae; and fiE 
cuher in Pooideae or m a small subfamily closely related to Pooideae and the PACC dad" 

.  Th=prec,sePlacementofBrachyelytreaer=mamSt=nmtive,f0rthereisconfiicringsupportfo; 
us placement as sister of Pooideae or sister of PACC.plus Pooideae ' 

•^TSi°n °f SUPrafeDeriC taX0D°my h &t prCSent PaPer is ^^ by several no- 
menclatural .nnovanons and name changes, due to priority of date (verified by J. Reveal pers 
commO which have been established or uncovered since the publication of Genera Grail 
num (Clayton & Renvoize, 1986). Subfamily Pharoideae was newly published (Clark L 

deae Asch & Graeb. when Ehrharta is included in the same subfamily as Oryza or Bambusa 
respecnvely. Bambusoideae also ispredatedby Oryzoideae, but in Jp«« wo* wS 

Sf teIm B•bus0'dfa=.«•!•" « refer to a variety of inclusive (and demonstrably pa^ 
phyletic) circumsenpnons of this subfamily. Agrostideae Bench. & J. Presl has priority- over 
Aveneae Dumort when Agroslls is included in the latter tribe; Chlorideae Bench & J £eS 

has pnonty over Cynodonteae Dumort. when Chloris Sw. is included in that tribe'; Hordee.e 
Bench. & J. Presl has pnonty over Triticeae Dumort. when Hordeum L. is included in that 
tnbe; and Sacchareae Bench. & J. Presl has priority over Andropogoneae Dumort when Sac 
charum L. is included in that tribe. Table I and most figures use the Clayton and Renvoize 
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classification, unchanged, to facilitate reference to other contemporary literature but the 
above changes in tribal names are noted in Table I. In the text, names with nomenclature pri- 
ority arc used (except Bambusoideae, as noted above), or are cross-referenced if the text spe- 
cifically refers to a group name employed by other authors. 

, in. Methods 

A. TAXON SAMPLE 

The exemplar species sampled for the present analysis are listed in Table I, in which the 
grasses are arranged according to the classification by Clayton and Renvoize (1986). Voucher 
specimens are housed at BH unless otherwise noted in the table. To assist the reader in evalu- 
ating the selection of exemplar taxa in the study, the number of species, genera, and tribes (if 
any), arc reported for subfamilies and tribes (Table I). We sampled 72 grass species represent- 
ing 24 tribes and including all 16 subfamilies proposed in various modem treatments of the 
family. Because reticulate origins might distort the phylogenetic history between structural 
characters susceptible to recombination and the linearly inherited chloroplast genome we ex- 
cluded genera from the present analysis if there was reasonable evidence from our larger 
analyses of their origin through intertribal hybridization (Sorcng et al., 1990; Davis & Sorene 
1993, and unpubl. data). ' 

Three genera, from three different families closely related to the grasses (Dahlgren et al 
1985; Linder& Ferguson, 1985; Campbell & Kellogg, 1987;Linder, 1987; Doyle etal 1992- 
Duvall et al., 1993; Under & Rudall, 1993; Chase et al., 1995; Davis, 1995; Kellogg '&. Un- 
der, 1995; Linder & Kellogg, 1995; Stevenson & Loconte, 1995), were used as outgroups- 
Flagellaria L. (Flagellariaceae), Bahskion Raf. (Restionaceae), and Joinvillea Brongn and 
Gns (Joinvilleaceae). The sampled representative of Restionaceae, an Australian species 
widely known as Reslio tetraphyllus Labill., is recognized as belonging to a separate genus 
Bahskion (B. Briggs, pers. comm.), but as the formal combination has not been made in that 
genus we refer to it either as Bahskion or as Reslio tetraphyllus, 

B. CHLOROPLAST DNA RESTRICTION SITE CHARACTERS 

Methods for DNA extraction and restriction site analysis are the same as in earlier studies 
(Sorcng et al., 1990; Davis & Soreng, 1993; Choo et al., 1994). Briefly, total DNA was ex- 
tracted, then digested with 10 restriction enzymes: Bam HI, Bel II, Bgl II, Cla I, Hind III, 
Kpnl,Psll, Pvu II, Sal I, and Sma I, using methods described by the supplier (Gibco/Bethesda 
Research Lab [G/BRL]). After electrophoresis in agarose gels (0.6-1 %), the DNA was trans- 
ferred to nylon membranes (Zetaprobe-GT+; G/BRL). The membranes first were probed with 
a set of large probes (10-21 kb) cloned from the grasses Pennisetum americanum (L.) Lecke 
(Thomas et al., 1984) and 7H//cum aestivum L. (Bowman et al., 1981). One additional large 
clone also was used, from Phaseolus vulgarls L., (Palmer & Thompson, 1981) to cover the 
small single copy (SSC) region. Up to 34 smaller probes (1^4 kb) fromMcor/ona tabacum L. 
(Sugiura et al., 1986) were used as needed to assess the hom'ology and map the restriction sites 
that fell within and between the larger probe regions. This overall combination of probes cov- 

ers more than 99% of the chloroplast genome. Mapping was facilitated by reference to the 271 
restriction sites for the above enzymes in the Oryza saliva cpDNA sequence (Hiratsuka et a!., 
1989; Sugiura, 1989). The distribution of these sites by region within the chloroplast genome 
of Oryza saliva is as follows: 172 in the large single copy (LSC) region, 61 in the inverted re- 

(Text continues on p. U) 



sampled for DNA analysts. Taxa are arranged by family, subfamily, tribe, and subtribc as 
classified by Claylon and Rcnvoizc (lOSfi). 

Abbreviations' 

D 
BAM 

ANO 

STR 

I'HA 

PAR 

OLY 

EHR 

ORY 

BRA 

DFA 

PO 
NAR 

LYG 

STI 

Taxa1' 

Flagellariaceae Duniort. (I gen., 4 spp.) 
Flagellaria indica L. 

Restionaccae R. Br. (40 gen., 400 spp.) 
Ilcslio iclrtipliylhu Labill. (recognized by 

13. Briggs [pers. eomm.J as a species ul' 
Baloskion Raf., but a combination in 
that genus has not been published) 

Joinvilleaceae D.F. Cutler & Airy Shaw (1 gen., 2 spp.) 
Joinvillea ascendens Gaudich. ex 

Brongn. & Gris 
Poaceae Barnhart (651 gen., 10,000 spp.) 

Bambusoideae Asch. (13 tribes, 91 gen., 1110 spp ) 
Bambuseae Bench. & J. PresI (49 gen., 840 spp.) 

subtr. Bambusinae J. PresI 
Bambusa multiplex (Lour.) Raeusch. ex 

Schult. & Sehult. f. 
Cuadua anguslifolia Kunlh 

subtr. Arundinariinae Nees 
Chusquea afT. subulata L. G. Clark 
Pseudosasajaponica (Sicbold & Zucc. 

ex Steud.) Makino ex Nakai 
Olatea fimbriaia Sodcrstr. 

Anomochioeae C. E. Hubb. (1 gen., 1 sp.) 
Anomochloa marantoidea Brongn 

Streptochaeteac C. E. Hubb. (1 gen., 3 spp.) 
Slreplochaetn sodiroann Hack. 

Pharcac Stapf. (4 gen., 13 spp.) 
Pliarus lattfolius L. 

Parianeae C. E. Hubb. (2 gen., 40 spp.) 
Eremitis sp. 

Olyreae Bench. & J. Prcsl (16-17 gen., 100 spp.) 
Ofyra lati/alia L. 
Lilhaclinc humllis Soderslr. 

Ehrharteae Nevski (1 [-4] gen., 44 spp.) 
Ehrharln calydjna Sm. 

Oryzeae Bench. & J. PresI (12 gen., 70 spp.) 
Leersia Virginia! Wiild. 
Oryza saliva L. 

Brachyclytrcae Ohwi (1 gen., 1 sp.) 
Brachyelytrum erectum (Schreb.) P. Bcauv 

Diarrheneae (Ohwi) Tateoka ex C. S. Campb 
(1 [-2] gen., 5 spp.) 

Diarrhena obovata (Glcason) Brandenb 
Pooideae Benth. (10 tribes, 132 gen., 3300 spp.)' 

Nardeae W. D. J. Koch (1 gen., 1 sp.) 
Nardus striclus L. 

Lygeeae J. PresI (! gen., 1 sp.) 
Lygeum iparlaim L. 

Stipcae Dumort. (9 gen., 400 spp.) 
Nassella viridula (Trin.) Barkworth 
Piptailierum mlliaaum (L.) Coss. [sent as 

Oryzopsis miliacea (L) Asch. & Schwcinf.l 
S:ipa barbata Desf. 

Sources of material 
used ill DNA analyses' 

BHC-77394 

KI-W-65(i5-lv77 

NTBG-800379 
H. Moore 10.438 

HC-71470 

PMP 9527, US 

PMP 9499, US 
BHC-71467 

MBG-896580 

Clark 1299, ISC 

I'MP 9525, US 

BHC from USN2 

USNHG-153, Sodarslrom 2182 
US.:orUSNHG-28G, US" 

PMP 73II, US 
BHC from USNZ (MS 4291) 

Pl-208983 

/US 3399 
Sugiura, !989(GenBankX1590l) 

RJS3427 

Tiedye 5IS6, DAO 

BBG: kayl&ScltiensM. (1988), B 

MS 3698 

PI-387938 
Pl-284145 

PI-229468 

Tiilili- I Iriniliiiufill 

Abbreviations' 

AVK 
-r 

.Suurees uf material 
used in DNA analyses' 

MEL 

POE 

l!RO 

TR1 

CENTO 

A, 
ARU 

Aveneue lliiliniil. (   AgrusliiL-ai; Ik-Hell. & J. I'resl) 
(57 gen., 1(J5(| spp.) 

subtr. Avcninac J. I'resl 
Amphibromus scabrivalvis (Trin.) Swallcn 
Arrhcnaiherum elatitts (L.) P. Beauv. ex 

J. I'resl & C. I'resl 
A wan litirbtila Poll ex Link suhsp. hiirbata 

subtr. Trisctinae Holuh 
Kaclcria macranlha (Lcdcb.) Schiill. [sent 

as K. crislata sensu Pers.] 
Trlsaum canescens Buckley 
Deschampsin cnespitosa (L.) P. Beauv. 

sublr. Phalaridinac Fr. 
Anilioxanilium odoraium L. 
Plialaris arttndinacea L. 

subtr. Alopccurinae Dumort. 
Agrosu's giganlea Roth 
Ammophila arenaria (L.) Link 
Calamagrosds canadensis (Michx.) P. Beauv. 

Meliccae (Link) End!. (8 gen., 130 spp.) 
Glyccria slriaia (Lam.) Hitchc. 
Glycerin dcclinam Brtb. .. 
Melicn nllissima L. 
Mclica cupanii Guss. 
Sc/tizacline purpurateens (Ton-.) Swallcn 

Poeae R. Br.: 49 genera, 1200 species 
Lalium nnmdinacca (Schreb.) Darbysh. 
Aiiipeluilesnms ininiriliiiiica (I'nir.) T. 

Durand & Sehinz 
Catnbrosn aquaiica (L.) P. Bcauv. 
Fesmca longifolia Tliuill. (F. "ovina" of 

local trade) 
Lolium perenne I.. 
Poa eminens J. Prcsl 
Puccinellin disians (Jacq.) Parl. cv. Fults 
Scslcria Insulnrii Sommicr subsp. sillingeri 

(Deyl) Deyl [sent as Salaia chugala I lostj 
Yidpia alopecuros (Schousb.) Dumort. 

Uromeac Bench. & J, I'resl (3 gen., 150 spp!) 
Boiaiera squnrrosa (Banks & Soland.) Nevski 
Broimts incrmis Lcyss. 

Triliccac Dumort. (« Hordccae Bench. & J. PresI) 
(18 gen., 360 spp.) 

Brachypodium dislachyon (L.) P. Beauv. 
Brachypodium pinnalum (L.) P. Bcauv. 
Brachypodium sylvatiatm (Huds.) P. Beauv. 
Elymus irachycnulm (Link) Gould ex Shinners 
Peritiiayon snncia (Janka) Seberg & Fred. 
Trilicum aesiivum L. cv. Susquchanna 

Centothccoideae Soderslr. (I tribe)   . 
Centotheceae Ridley (10 gen., 30 spp.) 

C/iasmantliiitm lalifolium (Michx.) H. Yates 
Chasmamhium nilidum (Baldwin) H. Yates ' 

Arundinoidcac Burmcist. (4 tribes, 45 gen., 600 spp.) 
Arundincae Dumort. (40 gen., 300 spp.) 

Amphipogon striclus R. Br. 

K. Clay s.n., IND 
MD&MSs.n. 

MS 3625b 

PI-477978 

MS 3383a 
PI-3II043 

MS 4292 
MS 3427 

MS 3429 
MS 3389 
PI-371717 

J/D&MSs.n. 
MS 3659 
PI-325418 
PI-383702 
MS 3348 

PI-304844 
I1/1G: IliniiS filiiasx.il (I98H), B 

JID s.n. 
MS 3928 

PI-418710, PI-253719 
SJD 35-73, DAO 
NPI-pudi559I 
PI-253719 

PI-2383I5 

E. Colleneile 4393, E 
MS3423.P1-114071" 

PI-422452 
PI-440170 
Pl-251102 
MS 429 J 
H6410r 

MS s.n. 

CU 
Wipff& Jones 2075, TAES 

Under 5634, BOL 



Table I (continued) 

Abbreviations* Taxa" 
Sources of material 
used in DNA analyses' 

ARI 

C 
ERA 

•CYN 

PA 
AND 

PAN 

Anisopogon avenaeeus R. Br. Under 5590, BOL 
Arundo donnxL. FTG-23-130 
Dnnlhonin californica Bolander Pl-232247 
Molinia coerulen (L.) Moench RJS 3305 
Phragmiles australis (Cav.) Trin. ex Steud.      <RJS 3884 

An'stideae C. E. Hubb. (3 gen., 300 spp.) 
Aristidn purpurea Nutt. Allred s.n. 

Chloridoidcac Burmeist. (5 tribes, 146 gen., 1400 spp.) 
Eragrostideae Stapf (77 gen., 1000 spp.) 

subtr. Eleusininae Dumort. 
Erngroslis curvuln (Schrad.) Nccs [sent as    .  PI-365034 

Stipagivslis unipluinis (A. LichL) De Winter] 
subtr. Uniolinae Clayton 

Unioln paniculata L. JID s.n. 
subtr. Monanthochloinae Potztal 

Dislichlis spicala (L.) E. Green subsp. stricta     K. Allred s.n. 
(Torr.) R. F. Thome 

subtr. Sporoboh'nae Benth. 
Sporobolus giganteus Nash PMP 10008, US 

Cynodonteae Dumort. (» Chlorideae Bench. & 
J. Presl) (59 gen., 300 spp.) 

subtr. Chloridinae J. Presl 
Spnrlinn peclinnta Link J. LnDuke s.n. 

subtr. Zoysiinae Benth. 
Zoysia sp. jj£> s.n. 

Panicoideae Link (7 tribes, 210 gen., 3300 spp.) 
Andropogoncae Dumort. (- Sacchareae Bench. 

& J. Presl) (85 gen., 960 spp.) 
Mispanllnis sinensis Andcrsson var. CU, RJS s.n. 

gracillimus Hitchc. 
Paniceae R. Br. (101 gen., 2000 spp.) 

Panicum virgatwn L. USDA 421520 
Pennisetum alopecuroides (L.) Spreng. CU, RJS s.n. 

'Abbreviations for names of subfamilies and tribes, as used in Figures 1-4, precede full names in table. 
'The approximate number oftribes, genera, and species is indicated for each subfamily orPoaccae, and the 

number of genera and species is indicated for each of the other three families and for each tribe of Poaceae. 
Several author citations have been corrected from Clayton and Renvoize, and older synonyms arc provided (in 
parentheses) for some suprngencric taxa (see text). 

'Abbreviations for collectors and other sources of plant material are as follow: BBC = Berlin Botanic 
Garden; BHC = L. H. Bailey Hortorium Conservatory; CU - Cornell University gardens; FTG = Fairchild 
Tropical Gardens; JID = J. I. Davis; KEW = Royal Botanic Gardens, Kew; MBG - Missouri Botanical Garden' 
NPI = Native Plants Inc., Utah; NTBG - U.S. National Tropical Botanical Garden; P! = U.S.D.A. Plant 
Introduction Station (Pullman, Washington); PMP = P. M. Peterson; RBGE - Royal Botanic Gardens, 
Edinburgh; RJS = R. J. Soreng; SJD = S. J. Darbyshire; USNHG = U.S. National Herbarium greenhouse; 
USNZ=U.S. National Zoological Gardens. Vouchers are held at BH unless indicated otherwise with herbarium 
acronyms following Holmgren et al, 1990. 

•"Because of a clerical error, it is not certain which of these two collections was sampled. 
'PI-314071 was used torKpn I, Pvu II, Sal I, and Sma I; RJS3428 was used for flamH I, Bgl I, Bel II, Cla I 

Hind III, and Pst I. 
'SeeSebergctal., 1991. 
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peat (IR) region, and 37 in the small sineleermvi*<:<:rw.•.-     r,   ^   • 

coded as a data matrix in ^S^^^^mC,lmsitCXn^swnm- 
character, with each site ^S^i^^T T • "^ " * ^ 
the enumeration of nucleotides in the cnDNA      ^     / maP Iocation> ^latter ke^ to 

mative characters of the maS ^2^7 "^ ^^ ^ 

C. STRUCTURAL CHARACTERS 

dudes comments on ^ l^^l^ZZ mT^i• ^T *' **"* in" 

---O992)ordiffer^^ 

2' awZSr! *," rCP°rted t0 haVC °nC °haraCter State ^ Wa*°* »* Dallwitz 
2'       T m a Pnmaiy S°UrCe'fte tK0n is scored • Polymorphic uS ancillary evidence suggests that one or the other source is in error 

exemXT      ^^,*""* ^^ &S Same State> but *• » *> report for the 

SfS•.^ anSlyS1Sl *" CXemplar ^ iS •d " ^ Sc state £ 

4. If a polytypic genus is reported to have one state by Watson and Dallwitz and this is 

^&SZ^J£^source does not mention the «-£ 
smgle state or (for multistate characters) a subset of the stateTreporteXTe gen"' 

Watson and Dalhwtz, the species is scored as in the primary or secondary source Thus 
some polymorphtsms in the data set represent generic polymorphismsw^tn=state 

6' 22 SSS.'SS^Ssrstate **is intermediate between two recog- 
?' ••?f f00!!1 SitUati°n PJ

CrtainS !n mUltiState Characters where °ne or more states of a 

S d :VneTfT arC      Crmined t0 ^ abSCm' bUt &C °bSC-cd ^tribute is ntas- 
Znl < 0n=°f the,rcmaln'ng st«tes. In this situation, termed "subset ambiguity" Z 

'^'"coredaspolymorphicforallsmesmathavenotbeendetenninedtob^aSent 
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als have a state that is intermediate"cTflS» !T ^ ^ 0ther tadividu" 
polymorphic" for the two states SimSv ool^n   v^*T'±e taxon is scored « 
state of an exemplar species is urtaZ•d onS *   " C°dmg might b= USed if the 

one state, whi.e one or more o^Zl^ZlT^T^" °U genUS U• 
The 42 structural characters fall into sever   Zl 7    *" ""* Md "^ 

.       acters), morphology of spikelet (7) SI       ' "^f^ °' culm and leaf (6 char- 
bryo (9), morphology of seedling ( ) ZomvTvJtT ^ moi?hoI<W °f <** and em- 
and structure of the chloroplast gen0mT(3   T^e chafat      f•" (5)' bioch*•try (2), 
ease of scoring, minimal ambiguity £ hedetermna i     7      ^ ^^ co•d"ation o 

*•«-** All multistate sSral ^r^iSr' "" «" "" 

D. DATA ANALYSIS 

character can include one or more ^inftrrTtive"Sw a^'"' ^ jnft•^ multistate 
and 1 each occurred in several terminal 3 slat Tor 7°UM' f°r eXample'if sta<" 0 
state 2 would be an uninformative s^ZtSol^Zf "• T ^^ In to ca"> 
character were treated as nonadditive (no«, ho7eV« SlT^^ CharaCter if the 

2 would be mformative, though present iacny S ftf^*"' additive-state 

the present analysis, with all characters treated as nS'J *' StrUCtUral Character ** of 
one terminal is autapomorphic, and as sWc0nXS ' "y **** *" °CCUrs in °">y 
doesnotmfluencerree structure. Receding of^ uchastat ' CP t0 ^ P°Ssible *<" and 
ph.c step from all trees without altering theSt 0  c   H   r^f rem°VCS the a^pomor- 
results obtained from analytical methods such     neLboH•   ^t N°te" h•• ^ 

^fSS3^^^-«^B-~ ^informative 

P-es: of terminals) ^Za^SSS^T^ "^ *"d ^Z- 
>    lengths obtamed with the structural charactermarSrE     7°^ • misS,'ng' Thus- tree 

Jose reported below, as are those obtained by" mu^eo'u        ,3) *" ^ ^ Ion*er "»" 
sistency mdtces (CI; Huge & Farris, 1969) reportedb^n      ^ °f b°th matric«- Con- 

conducted of the combined matrix of all chScters T?^ * SImultane°u* analysis was 
data set did not resolve Poaceae as mono^SJJt, ,?T* MaIysis of *<= structural 
;•«twas conducted with moaopl^tjj^ L^/W^^^« »'thi, 

6;r
a^ 

PHYLOGENET1CS AND CHARACTER EVOLUTION IN POACEAE ,3 

ambiguous support) udpofy- (polytomies allowed). In each analysis 3500 sub«.»rrh, 

in each case swapping was aborted after 1   OOf) ?    w u        mo«-pars.monious trees, and 
had been conducted on all of those trees ?    ' ^ '"'^ a"d *r-swappi•g 

c^^S^SSSS^ga^S r «*- »** -both 
analyses^onducteS ZSS£ Sb) ^^ " "^ '" ^ UnW^hted 

Bootstrap support (Felsenstein, 1985) was Assessed with , «^ < 
analysis. In this form of the booKrAm • 17 , stnet-consensus" bootstrap 

ticular bootstrap re" a^ nly^To'c £ aH moT'^ " ^ ^ •°lwd by a »»• 
the strict-consensus tree) obtained in that IrtcZl•••• *• {Le- if !t occurs in 

score of either 0 or 1 for each ooo^p $ " ^^ ?°^ c]ade «** a 
replicates" bootstrap as imDlemenr^rf ;• ••. 1 COntrast> In t116 frequency-within- 

analy5is,eachcladei «si7edTsco in each '? ^ ^^^ ^ COnduct ^ootsfap 
currence among most-pS^^ eT. S^ ^^3^" '" freqU£nCy °f °* 
a panicular replicate, it receives a score of I n •7   u ^ * rnost-parsimomous trees in 

curs in some bm not'all tr I t « core oSn i^ f ^ ^V' bm if ft oc" 

score>0 in the frequency-witnin-repSesSS ThJs SST-b",BBP ^ 2 

are conducted, observed strict-consensus h•. lfe<3ually effective tree searches 

frequency-within-replicates booS^ Scores Ld f? S°°reS T^ b£ leSS *» or e^aI » 
the strict-consensus bootstrap rScXl'cS '" TPmCaI Studies w'& various data sets 

a given data set is usually O^IW S^h   fr •,.nft"rtc^•ensn*««ef''r 
quency for the same clade^e oSSpS eSX^"--^"^ b°0tStraP fo 

analyses were conducted, one on the restnSo s ^^? , f10t-consens^ bootstrap 
set, using dados ver. 1.4 98 OTxon  19^n t   "^ ^ 0ther °n the combined data 
process for tree searches!* 'J^SuSSS^r T^ '"^ " * d* 
same ambiguity and polytomy ienin« « inT b00tStraP,rePhcates ^ere conducted with the 

Prising 20 random taxon^y sl~ MZ "^ ^ ** "^ ^^ • 

tbr-swapping of all ^^^SS^S^SS!^ '° ^ ^ W,0Wed b^ 
shortest trees saved (Ao/^ Ao/rfM mu/,.i0 ••*  2° subanaIy"s, with a total of up to 80 

•-anZ^ 
informative characters in the eo2^aSS^^Tbi^,,,,,riX- Wth4°6 

round of analysis (i.e., 406 analyses each Jrh 1 Zf 'C t0 COnduct more *an one 
from the matrix). The analysesw 'conduced J£^ T ??* • *metm «•»* 
ambiguity and polytomy settings Is i bS "ana.vL" ^ • f ' ' "3b)'' US,'n8 the Same 

random taxon entry sequences with £*ZZ?S u "f « * ana'ySiS C°mprisine 10° 
swapping of all shortest trees obtained W^ToYsubl W *?' f°n°Wed by tbr" 
shortest trees saved {hold/5 holdSOO muIt'ToZax') SUhm&lySeS- WIth a totaI' of «P to 500 

matnx on most-parsimonious trees obtained by analysis of 
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with CWa (Nixon, 1993) P f °haracter variation w<*e examined 

from the other data set (related toSyZ o , " ^1 *?" fte combined *«» o 
culatedfromtreelengmUfthevanonrcES^ 

(Goloboff, 1993b). All analyses yieWed more ml° tMned»«'"8 the>I,command ofM,• 

calculations based on the JL^SZ^^Z^ZTT^ *"" "d 6r *U 

vanous sets of trees, the minimum retired ^Zl^Z^^T "* "" *' 

I 
IV. Results 

A. COLINEARITY OF THE CHLOROPLAST GENOMES 

withXtTo 12TSStSve"ionfrth
!
e f"" f ^ ""^ «"" • ««»« 

-^previously docum^edam0 gZes\S"^=iM^^£8Cn°me °fMc°'/" 
ratsuka et al., 1989; Downie & Palmer 1992 SeTaf YS^ ?-H^ " "- ,988; Hi" 
al., 1992). Specifically, these mapping result arec0n,lt" u mJfataw//«' ^oyle et 
obtained by polymerase chain rea2Su«cons«tent with previously reported results 

(Doyle et al., 1992; see char. 40 of ft TpSZ "Z^T* "T^ ?tim" c°°*mations 
strate that ifo/orffo,, ,acks ^ 64 • ZZlntl'Z^ ^ "• PCR ^ dcraon" 
ously tested (Doyle et al    1992   Zl',   i ' *e tW° genera of R«tionaceae previ- 

in the present analysis tifat lacks ".«'ktaveS^feH,Me^//flrffli,the0nly,»» 
tiveia this setoftaxa and ^t\J^^^^^^ua^^^^^o^. 

of the exemplar grasses in this study {ZZZTA^TTT^^^^^^ 
Molinia Schrank, andPoa L • see Table TfZn' An°m0chha> Brachyetytrum, Lygeum, 
the small ,,•T inversion totabSffiBr* ^ T^" inf°•^onfhave 
sent in all nongrasses (Doyle et al, 1992) ""^    * dat£' and *"is ab' 

B. CHARACTERISTICS OF THE DATA MATRIX 

The restriction site and structural character A*t• ;• .i. 

and 10.3K of the total data set, X^Tof^tZT^T' ?>"*«* S9J% 

scored as cladistic characters, 364 L clad Jically nforlnl •Blnct,°? S]t« •PP'd and 
tionsite data matrix, 11% of the cells (9% mPna,J f

brmatlv= (Appends 1). In the restric- 

of ambiguous homology). In tll^ ^ J ma^ST* ^ •bse•d « 
tea, 14% of all cells (12% in Poaceae^ are ter matnx of 42 characters scored for 75 

Homology, or inapplicable) and ^4% LTsS^SZ^'•*' ?"""«"»• 
ties (Appendix 3) polymorphisms or subset ambigui- 

PHYLOGENETICS AND CHARACTER EVOLUTION IN POACEAE ,j 

cases (e.g., when the site was flnnV^H K,, i     •• • ° ot be determmed m some 

one or\hge 'other or both of £ ^2^ZT *"*"*> **"** ** *• ^ 

most frequently in the a••SS of^ "^ "' •S diffiCUlty WaS •te-d 

often in the LSC region Td p^LZ y n ^ofT81"5.acCessions w^ those of grasses, 

where .ength variation was *E5^£Z£^^ "^ "nd in ">» 
ment between taxa tended to be coiwStSS^TiT, ^^ '^ °f ^ 
resul.ed in a greater amount of mSSfo ZZ* , ^f^f *C reIationshiP. **d *is 

C. CLADISTIC ANALYSES 

within the tribes in which they a/e ^^£^£^^5^" "" ?" 
these genera as constimtinK secarate trib^.;  A^JJA        

Kcnv°^e ^lys6). a• we recognize 

/. Chloroplast DNA Restriction Site Data 

(Tej:/ continues on o. 201 



Tlb" "• !-:=s:::ss=r« .• * 
Terminal orcladc 
Flagellaria' 

Baloskion 

Joinvillea 
2 

Anomochloa 

Streptochaeta 
4 
Phanis 

Eremilis 

6 

Bambusa 
Pseudosasa 
6 

Chusquea 

9 

Gundun 

•Ottitea 

10 

Lilhachne 
Ofyra 
11 

Ehrharta 

12 

Character and 
 stale transformation11 

2:1-0 
3: 0-1 

20:1-0 

19: 6-+3 
21:3-* 2 
23: 3-2 
32: 0 - 1 

40:0- 1 
none 
23: 3 - 1 
25: 0 - 1 
41:0-1 
4:0-1 

2: 1 -o 

19:6-4 
21:3-1 

29: 1 -0 
26:1-0 
none 
2:1-0 
32: 0 - 1 
34: 1 -o 

19:6 •3(a2,-a]) 
21:3-2(al,-a2) 
"2:0-1 (a2,-al) 
19:3-2(a2,-al) 
21:23-1 
1:0-1 
5:0-1 
2l:2-3(al.-a2) 
19:3-6 
none 
none 
2: 1 - 0 
8:0-1 
10:0-1 
19:3-6 
21:2 • 3 (al. 
none 

13:0-1 
12:1 -0(al 
none 

6: i -*0(a],-a2) 
15:3-2(al,-a2) 
13:3-6(a2,-al) 
20: 1 -0(al,-a2) 
37:1 -0(al,-a2) 
26: 1 - 0 

32:0-1 Cal,-a2) 
27: 1 - o 
33: 1 -0 

42:1 -0(a2,-al) 

Table II (continued) 

-a2) 

,-a2) 

_        Terminal orrlarlp 
Character and 
state transformation1' 

Oryza 
Leersia 

13: 0 - l 

19:6-12 

13 
22:2-3 

6: ! -0(al,-a2) 
10:0- 1 (al,-a2) 
20: 1 -0(al,-a2) 
32:0 -> 1 (al,-a2) 
36: I -0 

Brachyefytrum 
37:1 ->0(al,-a2) 
2:1-0 
31: 1 -4 

14 
.34: 1   -'0(02,-3 1) 
26: 1-0 

Arislida 
28: 0 - I 
2: 1 -o 
13: 0-1 

-     15 
38:0-2 
17: 1 -0 . 

16 
24:0-1 
4:0-1 

Amphipogon 
•)      35: 0 - I 

13:0-1 
18: 1 -0 

17 
20: 0 - 1 
10: I -o 

18 

Eragrostis 
Uniola 

33: 0-3 
none 
none 
8:0-1 

19 

Dislicldis 

20:0-1 
none 
4: 1 - o 

20 
31: 1 • 034 
14: 1 -o 

Zoysin 
39:0-1 
10:0-1 

21 

Spar/inn 

12: 1 -0 
none 
2:0-1 

Sporobolus 
22 
23 

Arundo 

20:0-1 
none 

.none 
none 
1-0-1 

24 
4: 0 - 1 

Molinia 
Phragmites 

24: 1 -o 
none 
8:0-1 
20: 0 • 1 

Danthonia 
25 

36:0-1 
11:0-1 
8:0-1 

Terminal orrhuli- 

26 

Cliniiiianlliiuiii I 
Chasinnnthiiim n 
27 

Miscimllms 

28 
Paiiicum 
Peiiniseliim 
29 
30 

i-ygeu 

Nardus 
31 

Anisopogon 
32 
33 

Ampelodesmos 
34 
Slipn 
35 

Nasselln 
Piplatlicnwi 
36 
37 
38 

Brnchypodium d 
39 

Brnchypodium p 
Brachypodium s 
40 

41 

Glyceria s 
Glycerin d 

Schiznchne 
43 

Melica n 
Melica c 
44 

Character and 
slate Iransform.-itinn1' 
29: 0 - 1 
31:1 -3 
19:3-1 
20:0-1 
26: 0 - 1 
none 
n me 
12: I -o 
38: 0 - 1 
2: I - 0 
11:0-1 
31:3-2 
13:0-1 
38: 1 - 3 
none 

27: 1 -0(a2,-al) 
' 14: 1 -0 

21:2-1 

2: 1 -o 

9: 1 -o 
10: I -0 
35: 0 - I 

• 22:2-1 

34: 1 >0(a2,-al) 
11:0- I 
none 

none 
2: 1 - 0 
none 
none 
none 

31: 1 -03 
none 
none 
none 
31: 1 -o 

none 
none 

none 
26: 1 - o 
3:0- 1 

17: 1 -0 

22:21-3 
none 

19:3-2 
none 
none 
none 

12: I -0 
none 
none 
none 

* Character and       *> 
Terminal or clarln slate transformation 

Diarrhena 10: 1 -0 
45 none 
46 31: I -0 
47 3:0-1 
Bromus 26: 1 - 0 
Boissiem none 
48 7: 1 -0 
Triiicimi none 
49 none 

. Elymus none- 
Peridictyon none 
50 24: 0 - I 
51 3:0   > 1 
Seslcria 20:0- 1 
Pan 10: 1 - 0 

30:0-] 
•     52 none 

53 10: I -0 
Puccinellia none 
Catabrasa none 
54 3:1   >0 

24: I - o   • 
55 none 
Fesiuca none 
Vulpia 30:0-1 
56 ' none 
Loliuin a none 
Loliuin p 7:1-0 
57 

11:0-2 ' 
30:0-1 

' Amphibromus 
58 8: 0 - I 
Aiujioxiiiitlimn 14: 1 -o 

19:3-2 
I'hnlaris 10: I - 0 

12: I -0    ' 
59 

none 
Ammophila 
60 

none 
C/diiiiiagnisiis 
61 

24:0   > 1 
Agroslis 12: 1 -o 
Deschampsia 9: 1 • 0 
62 

none 
Arrhenatherum 8:0-1 

9:0-1 
63 9: 1 •-> 0 
A vena none 
64 

24: 0 - 1 
Koeleria '. 
Triseium 
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Table U (continued) 

Four elude, pnacnl In nil mo«l-pBn•-, ««-.., ,om .• '^rs~- :^i«e •vuPOlUBy,, 
' = 6+10+13 

Mtemative Topology 2: 

13-10+13 
24-=W + 3rac/,yely,ru•,      none 

i + Eremitis 

0+11 + 13 
1 + 13 

"^^aKss^-g*.*-., 
none 
none 
6: 1 -» 0 
10.-0-+1 
15: 3 ->• 2 

14 + 29 

20:1 -o 
37: 1 -+ o 
29: 1 -+ o 
33: I -* o 

id those that occur inIf" °f Ehrhartoideae, Figs 4-7) ,« •1 | -   '.  3 °r a" SI'X trees wilh 

^(•parsimonious trees with Alt• i      -?' fr°m "" trecs °f *e other set   The fn       P••"'^ trees 
also were resolved bv Tn i A.'te•t,ve Topology 1 and absent to• .in u   gr°Ups Presem >'n =" 

'd <yp= that corr   ponZTc^adf' lhe •ri°"'°n *« ^" S    Sr ^ T°P01^ 
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'-'HHL't''' tLAaEI-LA1IACEAE -B.losklon   RESTIONACEAE 
i Jolnvlll.a   JOINVIUEACEAE 

'        Anomochloa  B ANO 
- Streptochaeta B STR 
- Pharus  B PHA 

. Q| EMi,ira BEHR 
••B[~r~ ?ryza  B ORY 

• Laarsia   B ORY 
-Eremitis   B PAR 

r-tm Bambusa  B BAM OW 
l-fla       ZZrl""'•'"  "BAMOW 

l_j-T~ Chuiqu,.   BBAMNW 
^ Butdu.   BBAMNW 

Ow.i  BBAMNW 
«•{£T Llthachna B OLY 
 Olyra  B OLY 

| Arlslida A ARI 
 ^Ofirfo  A ARU 

u 
u 

Molinla A ARU 
Phragmitas A ARU 
Danthonla  A ARU 
Amphlpogon  A ARU 

•E       | Pan/cum PA PAN 
-tij Pfnnlsatum  PA PAN 

|        Mlscanlhut PA AND 
MPT        Chasmanthlum I CENTO 

Phasmanthlum n  CENTO 
 Eragrostis  CERA 

Uniola   CERA 
Dhtlchli,  CERA 

Zoyxia   c CHL 
_' Spartlna   c CHI 

Br.Cy.ty.rum  BUM""""  CERA 

'""" Lygaum  PO LYG 
Nardux   PO NAR 
An/xopogon   A ARU 

_j,-J        Ampelodexmox PO POE 
T-fjd SlfP*  POST! 

T•tnj•' %"**?* P0 ST/ 
Piptatharum  PO ST/ 
BrMchypodlum d PO TRf 

Brachypodlum p  PO TRl 
Brachypodlum s   PO TRl 
Clycariax  PO MEL 
Gtycerla d PO MEL 
Schlzachne p  PO MEL 

Malfca a  PO MEL 
nr     L        ~~ Meiic* c  PO MEL 
Dlarrhana   B D/A 

p-Qjj Bromuz   PO BRO 
r-m         Bo/sxlera  PO BRO 

L_£.J  Tnticum   PO TRl 
Ujjjp• Bymus   PO TRl 
^-•Ptridlctyon   PO TRl 

Sax/ana   PO POE 
Poa   PO POE 

Pucdnettia   PO POE 
Catabrosa   PO POE 

Fastuca   PO POE 
Vulpla   po POE 
Lollum a  PO POE 

 Lollum p  PO PQE 
Arrhenatherum  PO AVE 
  - & vena PO A VE 

Koelerta   PO A VE 
~ Trlsatum   PO A VE 

t      - Amphtbromux   PO A VE 
-rn -5g Anthoxanthum   PO AVE 
^J    ^ -Phalar/x   PO AVE 

_^ -Ammophlta  PO AVE 
^ Catamagroxtix   PO A VE 

^•fig Agrostls PO AVE 
• Daxchampxla  PO A VE 

HS 

^_j • Arrhenat 

informative restriction site characters (cf. Table I Appe^x 1) ^^"al-wcighted analysis of364 
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sus tree represent lack of resolution below the tribal |ewi 
^^CC^.joi•v!lleaisp^^^^^t for two multichotomies 

Ancnochloa and Streptochaeta is placed as s s rof IIIZ ' "* * "W *" COnsists °' 
Ce.. all grasses except ^OIBOcAL and ^cW^th ^-^ With'"n *e Iatter ^UP 

among a series of lineages that have often bee7S/d?nrlIS ° PeCtinatC "Wgment 
harto.deae, fo,,^ Barnbuseae, and Olyreae dS Bamb«oideae, with />W, Ehr. 

dudes the PACC clade as sister to a CIIT^BITT^ *"" the ""«* that in- 
notable aspect of this structure, which i, not ^ Br^V^<rum • sister to Pooideae. One 

the various analyses conducted"in t s "dy XS^S * "i*"-*" "^Z 
to.deae and all other grasses except AnowMoTs^^* rela£l0nship b^en Ehrhar- 
relationship as the hypothesis of an »^£^^"%*aiPhaw> we "^ to this 

Axundmo.d exemplars ^teidfa, ,w0    Tl"   fr^'1**^"! 

ffl^,/•Adans.) plus two subclades thu^SEi   T^ °C- "o/'•. *nd 

Cen othec01deae,andChloridoideae The first of fh,    K ^       ' eIcments of P^nicoideae 
PanKoideae, relationships among whS«I «v     1"^'^ *= *"« d• * 

mg of the two elements of Centothecoideae SSJ^lT"01'.y,etiC ^^ COnsist- 
Chlondotdeae. Five alternative sets of relationship   v   t° C°•StS °f aI1 eIements of 
resolution ln the PACC clade. The alternative SonThf      u-T^ hck of ^er-leve! 
nons among the 10 most-parsimonious tre« a     SS    ^ IT * Varf°US comb^- 
PACC clade vs. the clade consisting of P«iS«£Sr        1°•' 0therm^b«s of the 
members of the PACC clade; 2) Panfcoidea^and CentoT,   T^"51'"6 sister t0 aI1 °*er 

r to each other vs. Panicoideae paraphyletic SC ° ^      -       m°n°ph^tic and ««• 
elements; 3) Chloridoideae sister to a wn^^^T*? Mted ^^ j* three 
Chlondotdeae nested within a paraphyletic set of .».of •"Ann"I=oidi except Anstida vs 

emplarwereresolved as monophyletic exceotft., J       ,' ?prese"e° by more than one ex 

tnbes a so are supported as monophyletic Z12°+J ?P• painvise combinations of 
chypodjeae + Meliceae; Bromeae + HordeeS P        "^ ^*^/o*"»« + Stipeae Bra- 

2 Structural Character Data 

Unconstrained analysis of the   tn 
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resolved clades does not include a monophyletic Poaceae, for Baloskhn is placed within a 
group that cons.sts of all members of Pooideae and the PACC ««»,• •|• »     i, , 

Pooideae. Phy,r^SCt'^t£B; 

'w*mM^uw.^^^tZz^£rm    °,n ciades emerge from a 

tothecoideaeassistJrofamro^PatreZS 

aborted after 10,000 trees had been identified     TfT monophyletic, also was 

the latter gro upfmere issi£ E«", r t u ^^ *" "^ *»*«• W"^ 

monophyletic 'grou ^ 0^2^ C« S I^,*? *" '^ * 
elements of Barnbuseae the second including• ?, monophyle"c grouping of all 
-i-rtoamonophyleticg^ 
structure in which ^Marto and Braehvehtrum Z•• , " 1S a pectmate 

.   eludes all remaining grasses (PooS^^ USTPACC «ZT"^X• * ^ ^ !n" 
•   sister-group relationship between a clade that incl^ T?}'       f" Whl'Ch ^ is a 

one that includes all elements of PooSae W«hSJSSSST; ^ ^ ^ ^ 
that includes all other elements of the group and th^?«£ / A"?' d°IS S,Ster toaclade 

tute a paraphyletic assemblage w thin which i ne^te ^emalnl"g Arundmoid elements consti- 
of a monophyletic Centothec   d«« asSe of ••VW«K grouping that consists 
of this group includes PhraZZ Zo,Zll ^^^ Panicoidea^ the sister clade 
Pooideae there is a basal Zti hot'omT^!? T *" ^^ of Chl°ridoideae. Within 

multitaxon clades. TbJS^S^Z^^ '? "^ ^^ ^ f°Ur 

genera of Poeae (Sesleria Scop as s s"  ofTclade that ?*?? "J* ""^ a gF°Up °f four 

-);
a-groupinwhich^~^t=^^^^ 

0.28, and RI- 0.70 The SS^Z •   ,     m°St-parsmonious trees 0flength 1468, CI- 

ranges from 1277(ZSZtt^Jl JeT " T^f* "^ CharaCters «»»«thes^ trees 

^ne)to,284(a«0.2Tinartre^ trees, RI - 0.69-0.70), and the number of steps in structural    ' 
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Flugtiftar/a   FLACELLARIACEAE 
Bitosklon  RESTIQNACEAE 

Jolnvillaa   JQINVILLEACEAE 
\ | Streptochaata  B STR 

U 
rC 
•Anomochloa  B ANO 
Pharus 3 PHA 
Eramftis   B PAR 

Llthachna B OLY I 
Olyra   8 OLY 
Chuiquaa  B BAM NW 

Otalaa   B BAM NW 
Piaudasaja   B BAM OW 

Bambusa  BBAMOW 
Guadua B BAM NW 

Loan!* B ORY 
Ehrharta   B EHR 
 Brachyalytrum   B BRA 

j ArisUds A ARl 
 n4 r•Eg Mollnla  A ARU 

^ ^ Danthania A ARU 
I•Qj j Arundo A ARU 

 Chasmanthium I CENTO 
ChasmantMum n   CENTO 
Mlicanthus  PA AND 

Panlcum  PA PAN 
 Pannlsatum  PA PAN 

Phragmltat A ARU 
•    Unlola   CERA 

Ampbipogon  A ARU 
Zoyxi,   C CHL 

' 03 

L-ffi IJ 

i•<TJ 

 • Ampalodaamos  PO POE 
 St/pa  PO ST! 

• NatiaJIt   PQ STI 
• Piptatharum PO STI 
•AnUopogon  A ARU 
• Brachypodlum d PO TRI 
• Brachypodlum p   PO TRt 
• Brachypodium s   PO TRI 
• D/arrhana   B DIA 
• Bromus   PO BRO 
• Bohsltra   PQ BRO 
• Tr/tlcum PO TRI 
Elymut  PO TRI 
Parldictyon  PO TRt 
Faituca  PO POE 
Lolium a  PO POE 
Lotlum p   PO POE 

Lygaum   PO LYG 
Nardua   PO NAP 
Saalarla   PO POE 

Poa  PO POE 
PucclnaJIla   PO POE 
CatabroxM   PO POE 

Schizachna p   PO MEL 
| Clycarta s  PO MEL 

[J G/ycarfa d PO MEL 
1•Q3j Matha a  PO MEL 

~)••Mmllcac   POMEL 
Vulpla  PO POE 
 A vana  PO A VE 

j Amphlbromua PO A VE 
-•G3 Oaschampsla  PO AVE 
i |    ' '- KoaJaria  PO A VE 

L• Trfsatum PO A VE 
Ammophila PQ A VE 
Calamagrostft PO AVE 

Arrhanatbarum PO AVE 
Anthoxanlhum  PO AVE 

Phalarta  PO A VE 
Agrostlt PO A VE 

Spartlna   C CHL 
Sporobolut   C ERA 

Eragrostii   C ERA 
Dlitlchllj   C ERA 

0 m^M mUS °fthe.tet 10-000most-parsimonious cladograms (159steps CI -0 32 RI - 
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characters ranges from 184 to 191 (CI - 0.27-0.28, RI - 0.69-0 71)   Of the 12 •,•., 
pammomou, tree, for the combined matrix, two (i.e.. he,only twMX   277 .S, n * 
smction sue data) are among the 10 resolved by'region ^Zne wh1   a     2 most" 

r=;raf;^ 

of rh tfr "** SMS "P""81^ but i[ includ« d«Jci that are resolved bSl 
of the other two. In this tneJolnvillea is sister of the grasses and «in ^JTr •   J?      , 

21» TuTsites a,one'to next *^^^£^S$: chaca and a   other grasses, and within the latter group the next divergence event is beween 
Phone and an other grasses. Within the latter group is a multichotomy from whicn LeTnea 

ACCdfde W     ^ "7 8r°UPS " a dadC *" lnClUd« ^cfyefyLn, Po       , " 
2° ,H alS° °°CUrS fa most-P^•onious trees for the restriction   Ue data 
alone, and m most-pars.monious trees for the structural characters alone when rnonoohvlv of 
grasses was constrained; the unconstrained analysis of the structur.1 ^•« .    / 
S7P*^cd*es=ele^ 
solved clade that,, sister to Pharus ^EremUls, Ehrhartoideae, Olyreae! Z Barntaeae^ " 
gardless of the various potential relationships among these four WTtKSiof 

Brachyefy,• with Pooideae and the PACC clade is sufficient to LdeB^bu o deae (as 

^noS T T " ^ remafaing elemenK 0f « inolusive Bambusoideae non- monophy et,c, for the d.vergence of at least two lineages (PW and the clade that includes 
^mocWoa and ^v,ocAfl•o) frorn me Iarger Iin        ^ ind PAcC clade Poo 

2. Selena mi Poa sister taxa, with that clade sister of all other Poeae, vs. Sesleria sister 
of all other Poeae, and within that group Poa sister of all remaining Poeae 

of T^7" °f^?eC
J
urinac' Pfcalaridinae sister of that clade, and^A/ta sister 

of that clade, vs. Phalandmae sister of Alopecurinae, Amphibromus sisfer of thaTclad 
and Avenmae sister of that clade; ' 

4. Brachyelytrvm sister of Pooideae, and PACC clade sister of that clade, vs PACC clade 
sister of Pooideae, and Brachyelytrum sister of that clade- 

5. Olyreae sister of the clade that includes Brachyelytrvm, Pooideae, and the PACC clade 
with Bambuseae sister of that clade, Eremltis sister of that clade, id EhrhanoTdea st 
"°^at=adevs.Ehrhartoideae sister of the ciade that includes Brachye^?Z 

ECr2^l   °^Clad^0^TSiStoof^cW=.-^^lonophyle^ygroup•in^of tremllis and Bambuseae sister of that clade. 

of ^Jrih*6^' tT° °f *"e fot*"!nV0lvt altemative relationships above the level 
cu *=n c II T rtlatl0nShiPS Und"'^e Pommies 4 and 5 are'correlated in oc- 
currence among the 12 most-parsimonious trees such that the first of the two alternatives de- 
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I 0       -Anomochlo.   B ANO 

-«WUJ   B PHA 
"     Eremltls B PAH 

- Ehrhirl,  B EUR 
• Oryia  a ORY 

~ Letrsla B ORV 
-GST"~ Ulh.chn.   B OLY 
 Olyr.  BOLY 

_?!""""  BBAMOW 
Chuiqj,.,   BBAMHVJ 

xzz%";fu',a BAM Nw 

ArUtld, AARI 

-Amphtpogon A ARU 
ff'P'oit/,   CERA 

- Unfol,  CERA 
-OUUchlU  CERA 

- Zoyxl,   c CHI 
jCZZf0"""*  OCHL 

- Arundo- A ARu""1"'   C.'r/M 

**<aw» A ARU 

Otnthonl, A ARU 

.%','"""•""<"»*  CENTO 
•M!*c.mhu, PA Am 
$* •"um  PA PAH 

-Lystum  POIYQ    r""""tum  PA PAH 
-N'rdu,  PONAR 

An/sopcgon A ARU 
'       ^P'lodoiwo, POPOE 

d        Sl,p, p0 STI 

•     ««...//, PQSTI 
-PlpUlhtrum PO STI 
J^ypofm d PO TR, 
r-^f'chypodlum p p0 Tm 

ZfT'chypodium, POTR, 

J^Lz!?h"»P POMEL 
-XZZZ !•"' P°MEL 

-Dl;,h.n.  BDtA P0M^ 

CTZZf^•*  POBRO 
Bohaimra  PO BRn 

E'ymus  PO TRI 
.<•', p'r""<=tyan PO TRI 
•Snlmt POPOE 
-Po, POPOE 

c'"l>ro• POPOE 

la'tump POPOE 

, JVi" P° POE 
-^^U.^'OPOE 

•^M'lWm POAVE 
*<Av.•, POAVE 

ZlZr0,""''  pOAVE 

-Phtlvt, POAVE 
-Ammaphll. POAVE 

<^m*g,o.,l,  POAVE 
a AgrasUs   POAVE 

"°"t»««(i POAVE Fig. 3. Strict consensus of 12 mnn •.   •      .       •' '"        ••••^*vl 
epresentative accession* nr•    most-Parsimomous cladoeram* n«. 

structural characters (of. Table 
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only with the second .lS«Ktols^ w ^ ** ^^ 4 °CCWS 

trees). Thus the monophyletic grouping rfZJLK? Mm^on. «*»" in th= oth« • 
cases with a peed^^8^^0^^^^^^ "-°^ted in all 

lows the divergence of Pkarus, and is itself foH owfd by d^vertn^ of ^ fj ^ ^ 
sequence: Eremilis, Bambuseae, Olyreae and the PA rr• TA  f following taxa in 
°••^•plus Pooideae^ 
as "Alternative Topology 1," conforms to th• I "1foashlPs. whi<* we will refer to 

data (Fig. 1); it wa/desSbed SStS^S6 •**" ^ 
also can be described as the hypothesis?a sfster 1 *?"??** E^hartoideae, and it 
and Pooideae. The second ofSf• j£S '£*" Iat^'P between iW^,• 
Pooideae are sister groups occurs fa a«I,7f ^ f "' m Whlch the PACC c^de and 
Bambuseae, and MTZZISO^Z ***** ^"^ °iEremiti* « s^ of 

taxadivergeinsequenceXeaTteoid afrf "f * Ckde = Which ^ foliowi^ 

will refer to as "Alternative Topology 2 - cafbcaS^ f relatlonshiP*> which we 
Ehrhartoideae, or that of a sister• •i•^ • u ^ hyPothesis °^ "late-diverging" 

Unambiguous character ^ foS ^LSdaf^ rf PACC ^ 
data set are described in Table II. Clade ££ZS£?t£££^ *! COmbfaed 

parsimonious trees (e.g., Figs 5-7 mre!_H-n• , oilaracter placements on most- 

ing Alternative TopLU^ 

4. Topological Similarities among Unweighted Analyses 

Arundinoideae, Centothewidele  Sfa^M , .     nV012i5 (1986) as eIements "f 
WiminthePACCcladeCdtoMea^ 
cludiag^topc^)are^phvl tic^dincuTeth ^C^MdRe"voize(againex- 
clade. Centothecoid ae (L, me two nduded ~ T^" dlVCrging HneaSes in *e PACC 

as monophyletic, ^M^^^SSiSST^T^ ^ m r£S°IVed 

ters alone, where Panicoideae are pLaphvS S ^exceptbyrestriction site charac- 
ways constitute a monophyletic loTcbJoririnM PanlCOldeae Plus Centhothecoideae al- 

restriction site data J^^S^S^^^S •°^ » ^ 
alone, which place Amphipogon (and no other *»f «    7 y    ' structoal characters 

in the smallest clade ^ Sid^Z^SSS2^• °f CUoAtoU«) 
All three of these unweighted analyses resolve P«,M. •" 

Renvoize (1986), but expanded to S^SS^V ^"T"^ "y a^n «d 
Within Pooideae, three groupings at the levelZ<Xf v Z>/arr/,e,7a' as monophyletic. 
by all three anaiyses: M^lic^Cstideae ^^^T^^^letic 
Nordus. ' Agrosnaeae. ^d the pairwtse combination of Lygeum and 

As just noted, all three analyses resolve both the PAfY-,l*w»     JD    -, 
lehc, each with identical contents All thre Y•L       , cIade and p«»deae as monophy- 

groupingthatconsistsofthes tl c,fdLS^SS*      T    * S "** ^^^ 
a-et=ctedamongthesethree,ineages.^fSSd^ 

(Text continues on p. 28) 
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A 

Li      stre 

Flagellaria 
' Baloskion 

|      Join villea 

omochloa 

Streptochaeta 
Pharus 

Ehrhartoideae 
Eremitis 

Bambuseae 

Olyreae 

PACC Clade 

Brachyelytrum • 
p Pooideae 

I       Flagellaria 
Baloskion 

I      Joinvillea 

'•a 

'•$ 

Anomochloa 

Streptochaeta 
Pharus 

Eremitis 

Bambuseae 
Olyreae 

Ehrhartoideae 

Brachyelytrum 
PACC Clade 

Pooideae 

tcrs (c, Table I, Appendices 1-3, Fig 3} Each Son » ? Md 42 infor•<ive structural chaxac 

1 (early-divergmg Ehrhartoideae, WAjWv /*,•"£ /r 'f p"^pS (fD
F,g-3^ A- Alternative Topology 

Merging Ehrhartoideae, PACC clade sisC7p0oidIae) C)' * A'te•tive ^^ 2 (laf 
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Flagellaria   FLAGELLARIACEAE 

•Baloskion   RESTIONACEAE I 

•Joinvillea  JOINV1LLEACEAE 
1_   1»    3_1    1» 

-Anomochloa   B ANO 

i< n <i 

Streptochaeta   B STR 

Pharus  B PHA 
i  i>  n 

Eremitis  B PAR 
H 

Bambusa  B BAM OW 

Pseudosasa   B BAM OW 

f-f1"^• Chusquea  B BAM NW 

r •        Guadua   B BAM NW 

Otatea   B BAM NW 
»J•<p Llthachne   B OLY 

 Olyra   B OLY 

4^ 
'     10   is   lo   n 

11    It 
I HJ-W- 

Ehrharta  B EHR 

Oryza   B ORY 

Leersta   B ORY 

Brachye/ytrum  B BRA 

PACC 

Pooideae 

Fig. 5. Basal portion of one of 12 most-parsimonious cladograms (1468 steps CI = 0 28 RI = 0 70) 
for 72 representative accessions of grasses and three outgroup taxa, obtained by equal-weighted simulta- 
neous analysis of 364 informative restriction site characters and 42 informative structural characters fcf 
Table I, Appendices 1-3, Figs. 3,6-7); this is one of six trees with Alternative Topology 2 (Fig 4) Trans- 
formations of structural characters are marked as bars on internodes, with the number above each bar sig- 
nifying the character number, and the one below the bar signifying the apomorphic state of the 

• transformation (Appendix 2); solid bars signify unique origins of states (whether or not a later transfor- 
mation occurs) and hatched bars signify parallel origins and secondary transformations 
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- Aristida A ARl 
II   10 

Amphipogon  A ARU 

Eragrostls  CERA 

Uniola   CERA 

Distichlis   CERA 

A ARU 

Zoysia   C CHL 

Spartina   C CHL 

Sporobolus   C ERA 

Molinla   A ARU 

Phragmites  A ARU 

Danthonia   A ARU 

Chasmanthiurn I  CENTO 

Chasmanthium n   CENTO 
10     11      it 

Miscanthus  PA AND 

Panicum  PA PAN 

Penn/'seturn  PA PAN 

ter of Pooideae, with the PArr ^i.J • 

^ place the PACC Sd^Lt    ^00^ SfT T^*' ^ *e 

groupmg. With the combined data set these iiZt?^'^ sister°f that pairwise 
mous, and each occurs in half of the mos,S reIat>°nships are equally parsimo- 
group of three lineages leaves a Sly loZnZl T?^ ^^ reso^°" »fSi 
eera^ae.,abroadlydefinedBambtoideaeU er.aPh/e£lc «semblage of all remaining 
"y. In all three consensus trees (pTgs 1 3TAZZl^T^^^^^fJ- 
among the earliest lineages to diverge from rh Jf.nom°chJoa' Streptochaeta, and PW 1 

"°foa-PA•. «d iWte diverging septa   rfn
eKF °f a" °ther graSSes' wit« -<«°- 

nalyses resolve a monophyletic grouping S^S^,     T] n°de' Wh''le the oth- two 
°J*r grasses, and within that group,   £S ! ^ AP°^Moa as sister of all 
Olyreae, and Oryzeae also are resolvedly Si tSe .      

remain»g passes. Bambuseae, 

,°^P^^a«a)areresolvedbyrestn0tion*L S^" ^^ Ehrhart°ideae (''•«• 
by the structural data set. Y reStno£lon Slt« and by the combined data set, but no! 

Although Alternative Topology 1.f0f the rnmK-    *      , 

?^'T^^m^^^^^^^7Tvmd't0 the overa" 2 of the combined analysis is consistent with V       I      g      and 4a)' Alternative Topolow 
solved bystnacturalchLtersa^ 
bles the relationships supported bys^lXJ ^ A!ternativ« Topology 2 resem 

solved among the remaining taxi. de> bm dlffers in the relationships re- 
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- Lygeum  PO LYG 

- Nardus  PO NAP, 

- Anisopogon  A ARU 

- Ampelodesmos  PO POE 

- St/pa  PO ST/ 

- Nasselta  PO STI 

Piptatherum  PO STI 

Brachypodium d PO TRI 

Brachypodium p  PO TRI 

Brachypodium s   PO TRI 

I Glyceria s  PO MEL 

• Glyceria d PO MEL 

- Schizachne p  PO MEL 

Melica a   PO MEL 

Melica c   PO MEL 

Diarrhena   B DIA 

Bromus  PO BRO 

Boissiera  PO BRO 

Triticum  PO TRI 

Elymus PO TRI 

Peridictyon  PO TRI 

Sesleria  PO POE 

Poa  PO POE 

Puccinellia  PO POE 
Catabrosa  PO POE 

Lolium a  PO POE 

 Lolium p  PO POE 

Festuca PO POE 

Vulpia  PO POE 

Amphibromus PO A VE 

Anthoxanthum  PO A VE 

Phalaris  PO A VE 

Arrhenatherum  PO A VE 

Avena  PO AVE , 

Koeleria  PO A VE 

Trisetum  PO AVE 
• Ammophila   PO A VE 

Calamagrostis PO A VE 

Agrostis PO A VE 

Deschampsia  PO A VE 

^^'^^SS^^SS^S^ -P-ntative accessions of grasses 
tion site character.Sand 42 informative s^^S^frf T?,w f^'! °f-364 informative ^ic 
.ion depicted here is subfMily •*J^^r£sT*&%^ ^ ^ - 
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structural and restriction site data. 

Clade number* 

MCR" 
score 

Stricticonsen 
frequency fa 

sus bootstrap 
Combined Restriction 

site data 
Structural 

data 

> percentage)' 
data Combined 

data 
Restriction 
site data 

I 
2 

1 
2 
3 
4 
5 

10 
11 
12 

1 
2 

++ 94.9 98.1 
3 

++ 95.8 95.5 
4 ' ++ 89.7 82.4 
5 

++ 83.6 76.7 
6 
7 

7 
++ 
++ 

70.8 
80.6 

41.1 
42.3 

8 
++ 98.3 98.8 

9 
++ 63.7 77.9 

10 
11 

14 
6 
7 

15 
16 

6 
++ 
++ 

57.4 
67.4 

54.5 
61.5 

12 12 
14 
16 
17 
26 

++ 74.6 63.2 
13 
14 

++ 
+ 

92.6 
37.5 

82.0 
9.6 

15 
++ 97.6 94.9 

16 
+ 41.4 26.2 

17 19 
+ 22.1 11.7 

18 20 
++ 98.0 97.5 

19 21 
22 

++ 72.8 72.8 
20 _1 ++ 91.5 94.7 
21 23 

++ 85.6 79.2 
22 

++ 92.3 99.0 
23 

+ 9.2 4.9 
24 

+ 23.3 16.6 
25 17 

18 

25 
26 
27 
28 
29 

21 
22 
23 
24 
32 
38 

+ 38.7 20.3 
26 

++ 77.6 61.5 
27 
28 
29 

++ 
++ 
++ 

100.0 
60.8 
52.1 

97.6 
37.3 
26.6 

30 
31 

++ 
++ 

84.7 
99.6 

67.8 
98.8 

32 
++ 88.3 81.6 

33 
+ 22.2 20.1 

34 30 
++ 91.9 94.2 

35 31 
+ 44.6 44.0 

36 32 
33 

55.7 54.0 

37 
++ 42.5 34.1 

38 34 
35 
36 
37 
38 

38.4 39.5 

39 
++ 100.0 100.0 

40 33 
++ 99.8 100.0 

41 
42 

++ 
++ 

100.0 
97.8 

100.0 
97.3 

43 
44 
45 

39 
40 
41 
42 
43 

35 ++ 
+ 

53.3 
91.1 
21.5 

58.5 
85.0 
31.0 

46 
47 

• 
++ 
++ 

66.5 
99.9 

80.1 
99.9 

94.8 93.9 
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Table III (continued) 

Combined 
data 

Clade number* 
Restriction 
site data 

48 44 
49 45 
50 46 
51 47 
52 49 
53 50 
54 51 
55 53 
56 52 
57 54 
58 59 
59 60 
60 61 
61 62 
62 55 
63 56 
64 57 

Structural 
data 

40 

Strict consensus bootstrap 
frequency (as percentafie)' 

MCRh            Combined   Restriction 
score data site data 

++ 97.5 93.1 
+ 45.0 50.6 

++ 98.2 98.5 
++ 93.3 93.4 

+ 31.4 51.1 
++ 99.6 99.7 
++ 78.7 70.8 
++ 93.9 92.6 
++ 99.8 100.0 
++ 99.4 99.2 
++ 97.8 95.6 
++ 98.6 99.6 

+ 72.2 85.8 • 
++ 97.8 97.5 ' 
++ 78.4 87.3 
++ 58.1 59.9 
++ 92.1 87.3 

struct•   H,      C°T    T     V'10SC '" F'gUrCS 3'(combi"<=d '"'lysis °r restriction site and • 
ln?H ,     r}'     (a"   yS'S °f reslncll0n sit£ data), and 2 (analysis of structural data with 
monophyly of grasses constrained), respectively; a dash signifies absence of a giyen clade in strict 
consensus obtained from an analysis. 

"Scores are based on analysis of the combined data set; "+" signifies MCR score of 0 (clade 
r"°Jro       Consensus lrees obtained from analyses with single characters removed)- "++" 

2/JII SC°re       (f,°Up iS reS°'Ved in a" •st-parsimonious trees obtained when any single character is removed from data set). 
'Two bootstrap numbers are provided for each clade; the first was obtained by analysis of 

the combined data, the second by analysis of just the restriction site data. 

5. Incongruence-among Unweighted Analyses 

The amount of incongruence within the restriction site data set is 913 steps (1277 steps in 
most-parsimonious trees minus 364 steps "total variation," or minimum possible number of 
steps if all characters were congruent), and the amount of incongruence within the structural 
data set (monophyly of grasses not constrained) is 106 steps (158 - 52); thus, the total amount 
of within-data-set incongruence, Iw, is 1019 steps. The total amount of incongruence in the 
combined data set, IT, is 1052 steps (1468 -- [364 + 52]), and the amount of incongruence be- 
tween the two data sets, IB, is IT - Iw = 1052 -1019 = 33 steps. The Mickevich/Farris incongru- 
ence index, W, is IB/IT = 33/1052 = 0.031. This amount of incongruence falls at the low end 
of the range of other published figures, such as 0.153 (Rodman et al., 1996), 0.114 (Kluge 
1989), 0.052 (Uhl et al., 1995), and a range of 0.0083-O.0497 (Davis et al., in press). 

The structural character set, when optimized on the 10 shortest frees obtained by analysis 
of the restriction site data, has a range in lengths of 191-197, a range in CI of 0.26-0.27, and 
range in RI of 0.68-0.69. The restriction site character set, when optimized on the 10,000 
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trees retained after unconstrained analysis of the unit-rural rh»r»~. 

The restriction site data require a minimum of 0 extra steps to be ontimi^H •   , 
tained by simultaneous analysis of the two data sets TTJIM h     optimized on trees ob- 
own most-parsimonious trees (1277 2iKl!  T" °f'"^ °n thdr 

6. Implied Weighting 

Simultaneous analysis of the combined matrix of 364 restriction site character, anri do 

^t^^ot^S^^- reS°1Ved Me -^-•ustetf m 
weighteE^s, is !Sep t ?*%%£££££ « « " » T 
tained by unweighted analysis. Of these 1486 s eDS  1302 1 i^h P* " °b" 
minimum length of 1277 on shortest trees oS by u" Shted Ss7..! H'f

daUl (-" 
crease of 25 steps, or 1.9% and versus 1277 «m. »,  . "clgntea ^^ysis of all data, an in- 

maimng 184 steps are in the structural riata- tM* • . p '     ''9/o^ Thc re" 
stepsonshortest^eesob'tatedSrii ^K^T^ *° ^ "4 

steps (15.8%) relative to the minimlum length of HS «,• u      *       M m°reaSe of 25 

constrained and unweighted urtT^XJ^Z*"• "" ^'"^ * Un" 
The tree resolved by implied weighting (Fig 81 is c•m,•, :• 

obtained by lighted simultaneous a^S 
unique elements. It resembles the unweighted analvsTsin •? I u » ^ eXhlb"S SOme 

Anisopogon and Diarrhena) and the PACCclaX111T bo* Pooideae (in='"ding 
Phyletic grouping of A^ft*^ J^^Tw^S'?,• "M ^ * m°n°- 
Topology 2 in resolving Brachyelytrum as sis er ofThe monnnl1 '•• " AitCmative 

and the PACC clade within this grouo aTd n nLl P^K 
P 5 ''' gr°Uping °f Pooideae 

sively less closely related lincaee   Barn^   P       ? Ehrhart°'d"e and Olyreae as succes- 

asintheresui;gofallothe"ray^ 
all other grasses, while ^2^^     " ^ ^ " "" SiSter °f 

this tree differs in nesdngSS E'•^ ettc W«'^ Hov^e, 

PHYLOGENETICS AND CHARACTER EVOLUTION IN POACEAE 33 

FUgetUrim   PLAGELLARIACEAE 
Balaskton   RESTIONACEAE 
 Joinvlllea   JOINVIILEACEAE 

Anomoclilo*   B ANO 
Streptochacta   B STR 
 Pharus   8 PHA 
• Er emit is   B PAR 

. U Bambusa   B BAM OW 
J       •Pseudosasa  8 SAM OW 
' Lj ' Chusquaa   B BAM NW 

l-(Jj( Guadua   8 BAM NW 
OCatea   B BAM NW 

_(jj| Lithachne  B OLY 
1 Olyra   B OLY 

••CO 

- Ehrharta  B EHR 
- Oryza  B ORY 
• Leersla  B ORY 

- Brachyo/ytrum   B BRA 

. £jT• Chasma. 
GJ      I 53 Chasm*. 

L 

Ul 

MB 

• Arts (Ida   A ARl 

Chasm*nthiurn I CENTO' 
Chasmanthlum n   CENTO 

Miscanthus   PA AND 
Panicum   PA PAN   • 
• Pennisetum   PA PAN 

Arundo A ARU 

.. ,rT Ar"Phipogon A ARU 
Molmia  A ARU 
• Phragmites  A ARU 
Danthoru'a  A ARU 

Eragrostis   CERA 
'• Uniola   C ERA 

Distich/is   C ERA 
 Zoysia   C CHL 
• Spanina   C CHL 

-Lygaum  PO LYG '" Sporobplus   CERA 
Nardus   PO NAR 

Anisopogon  A ARU 
 St/pa  PO STl 

-l Ampalodasmos  PO POE 
•*ft\  Nassella   pO STl 

"-M p.-   -• 

_| • Anlsi rfe 
Piptatharum  PO STl 

Diarrhena  B DIA 
Brachypodium d PO TRI 

- brachypodium p   PO TRI 
Brachypodium a   PO TRI 

HD 

ulycarla s   PO MEL 
Clycaria d  PO MEL 

Schlzachne p   PO MEL 
Melica a   PO MEL 

» •- A*e//c« c  PO MEL 
•- Bromus  PO BRO 
Boissiera  PO BRO 

-j• Partdiciyon   PO TRI 
{SI  Tr/ticum  PO TRt 
 Eiymus  PO TRI 

- Pucclnailia PO pQE 
Catabrosa  PO POE 

Sasleria  PO POE 
Poa  PO POE 

Pastuca  PO POE 
Vulpia  PO POE 
Lolium a PO POE 
• Lolium p   PO POE 

• Amphibromus  PO A VE 

Anthoxanthum  PO AVE 
- Phataris  PO A VE 

ko ^• Ammophila  PO A VE 
-&l_j• Calamagrostis  PO A VE 

^n  i "f1 • Aorn.rtle    Pn  A\/C Un    ^-53 A9rostls  PO AVE 
 Desehampsia PO A VE 

^ Arrhanatharum  PO A VE 
"^Lrnj Avana   PO AVE 

^-"L^g Koeleria  PO AVE 
^• Trlsetum  PO A VE 

Fig, 8. Single'most-fit cladogram (fit 2589 4 reseatrH fit n*n f~ ->i 
grasses a*d three outgroup taxafobta nedI bv ii'l In wlhV    °       ?2 rcPrcscntative accessions of 
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Cade tha" inc.Jd"^atlVr m mcrTf SCTM ^ "' ^ ^ ""*" " Sist" of a 

differ substantially with ^S^K r"U,f 1f im^ weighting 

sdved a monophy,eti= grouping of Bro^Sea? a^jS? T" '" 
nate senes of four diverging lineages between that group and thi IH^H '     , * PeC"" 

Pooideae except ^S^f^anS^i^^^^^r^ ^^^ 
group relationship between a clade that includes ^,V0•ass"T^IX * Yc"" 
peae {Ampelodesmos is placed among elements of a »L!hvZrt °U"pe'odesm°s •<* Sti- 
which ZWW is sister of a Cade Lt CC^I'S^^^M'^^ '" 

V. Discussion 

A. SCORING OF STRUCTURAL CHARACTERS AND USE OF EXEMPLAR TAXA 

ever, as Keoge and Watson H 9931•^ ,w.,       r   •    • ss * watson, 1993). How- 

for the purpose8of physic: a,yIi An£ SSw' ^ ** ^^ 
used with caution. Indeed, we found a few conmdictiZ,  ,rT      H "^ mU" h& 

the primary literature (Appendix 2). I diffeTn ton2'?° "= ^ T•0•' relative t0 

'-sinthebookwere intended chiefi^^ 
ogy assessments, as is appropriate for phy ogenTt    an S   T ''    T *"!" h°m0'- 
and state definitions with the latter purpose ir'mind " *' "" eV3'Uated Character 

Another problem encountered in the use of Watson and Dallwitz (19921 is that nf•• 
nophyletic genera. Few genera have been smriioH frnm      u , J of nonmo- 

clearthatmanyconventifnallyrLo; ent^ 
to be nonmonophyletic as such studio are conduct    . T        s evid "n     h•t0 ^ 
present study are not monophyletic as circumscribed by Wtso.•d StzTT 
Schreb. s.L, as recognized by Watson and Dallwitz (1992) and CZLA »        •    Z"• 
is divided here into Bcnbusa (Old World) and S   KunmTew l^T^ l'9865' 
placed in separate subtribes by Soderstrom and Ellis tmVThTZ l        * ""* 
substantiated by the study of Clark et al  (19951    ' determination ,s further 
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factual. Fo examp.e, ,f a genus has a [01] polymorphism for one character  nd   (011 VoW 

ph.sm scoring on the resulting tree structure may be dramatic TwTf 7 ? ^ 
fested even if .11 scored polymorphisms reflect a^a! pofCrpS oSrrT hT" 
terminals tha. are sampled (e.g., if an actually monophylet c^Zc • erettbennZ" v° 
for aivn presence/absence). The potential problem i; magnifiedifsolnf h P°I>TOOrph,C 

minals actually represent separate lineages thatp Zwb one ° d^i*"•?•* !"• 
phylogenetic tree, as would have been the case vK * " '"different pos.t.ons in a 

analysis had they been treated as SSSlfSS. ^ S^hlsmS 
for mulnspec.es taxa that are used as terminals must be regarded as an SS? 

e  rud! A fi nh g rClmCnS SndSCarChing *' Hteramre for data on *<= exemplarspecieTin 
he study A further advantage to scoring all characters as they occur in exemplar taxa    that 

^procedure .mproves the comparability of indexes ofsupport and character hom» la y b 
tween structural and molecular data sets. "umop.asy oe- 

B. ANALYSES OF MOLECULAR DATA SETS.. 

Cladistic analyses of a variety of molecular data have been used in previous studies to 

don ^ ^ T mtemal W0****' "•^• "f *« Poaceae. Ghlorop.as DNA restri 
ion sites have been used previously in studies of the phylogeny of grasses bv Sorer,   ,Z 

990), Davis and soreng (1993), Yaneshita et al.,(,993X di^S^^^^. 

bl hvnnCM T^l0/^11" °f thC Chl°r0plaSt ^en0me have b«" "sed a   follow • ricL by Doebley et aI. 1990), Barker et al. (1995), and Duvall and Morton (1996)- rpoC2Z 
Cummings e. al (1994)rpsA by Nadot et al. (1994); *ftFby Clark et al. (995) and" ,K 
by Hongping Liang and Hilu (1996). Nucleotide sequences of genes of the •H 1 

li hed     ta L « ' a.re"a,y!,s °f "^ ^ Z•'* ^ with the addition of unpub- 
shed data for Brachyelytrum provtded by Issel and Zimmer); and^rfA by Morton et al 
996; also see Gaut et a ., 1996). The analyses based on cpDNA gene sequences and restrit 

on sites all estimate the history of the same nonrecombining, nonreticulating organ    e 
lineage. wh.le^A ,s a low-copy-number nuclear-encoded gene that may experience fecom 
bination, and rRNA ,s a family of multiple-copy nuclear genes that are subjec to     n   «"d 

C^lm e0tn;,:?9906)Wh,Ch eV°1Uti°nary ^^ "* "> ^* ^ ^ « "•  1995; 

andt^ffT1 C°nC,Usi0nS may be drawn fr°• *ese molecular studies (note that here 
and ,n the followmg pages we mention genera and tribes that are not part of the present 
stu y bu, that prov.de a broader context for the discussion of phylogeny and cha acte s.at 
d.stnbutions ,n the grasses). First, there is broad support for he monophyly of certain m 
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jor groups mcludmg Poo.deae and the PACC clade, and within the latter, P.nicoideae and 
Chlor.do.deae. In contrast, Bambusoideae, as recognized in classifications such .Those of 
Clayton and Renvo.ze (1986), Watson and Dallwitz (1992), Soderstrom and Ellis (1987) 
and Tzvelev (1989), are paraphyietic, because the PACC clade and Pooideae arise from 
among elements ass.gned to Bambusoideae in those classifications (although different Z 
rangements have been resolved by the various data sets). Some elements of a broadly de- 
fined Bambuso.deae are resolved within or adjacent to the Pooideae or PACC cl.des and 
these two groups can be expanded in membership to accommodate those elemen s   n par 
ncular, D.arrheneae and Phaenospermateae Renvoize & Clayton, two tribeT "eluded" 
Bambuso.deae by Clayton and Renvoize (1986) or Watson and Da Iwitz (1992   appear 
belong m Poo.deae, and one (Cen.otheceae) appears to belong in the PACC c   d7whi 
Brachye ytreae are resolved as closely related to the Pooideae. Among the remain   g 
mem   of a broadly defined Bambusoideae, the Bambuseae and Oryze.e (the m s< 
quent ly sampled tr.be,.of this group), plus the Anomoch.oeae, StrepLhae   ae  Ph.r   e" 

«.Tc E Si? r5"; ?d S!reP'0Syna P' BcaUV' (th= »"««»» of S«reptogy: 
Z    f'h [        Soderstr.), do not appear to belong within the PACC clade or in Pooi- 
deae, though relat.onsh.ps resolved among these elements vary among treatment  and 
some of these groups are in some cases reso.ved as closely related Pooideae orTe PACC 

C. PHYLOGENETIC STRUCTURE OF THE GRASSES 

1. Support for Groups Resolved by the Present Analysis 

•    One of the 12 most-parsimonious trees obtained by simultaneous an.lv<;< •r ,>, 

The consensus tree derived by analysis of iust the sm^f,,,,. u 
resolve Poaceae as monophyletic! is ^^£^S£^^^^ " 
polytomy near the base of the family (Fig. 2). The consent rederfv d b *^Z o Hus\ 
he restneuon s.te character set is almost completely resolved except w thin t PACC ca^ 

(mere is also a polytomy within the Bambuseae and another within the '/ , ' 
tailed above, the consensus obtained by simultaneous an Iv iToX h  ,Agr°Stldeae>'As de' 

£tesTg-3);frhipswkh^ mmmmmm 
2. Comparison of Results of Simultaneous Analysis mth Previous Classifications 

and Hypotheses ofPhylogeny of the Grasses 

• n?^1" feSUltS "6 C°ngraent iD many r"peCtS With modcm classifications of the 
grasses. Of the two most comprehensive recent treatments of the family-namely, ClaytonI 
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Renvoize, 1986, and Watson & Dallwitz 1992    rh. 
with the forme, All of the taxa placed fa Chlr^e^T • "T W in greater ^mem 
class,fications, and sampled in the pres ntSd»e i =* "* ^^ " tho" 
ent analyse. The Bambusoideae are circumscri^d ^ > u "l*0" gr°Ups ^the Pr«" 
except that Clayton and Renvoize (19' 6WfcdCIn^ '" ^ °f ^ dassi^"tions, 
support a monophyletic Bambusoideae fa uhe en e o2"T^ ^^ feSUltS do »° 
the various elements sometimes assign d * ,ha Erl f °f 'reatmemS' bm 3m°ng 

wuhm the PACC cl.de, as sister of PanTcoideaf i frT?' ? "^ °f c«»U.ecoide.e 
monophyletic Bambusoideae that Ste^^T^"•** m ci••cnP,ion of a 
•lid•panicoideae, A•di Jd^SSS^^•^^•-'- 

solved as monophyletic, but even afterTemovaTo TDZI?     "f ?reMnt •^"• « - 

et.c and the present result, are consistent wi* tha7A       ""^ " likeIy t0 be P°lyphy- 

CI986 a,temPtedtocircumscribeanamraTArdfa0   et       nT- Clayt0n Md Re-oize 
several mbesandgen=ra(e.g.,^pe/0^m~e°^ 
Agrost.de.e] subtr. Duthieinae Potzt.l) thaThave eha, "'Stlpeae' Md Avene" [i.e.. 
among early-diverging elements of PooWeT •?D•

,nM,,h0UBht ,0 haVe b«" P««n 
firstfourofthesetaxa, SUpport tevb^^^^.^•^nl«te 
•on), plus^/,0p0^, within Po

P
de       ntof J ofthem(mcfadlngDuthiel.nae• .^ 

no.deae, however, the present results also fadTS     hi t=" ^ remov=d from Arundi- 
An.nd.no.deae that remain are still paraphyietic "^ Stn'Ctly ^rcumscribed 

gr monophyletic ioUtSS^S^^^ 
lated [0 each other and den.ved « am.ly .nd ,f these two groups are closely re- 

soideae, the deepest branches in the •Ss fTmilv ar T °U ^^ defin^ Bambu- 
subhneages of the Pooideae and the K£ ""V^ t0 be reS0,Ved if the •J« 
ass-gned by various authors to Bambusoideae ^'^ ^ With a" -^i°r Im=a£ 

(1986; wo,K sequences); and the present V^Teftncri ^      ngP''ng Liang and Hilu 
Dav,s & Soreng, 1993). One cladistic analyTJbi  or   T "*, ^^ (which •P«sedes 
ons.dered. Kellogg and Campbell (1987)presented at Char3CterS of 8•»« also I 

»c analys.s wherein individual genera of iSnM    taXOnomica]Iy comprehensive cladi 
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classifications and resolved, to varyine deere« in •(,•!• 
and the analysis of ^F sequence7(CfarkTa"'    S^T 1•f"' ^ preseM ^ 
(16 and 24 taxt, respectively includini Fh* « • Ji        1    P      br°adly'" Ba•b»soideae S:I. 

characters, and in the «Z£0" •Z 1• T°* "* Ch•Ct"S and °n b°* ««• of 
solved as the soHtao"ffiSZr ^«»««»« and ^,ocAoe,0 m •. 

of the present structural character anahrci. IT;• TT , • ' ' ^ The consensus tree 
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the sister group of a clade that the authors designated the "BOP Clade," which comprises ad- 
ditional elements often assigned to Bambusoideae, Oryzoideae (i.e., Ehrhartoideae; and in- 
cluding Streptogyna, which was resolved as the sister of Oryzeae), and Pooideae (with 
Brachyelytrum sister of a clade that included all other elements of the subfamily), with rela- 
tionships unresolved among these three groups. Clark et al. (1995) indicated that the trichot- 
omy within the BOP clade in the consensus tree reflects two alternative equally parsimonious 
structures; in one tree Pooideae and Bambuseae were resolved as sister taxa, with Ehrhartoi- 
deae as the sister group of that clade, and in the other Bambuseae and Ehrhartoideae were re- 
solved as sister taxa, with Pooideae as the sister group of that clade. The analysis by Duvall 
and Morton (1996) resolved one most-parsimonious tree, in which Anomochloa is the sister of 
all other grasses, and within the latter group, a clade that consists of Olyreae and Bambuseae 
is the sister of all remaining grasses. Within the latter group Ehrhartoideae were resolved as 
the sister group of a clade that consists of Pooideae plus the PACC clade. Other studies with 
more limited sampling among Bambusoideae s.l. favor Pooideae as sister group of a clade that 
includes Bambuseae, Oryzeae, and the PACC clade, or Oryzeae alone as sister group of the 
PACC clade (cpDNA restriction sites: Yaneshita et al., 1993; rRNA: Hamby & Zimmcr, 1992; 
rpsA: Nadot et al., 1994;r&cL:Doebleyetal., 1990), orPooideae (Morton etal., 1996). Acon- 
sistent result of these molecular analyses is that both Pooideae and the PACC group are re- 
solved as monophyletic. The five most comprehensive studies (Table TV) identify the 
Bambusoideae s.l. as paraphyletic, while the PACC clade and Pooideae (whether or not they 
are resolved as sisters of each other) are nested among the earliest diverging grass lineages. 

Two narrower circumscriptions of Bambusoideae, Tzvelev's (1989) and Soderstrom and 
Ellis's (1987), also appear to define paraphyletic groups, as judged by the results of the ndhf 
analysis (Clark et al., 1995) and the present analysis. Tzvelev (1989) restricted the Bambusoi- 
deae by excluding not only Diarrheneae, Brachyelytreae, and Centotheceae but also Ehr- 
harta, Oryzeae, Phyllorhachideae, and Phaenospermateae. Soderstrom and Ellis (1987) ex- 
cluded all of these tribes except Oryzeae, andpossibly Phyllorachideae, from their Bambusoi- 
deae. These treatments still circumscribe groups that would be recognized as paraphyletic, for 
Tzvelev included Anomochloeae, Streptochaeteae, and Phareae within the Bambusoideae, 
and Soderstrom and Ellis included these three tribes plus Oryzeae. 

The placement of tribe Centotheceae is another area in which there is conflict between the 
results of phylogenetic studies and existing classifications (if it is intended that recognized 
taxa be monophyletic). Watson and Dallwitz (1992) place Centotheceae in Bambusoideae su- 
pertribe Oryzodae, while Clayton and Renvoize (1986) place the tribe its own subfamily, 
Centothecoideae, as a close relative of Chloridoideae, within a more inclusive group that is 
largely equivalent in composition to the PACC clade. The present results do place Centothe- 
ceae in the PACC clade, but rather than with Chloridoideae the tribe is resolved as sister group 
of Panicoideae (or possibly nested within Panicoideae), as previously resolved by Barker et 
al. (1995) and Clark et al. (1995). The present results also substantiate the conclusions of 
Yates (1966) that Chasmanth'mm and Uniola are not closest relatives. 

Like the Bambusoideae s.l., many independent lines of evidence suggest that the Arundi- 
noideae are not monophyletic. Four of the five major molecular analyses (Table IV) resolve a 
monophyletic PACC group that includes anonmonophyletic Arundinoideae (minus a few dis- 
parate elements). The analysis of structural characters by Kellogg and Campbell (1987) also 
resolved a nonmonophyletic Arundinoideae, but all other grasses except Pooideae (i.e., the 
other elements of the PACC clade plus Bambusoideae s.l.) were nested among the Arundi- 
noids. A complication in any discussion of these relationships is the broad circumscription of 
Arundinoideae by Watson and Dallwitz (1992). Even after several elements included among 
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the Arundinoids by those authors are removed from consideration (i.e., Ampelodesmos, Ani- 
sopogon, Lygeum, Nardus, Stipeae, and probably a few other taxa; see below), the remaining 
taxa within the PACC clade still appear to be paraphyletic. The Arundinoideae, as more nar- 
rowly circumscribed by Clayton and Renvoize (1986), and with Anisopogon again removed, 
are similarly paraphyletic, in that Chloridoideae, Centothecoideae, and Panicoideae arise 
from among elements of that subfamily. In'the trees obtained in the present study by simulta- 
neous analysis, as in the results of the ndhT analysis, Aristlda is the sister of all other members 
of the PACC ciade, and the latter group includes two lineages, one of them including Chlori- 
doideae, the other including Centothecoideae and Panicoideae, with a set of Arundinoids as 
early-diverging elements within each of the two lineages. 

If attention is restricted to Arundinoid taxa that fall within the PACC clade, relationships 
still are complex, partly because different analyses have sampled different Arundinoid taxa 
and partly because there is conflict among the results obtained by the various analyses. In the 
present study, Amphipogon is resolved as sister of a monophyletic Chloridoideae by simulta- 
neous analysis of all characters, and as described above, some of the alternative relationships 
resolved by analysis of the restriction site data place various additional Arundinoid elements 
as close relatives of Chloridoideae; analysis of the structural data places Amphipogon among 
genera of Chloridoideae. Clark et al. (1995) included Micraria F. Muell. (and not Amphipo- 
gon) in their study, and resolved that genus as the sister group of a monophyletic Chloridoi- 
deae. The analysis ofrbcl. variation by Barker et al. (1995) includes a broader sampling of 
Arundinoid elements (14 taxa), and sheds additional light oh this set of grass taxa. The sam- 
pling in that analysis was guided by the separate analysis of rpoCl sequences of nearly all of 
the circa 40 genera of the Arundinoideae (Barker, 1995). With the rbcL data Barker et al 
(1995) resolve Aristideae as the sister group of a subclade that consists of Danthonieae Zotov 
(a tnbe subsumed in tribe Arundineae by Clayton and Renvoize, 1986), Centropodia Rchb 
and Chloridoideae. With the rpoCl data, however, Aristideae are resolved as one of three sub- 
codes within the PACC clade, with the second of the three subclades consisting of Dantho- 
nieae plus Chloridoideae, and the third including Arundineae (in a very restrictive sense) 
Panicoideae^ and Centothecoideae (Barker, 1995); relationships among these three subclades 
ot the PACC clade are unresolved. 

In the present analysis four genera of Arundinoideae (Arundo, Phragmites, Molinia and 
f"fonia; Fig. 3, node 23) are resolved as a monophyletic group that is sister of the clade 
hat includes Centothecoideae and Panicoideae. A similar group was resolved by Clark et al 

(1995; Danlhonia not sampled), while Barker et al. (1995), who sampled Arundinoideae 
more deeply, resolved a somewhat different arrangement of Arundinoid taxa. They resolved a 
c ade that includes Arundo, Monachalher Steud., Phragmites, and Moliniopsis Hayata (in- 
cluded m Mohnia by Clayton & Renvoize, 1986), as sister group to a clade that Includes 
Gynerlum Willd. ex P. Beauv. (tribe Arundineae sensu Clayton & Renvoize, 1986), Thysano- 
?Z TJ Thysanolaeneae C. E.Hubb., Arundinoideae sensu Clayton & Renvoize 
1986, and Watson & Dallwitz, 1992), plus Centothecoideae and PanicoideVe 

As noted earlier, the present analysis resolves a sister-group relationship between Cento- 
tfiecoideae and Panicoideae (or possibly a nesting of Centothecoideae among elements of 
Panicoideae). In analyses of nucleotide sequence variation of ndH? (Clark et al., 1995) and 
rbcL (Barker et al., 1995), and in a separate cpDNA restriction site analysis (Sor ng & Da", 

sanolaena, and ,n the ndhT study the Panicoideae are polyphyletic. Clark et al. (1995) also re 
solved Zeugl.es P. Browne of Centotheceae in • this clade, and demonstrated th• 
Chasmamh.um and Zeugi.es are closely related even if the tribe is questionably monophy 
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letic. Thus, it appears from the small sampling to date that Centotheccae and Paniooideae ei- 
ther constitute the entirety of a monophyletic group or that the smallest monophyletic group 
that includes both of them also includes some Arundinoid elements. 

There is a growing consensus that Pooidcae are monophyletic if circumscribed to include 
a small number of "orphan" taxa in addition to the conventionally recognized elements 
Analyses of cpDNA restriction site variation among 25 exemplar taxa of Pooideae (Soreng el 
al., 1990), 38 exemplars (the current study), and 72 exemplars (Soreng & Davis unpubl 
data), the latter representing 32% of the genera in the subfamily sensu Clayton & Renvoize 
(1986), have consistently resolved the subfamily as monophyletic under the broad circum- 
scription proposed here. All four "core" tribes of Pooideae are resolved by the present analy- 
sis as individually monophyletic (if the additional tribe Seslerieae W. D. J. Koch is included in 
Poeae; see below), and the four tribes are united within a single clade in which Agrostideae 
and Poeae are sister taxa and together constitute the sister of a clade that includes Bromeae 
and Hordeeae as sister taxa (Fig. 3). This core group is included in Pooideae in all modern 
classifications, although its elements are grouped in different ways [e.g., compare the taxono- 
mies of Clayton and Renvoize (1986) and Watson and Dallwitz (1992) with the present re- 
sults]. As an apparently monophyletic assemblage, it would be reasonable to circumscribe the 
grouping of these four tribes as Pooideae, but several additional lineages are more closely re- 
lated to this group than to the PACC clade or to any other major lineage, and they would have 
to be accommodated in some manner within a phylogcnctic system, presumably as a set of ad- 
ditional subfamilies. Results of the present analyses suggest that Pooideae sensu Watson & 
Dallwitz (which includes the four "core" tribes plus Meliceae, Brachypodieae, and Sesler- 
ieae, the latter of which is nested within Poeae in the present results) remains monophyletic 
and nonoverlapping with the PACC clade if it is expanded to include Lygeum, Nardus, Aniso- 
pogon.Ampelodesmos, Stipeae, and Diarrhena (Fig. 3). If additional studies confirm a sister- 
group relationship between Brachyefytrum and the clade that includes the four core tribes of 
Pooideae and these additional elements, it will be reasonable to include Brachyefytrum in 
Pooideae as well. Phaenosperma (not sampled in the present study) also should continue to be 
considered as a potential element of Pooideae (Clark et al• 1995). An inclusive circumscrip- 
tion of Pooideae also is supported by the studies of Davis and Soreng (1993, see their Fig 1 
and commentary, 15 taxa in Pooideae), Nadot et al. (1994, 16 taxa), Cummings ei al. (1994, 4 
taxa), Clark et al. (1995,6 taxa including Diarrhena and Phaenosperma), Barker et al. (1995 
6 taxa), and Kellogg and Under (1995, 6 taxa): This broad circumscription of Pooideae is not 
contradicted by the analysis of structural characters in the present study (monophyly of 
grasses constrained), nor by the analysis of Kellogg and Campbell (1987). 

All of the taxa in the broadly circumscribed Pooideae just described, except the four core 
tribes and the additional tribe Brachypodieae Harz [included in Triticeae (i.e., Hordeeae) by 
Clayton & Renvoize, 1986], have been included in the Arundinoideae or Bambusoideae (or in 
equivalent groups) by one or more contemporary authors (e.g., Tateoka, 1957; Clayton •& 
Renvoize, 1986; Watson & Dallwitz, 1992). In other words, the only tribes within clade 29 in 
Figure 3 that have consistently been included in Pooideae are Agrostideae, Brachypodieae, 
Bromeae, Poeae, and Hordeeae. The other taxa have been excluded from Pooideae in various 
classifications because they exhibit "anomalous" features, such as "small" chromosomes of 
base numbers x - 8, 9, 10, 11, or 12, or in which the base number is indeterminate but it or 
chromosome size appears to depart from the "typical" states in core Pooideae of x - 7 and 
"large" chromosomes. The Diarrheneae include one or two genera and two to five species (if 
Neomolinia Honda & Sakis is included), and this tribe is placed in Bambusoideae by Clayton 
and Renvoize (1986) and Watson and Dallwitz (1992), but members of the group have some 
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point of divergence of Anomochloa and Slreplochaela (Fig. 3, nodes 4-13), and in Chusquca 
Kunth of the Bambuseae. Although the aggregations of flowers and bracts in Anomochloa and 
Streptochaeta cannot be identified readily as typical grasslike spikelets (see below), their 
flowers are solitary, or at least isolated by multiple bracts of questionable homolo'gy to 
"glumes," "lemmas," and "paleas." The first identifiable grass spikelets present after the di- 
vergence of these two genera have one fertile floret with a lemma, a palca, no rachilla exten- 
sion (a rachilla is a primary axis that joins the florets and two glumes within a spikelet, and 
here it does not extend beyond the point of attachment of the fertile floret). The homology of 
"glumes" across the family is uncertain. There is no compelling reason to doubt the homology 
of glumes among Phareae, Parianeae, and Olyreae, within Pooideae, and within Arundinoids 
and Chloridoideae, andperhaps among these three major groups, and consequently there is no 
compelling reason not to call the terminal inflorescence units "true" grass spikelets in all of 
these groups. However, between this larger assemblage and Bambuseae, Ehrhartoideae, Cen- 
totheceae, andPanicoideae, the homology of glumes, and thus spikelets, is questionable'(Clif- 
ford, 1987). In Oryzeae, glumes are rarely present. Although there is one fertile floret, there 
sometimes are one or two sterile florets below the fertile one that can be mistaken for glumes 

Spikelets with single fertile florets occur in early-diverging lines (Phareae) and in nearly 
all later-diverging herbaceous lines (Olyreae, Parianeae, Ehrharta, Oryzeae) before the point 
of divergence of Brachyelytrum, Pooideae, and the PACC clade, and this condition appears to 
be plesiomorphic in the Bambuseae. Spikelets of this sort appear to represent the plesiomor- 
phic condition in genera and tribes around the nexus from which the earliest-diverging ele- 
ments of the Pooideae and the PACC clades arise: Anisopogon, Nardus, Phaenosperma (the 
latter not in the present study, but placed here by the analysis of Clark et al. 1995) and Sti- 
peae, among Pooideae; Aristideae, Amphipogon, and a few other genera not in the present 
study, among Arundinoids (see Kellogg & Campbell, 1987: figs. 28.2 & 28.3, for a similar re- 
sult concerning the occurrence of a single floret and absence of rachilla extension around the 
nexus between Pooideae and Arundinoideae). Brachyelytrum, which also diverges some- 
where in this nexus, also has a single floret, but is unusual among these taxa in possessing a ra- 
chilla extension. In the present analysis, spikelets with multiple fertile florets arise 
independently within tnbe Bambuseae, Pooideae, and the PACC clade, and revert to the sin- 
gle fertile floret condition several times. 

* ntw fwil" '^ ^T^*• "Spikelct"in * COnsistent wa* !t is ev«" more difficult 
0 define the -pseudospikeleL" This term has been used to describe certain modified forms of 

the true grass spikelet, as well as various stages in the evolution of the proto-grass inflores- 
cence, and has been applied to structures found in three groups of grasses. The first of these is 
the clade that consists of Anomochloa and Streptochaeta (Fig. 3, node 3). The other two oc- 
currences of -pseudospikelets" are in the Bambuseae, where they are accounted for by inde- 
pendent.origins mSambusa and Guadua (Fig. 3), or in larger clades that inriude these genera 
Given the relationships resolved in this study and by Clark et al. (1995)•specifically the 
resolution of Anomochloa and Streptochaeta as elements of the earliest lineage of grasses to 
diverge from the line that includes all others-the pseudospikelets present in these taxa can be 
regarded either as a synapomorphy of this lineage (i.e., Anomochlooideae) or as a plesiomor- 
phy of the grasses that is retained only in tiese two genera, though in modified form in Strep- 
tochaeta (Judziewicz & Soderstrom, 1989). 

The origin of the grass spikelet has long been debated. Radically different modern propos- 
es were presented by Soderstrom (1981) and Clayton (1990). One general interpretation of 
the spikelet is that it is homologous in most grasses, the exceptions being Streptochaeta Ano- 
mochloa, and some Bambuseae (Clayton, 1990; for alternative interpretations, see Schuster 
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been indeterminate, that it had several florets (Clayton, 1990), and that it was subsequently re- 
duced to one floret as late as in the immediate ancestor ofPharus plus all other grasses except 
Anomochlooideae (Fig. 3, node 4). Later reversions to the multiple-flowered condition then 
might have occurred within Bambuseae, Pooideae, and the PACC cladc. If Anomochloa re- 
tains a plesiomorphic presence of flowers that are truly terminal (.see above), the indetermi- 
nate multiple-flowered grass spikelet may have evolved between nodes 2 and 4 on Ftg. 3. 

Thus, the trees and character state distributions in the present results lend some support to 
Clayton's (1990) interpretation of the evolution of the grass spikelet, with the caveat that all 
multiple-flowered spikelets present in living grasses, in Bambuseae, Pooideae, and the PACC 
clade, may represent reversions, while the plesiomorphic multiple-flowered spikelet no 

""fopdc^K reported in two other cladistic studies (Kellogg & Campbell, 1987; Clark etal., 
1995) axe consistent with the interpretation that a spikelet with one fertile floret (rarely with 
one or more sterile "lemmas" below the fertile one as in Ehrhartoideae), and lacking a devel- 
oped rachilla extension above the fertile floret, was present in most early grass lineages and 
that this is the plesiomorphic form of the spikelet in Pooideae and the PACC clade. 

2. Lodicules 

Two questions that arise when lodicules are considered are 1) the homology of lodicules 
and 2) the distribution and pattern of diversification of lodicule types. There are structures in 
Anomochloa and Slreptochaeta that are sometimes called lodicules, but it is far from certain 
that they are homologous with the lodicules of most other grasses, and the relationship of lodi- 
cules (in Anomochloa and Slreptochaeta, or in other grasses) to structures in nongrasses also 
is obscure. Because of this ambiguity regarding the homology of lodicules, which is reflected 
in the scoring of this character in the matrix of structural characters, the point of origin of lodi- 
cules (char. 14) can be fixed at any of a series of nodes in the phylogenctic structure presented 
here, but no later than in the last common ancestor of Pharus and all other grasses except Ano- 
mochlooideae (Fig. 3, node 4). 

In Clifford's (1987) interpretation, the occurrence of lodicules in all true florets of the early 
grasses serves as evidence that most grasses have only subterminal flowers (see the previous 
section) Thus, the putative absence of lodicules in Anomochloa and Slreptochaeta, neither of 
which has true florets, is perhaps best regarded as a plesiomorphic absence. The earliest recog- 
nizable lodicules, as interpreted from the present analysis (chars. 15-18), were three in number, 
unfused apically membranous (unlobed, more or less lanceolate, and fbshy at the base), and 
heavily vascularized (except in Pharus, according to Judziewicz, 1987). Vasculanzahon is re- 
duced or lost within the PACC clade and in all Pooideae. In the PACC clade, above the point of 
divergence of Aristida from other members of the clade, the apical membranous portion is re- 
duced or absent, giving the lodicule a truncate form and fleshy texture. Lodicules become fused 
in Meliceae, and are lost in a number of other taxa. Under Alternative Topology 1, lodicule 
number (char 15) changes twice from three to two: once in the Ehrhartoideae and once in the 
clade that includes Brachyefytrum, Pooideae, and the PACC clade. Under Alternative Topology 
2 (i e  late-diverging Ehrhartoideae), subfam. Ehrhartoideae is sister of the clade that consists 
of Brachyelytrum, Pooideae, and the PACC clade, and the change from three to two lodicules is 

'  a synapomorphy of this set of four lineages (Fig. 5). Where the reduction from three to two lodi- 
cules has occurred it has typically beenby loss of the posterior lodicule (Clifford,   961). The 
posterior lodicule appears to have been regained and lost again in early-diverging elements of 
Pooideae (Fig. 3, in the region between nodes 31 and 36). 
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The homology of lodicules with other organs in nongrasses is ambiguous. They may rep- 
resent tepals, staminodes, stipules, ligules, reduced bracts, leaves, branch systems or novel 
structures (Clirrord, 1987). Thai the poslcrior lodicule develops above the anterior lodicules 
rather than below them, as would be the case if they were all part of the same whorl, and that 
the posterior lodicule is sometimes suppressed, favors an interpretation that they are derived 
from stipules, leaves, or branches (Clifford, 1987). Under the latter interpretation (Clifford 
1987) lodicules would be absent from truly terminal flowers (which would not have paleas ei- 
ther), and thus their presence suggests that the flower is subterminal and subtended by a ves- 
tigial branch system (i.e., the lodicules). This again points to Anomochloa (if it lacks 
lodicules) as having terminal flowers (see previous section). However, it is not clear what is 
represented by the fringe of hairs below the staminal whorl in Anomochloa, or the large 
fleshy, lanceolate bracts in this position in Slreptochaeta. The possibility that these represent 
vestigial tepals is consistent with the interpretation of flowers in these taxa as terminal. 

Lodicules are involved in the opening of florets at the time of flowering (Clayton, 1990). 
However, some grasses that lack lodicules also open at anthesis (e.g., Nardus). The posterior 
lodicule may not have been essential to this operation at certain stages of grass evolution, and 
its development therefore may not have been maintained. The large, indurate florets charac- 
teristic of many elements of Stipeae and relatives thereof may be difficult to force open, and 
re-expression of the third lodicule therefore may have been favored in these groups. 

3. Stamen Number 

Judging by the positions of stamens in alternating whorls, Clifford (1961) suggested that 
stamen number (char. 19) is reduced to three in the grasses from a putatively ancestral number 
of six, by loss of the inner whorl. Consistent with that suggestion, the presence of six stamens 
appears to be plesiomorphic in the grasses. This state changed to three stamens prior to the di- 
vergence of the PACC cladc and Pooideae. This event occurred either just after the divergence 
of Pharus (under Alternative Topology 2) or just after the divergence of Ehrhartoideae (under 
Alternative Topology 1). The inner whorl of stamens was regained in some Bambuseae in ei- 
ther case, and in Ehrhartoideae (under Alternative Topology 2). In early-diverging genera not 
sampled in the present analysis stamen number has increased further; Pariana of Parianeae 
has 6M0 stamens (Clayton & Renvoize, 1986; Watson & Dallwitz, 1992), and a few genera of 
Bambuseae may have as many as 120 stamens (Clayton & Renvoize, 1986). 

4. Stigmatic Branching 

A character that is particularly relevant to the evolution of wind pollination in grasses is 
the development of longer and higher orders of stigmatic branching (char. 22). Implications of 
this change in stigmatic structure for breeding system evolution are discussed below (section 
V.H). Here we discuss the character states and'their distribution among taxa. Heslop-Harrison 
and Shivanna (1977) defined plumose stigmas as those with receptive cells dispersed on 
multiseriate branches. In their interpretation most stigmas in grasses are truly plumose, and 
those of Flagellaria, which have receptive cells' concentrated in distinct ridges, zones or 
heads, are not. Stigmas of Joinvillea are similar to those of Flagellaria. Although Joinvil- 
leaceae have been described as having "plumose" stigmas (Cronquist, 1981; Dahlgren et al. 
1985), illustrations (Engler & PrantI, 1888; Dahlgren et al., 1985) show an absence of 
branches made up of series of receptive cells. Stigmas of Restionaceac, and the related fami- 
lies Anarthriaceae D. F. Cutler & Airy Shaw, Centrolcpidaceae End, Ecdeiocoleaceae D. 
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F. Cutler & Airy Shaw, and Eriocaulaoeae Desv,, generally are more narrow and elongate in 
their primary axis (as in grasses) than those of Flagellurla or Jolnvlllcu (sec illustrations in 
Engler & Prantl, 1888; Black, 1960; Dahlgren et al., 1985). Although stigmas in these five 
families do have short lateral branches in some cases, illustrations of their stigmas either show 
branches that are not made up of series of receptive cells, or do not clearly show that they arc. 
An illustration of Baloskion (in Black, 1960) falls into the latter category. For this reason, we 
scored stigmas of Flagellurla and Joinvillea as simple, and those 'of Baloskion as ambiguous. 
We further restrict the definition of "plumose" in our analysis and discussion to stigmas that 
have elongate branches and thus a nonlinear appearance (i.e., states 2 and 3 of char. 22). Thus, 
with simple stigmas also present m Anomochloa, Streplochaeta, and Pharus, stigmas appear 
to have been simple at the point of origin of the grasses. 

The occurrence of simple stigmas in certain early-diverging herbaceous lineages has been 
interpreted as a reversal from plumose stigmas (Soderstrom, 1981; 44). However, the present 
analysis suggests the opposite. Eremttis has simple stigmas, as do the three earliest diverging 
lineages of grasses. Under either of the Alternative Topologies, broadly plumose stigmas 
arose twice after the divergence of Phareae, and were plesiomorphically simple in Eremttis, or 
were lost once and then regained in Eremttis. A factor that merits consideration at this point is 
the presumed monophyly of Parianeae and the nature of stigmas in other members of that 
tribe. The combination of a spiciform inflorescence with a fragile rachis, bearing verticils of 
4-6 spikelets, the spikelets with single unisexual flowers, the pistillate ones disarticulating 
below the glumes, along with a set of other unifying features, is good evidence that Parianeae 
represent a natural group (Clayton & Renvoize, 1986; Hollowell, 1987). However, Pariana 
has stigmas that are distinctly broadly plumose, and introrse (Hollowell, 1987), the sparsely 
arranged primary branches originate on the inner side of the main axes and are not re- 
branched, and the receptive cells express papillae only at the branch tips (pers. obi.). The con- 
dition in Pariana may represent a novel state or an intermediate state between simple stigmas 
and the more frequent plumose condition in grasses. As such, it remains unclear whether the 
simple stigma in Eremitis is plesiomorphic or apomorphic within Parianeae. 

In the phylogenetic structures resolved by simultaneous analysis of the two data sets stig- 
mas with branches made up of elongate series of receptive cells arise one or more times in the 
remainder of the grasses (Fig. 3, around node 5). Secondary stigmatic branching is well devel- 
oped m a few groups of grasses and is synapomorphic for tribe Meliceae (Fig 3 node 40) 
where secondary branching is highly developed and tertiary branching occurs. Stigmas reveri 
to the simple state in Nardus, Sesleria, and Sporobolus and in many genera of the PACC clade 
and Pooideae not sampled in this study. 

.5. Fruit Characteristics 

Embryo and caryopsis characters tend to be phylogenetically stable in the grasses Al- 
though such characteristic grass features as spikelets and lodicules may not have been present 
in the earliest grasses (see above), the grass-type fruit, with a lateral and well-developed em- 
bryo (char. 25), is resolved as a synapomorphy of the grasses (Fig. 3, node 2). The four charac- 
ters (chars. 26-29) of the embryo formula of Reeder (1957,1962) all provide synapomorphies 
for the PACC clade and Pooideae, and for subclades within these two major groups. However 
they were of little use in determining relationships among these clades and the earlier- 
diverging lineages, at least with the present sampling, for they are either optimizable at differ- 
ent nodes around the nexus of these lineages in most-parsimonious trees or they are apomor- 
phies of lineages within the PACC clade or Pooideae. Epiblast occurrence (char. 26) is quite 
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7. Cross-Venation 

As noted in Appendix 2, the potential for inconsistency in the scoring of this character is 
greater than with most others. If cross-venation is regarded as present only when it is frequent 
and regular in occurrence (i.e., tessellation), taxa with prominent but infrequent cross- 
venation must be scored as lacking cross-venation. On the other hand, if the rare to occasional 
presence of distinct cross-veins is regarded as sufficient for the recognition of cross-venation 
as present, additional taxa should be scored as having this feature. For these reasons, and be- 
cause it appears that various authors have scored absence of the character somewhat inconsis- 
tently, the following statements should be regarded as tentative. 

Presence of cross-venation of the leaf blade (char. 33) appears to be plesiomorphic in the 
grasses. Although we considered the character inapplicable for Baloskion and other Restiona- 
ceae, cross-venation is present in Flagellarta, Jolnvlllea, and the earliest-diverging grass 
lineages. It is characteristic of most other early-diverging lineages, but is absent from some 
Ehrhartoideae. Alternative Topology 1, with Brachyelytrum (which has cross-venation) sister 
of Pooideae, suggests that the loss of cross-venation arose independently in Pooideae and the 
PACC clade. Under Alternative Topology 2, loss of cross-venation can be interpreted as a 
synapomorphy of the clade that consists of Pooideae plus the PACC clade; however, the char- 
acter still would be homoplasious by virtue of the occurrence of cross-venation within the 
PACC clade in five genera of Panicoideae, Thysanolaena, all genera of Centotheceae except 
Chasmanthlum, and Melanocenchrus Nees of Chloridoideae, as well as within Pooideae, 
where it is known from Phaenosperma, Pseudobromus K. Schum. (neither of which was sam- 
pled), and a few other taxa. In this and in other respects, Pseudobromus, an African genus 
placed within Festuca by Clayton arid Renvoize (1986) and Watson and Dallwitz (1992), is 
similar to Brachyelytrum (pers. obs.), which also has cross-venation, and it may be properly 
placed near that genus rather than in Festuca. 

8. Microhairs 

Multicellular microhairs (char. 34) can, but need not, be optimized as plesiomorphic in 
the Poaceae. They occur in Joinvilleaceae and are absent in Restionaceae, but the character is 
unobserved for Flagellariaceae (Appendix 2). Although multicellular microhairs have more 
than two cells in Joinvilleaceae and some early-diverging lineages (where they are bi- and 
multicellular), they are bicellular in most Poaceae. Bicellular microhairs are present in the 
Anomoohlooideae and are widespread among other early-diverging lines but are absent in 
several of the tribes and genera in this region of the phylogeny: Pharus and Phareae [except 
Suddia Renvoize, which is excluded from the Phareae by Judziewicz (1987) and which was 
not sampled in the present study], Ehrharta, Streptogyna, and Porteresia (the latter two gen- 
era not sampled). In the PACC clade, they are absent in Spartina Schrcb., Distichlis Raf., and 
Uniola, among taxa in the present sample, and sporadically elsewhere. In Alternative Topol- 
ogy 1 (Brachyelytrum sister of Pooideae) their absence is a synapomorphy within Pooideae 
for the clade that includes all members of the subfamily except Nardus and Lygeum (Fig. 3, 
node 31) or for the clade that includes Brachyelytrum and Pooideae if bicellular microhairs 
were lost initially and regained in the clade that consists oiNardus plus Lygeum. The absence 
of multicellular microhairs in Brachyelytrum is interpreted as an independent loss under Al- 
ternative Topology 2 (PACC clade sister of Pooideae), while under Alternative Topology 1 it 
can, but need not, be a synapomorphy of the clade that includes Brachyelytrum and Pooi- 

deae. 
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Bicellular microhairs with a short broad terminal cell relative to the basal cell, termed 
"chloridoid," occur in Lygeum, Amphlpogon, and most Chloridoideae (except in Eragrostis 
Wolf in part, including the species sampled in this study). Those in Lygeum would appear to 
have arisen independently. The chloridoid microhairs in Amphlpogon resemble those found in 
tribe PappophoreaeKunth of Chloridoideae (Tateokaetal., 1959; Watson & Dallwitz, 1992), 
and chloridoid microhairs may be a synapomorphy of Amphlpogon plus Chloridoideae. 

9. Arm Cells 

Arm cells (char. 36) are not known to occur among the nongrass taxa sampled in this 
analysis. Arm cells are present in all early-diverging lineages examined except for Strepto- 
chaeta, two genera of Phareae, a few of Olyreae, two genera of Bambuseae, most Ehrharta, 
and one genus of Oryzeae. This cell type is absent from Brachyelytrum, all Pooideae, and 
most members of the PACC clade (except Phragmlles among the current sampling, and in a 
few other unsampled genera of Arundinoids, Chloridoideae, and Panicoideae). With the pres- 
ent sampling, loss of arm cells optimizes as a synapomorphy of the clade that includes Bra- 
chyelytrum, Pooideae, and the PACC clade (Fig. 3, node 13) under either of the alternative 
topologies, but more extensive sampling within the PACC clade might alter that result. Lynn 
Clark (pers. comm.) notes that highly invaginated arm cells apparently occur only in Olyreae, 
Bambuseae, and Parianeae, and suggests that they may be a synapomorphy of this set of 
tribes. 

10. Fusoid Cells 

Fusoid cells (char. 37) have been considered a uniting feature of Bambusoideae s.l. (Clay- 
ton & Renvoize, 1986; also see Kellogg & Campbell, 1987). However, this assemblage is not 
resolved as monophyletic in the present study, and there is evidence that these cells occur out- 
side the grasses, in Jolnvlllea (Smithson, 1957),.so the presence of fusoid cells may be a ple- 
siomorphy of the grass family. Within the grasses, loss of fusoid cells in Alternative Topology 
1 (early-diverging Ehrhartoideae) is a parallel occurrence in Ehrhartoideae and in the clade 
that includes Brachyelytnim, Pooideae, and the PACC clade, while in Alternative Topology 2 
(late-diverging Ehrhartoideae), it is a synapomorphy of the clade that includes all four of 
these groups. Among early-diverging lineages, fusoid cells are absent in Phyllorhachideae 
(not sampled) and in two genera of Bambuseae (not sampled), and are variable in occurrence 
in Ehrharta and Oryzeae, though absent in all taxa sampled here. Fusoid cells are absent in 
Brachyelytrum and Pooideae but infrequently present in the PACC clade (in Hakonechloa 
Makino ex Honda, Vtgulerella A. Camus, Homolepis Chase, and Streptostachys Desv., none 
of which are sampled in the present study). Fusoid cells in some members of Panicoideae may 
be structurally different from those in other lineages (L. Clark, pers. comm.) and further in- 
vestigation is warranted. 

11. Photosynthetic Pathway 

C< photosynthesis (chars. 38, 39) in the grasses is known only in members of the PACC 
clade. The results of the present analysis suggest that C4 photosynthesis has originated three 
times, once each in Arlstlda, Chloridoideae, and Panicoideae. Some form of C» photosynthe- 
sis occurs in Arlstlda, a few other Arundinoids, all Chloridoideae reported in the literature 
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As noted in Appendix 2, the potential for inconsistency in the scoring of this character is 
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to me simple state m JVordia. 5«/«ria, and Sporobolus and in many genera of the PACc7.de 
and Pooideae not sampled in this study. Cladc 

5. Fruit Characteristics 

thnn^tT1 Cary°PSiS Characters tend t0 be Phylogenetically stable in the grasses Al 
tough such characteristic grass features as spikelets and lodicules may not hav been presen 
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homoplasious (8 steps, CI - 0 12 RI-f)d^ r•:i.i   . 
in tt^cW •. Th'; are ul«em inEll'tar,   A       r 'T^ W An°•M°° «d absent 
cept ^«pefipiIl who   w« no, Lmn S ta,• ' U""'/" L- "nd P«ni<^<- (ex- 

are polymorphic in AU^•^d^Sr^teM(^,nS,bien,i,,2''D'BB'',,nd 
steps, CI » 0 50 RI - (1 o^i, Hordceae)- The absence of a scutellar tail (char V 2 

deal A scufe III u, is p e ent nTeaT^ °- *? "^ " °f *«**"»» Pl« Poo ' 
/W and some Oryzeae and t 2^7"8 '"T ^ h,Ve bem M^ «cep. 
scutellar tail has ^t^^^^'^^^^T^^ 
Mesocotyl mtemodes elongate (char. 28, 1 step CI - I 0 RI -T m ' SfiJd'ed' 
PACC clade, where it occurs in all but a few ZnrL Jp "J ) " a i>MP<>'»«Phy of the 
nodes are short or negligible ~PL\Z * ? of Panic0ld=a= (not sampled). The inler- 
they have been observed8 xce^ Zlj'Z^ T?'^ ""T^ •« '»« in which 
rence of embryonic leaf marZtha Mo I^1' Vf" Alteraativ<: Topology 2, the occur- 
»•»,••,: marSmsmatQ°notoverlap(char, 29,3or4ster>s n.niou- DT 0.82-0.88) is a synapomorphv of the PArr ,-UA    I    n    •, p '        U

'25-0.3J, RI 

Sg:;s^Er^~ 
^e^^xhstPi^

pser
hic^ 

variable within Pooidea andie PTCC clade77T °f Po°ldeae «d ^e PACC clade, but 
Hilum shape changes from long and Un^tt T^ CI" °-l M"'4' W = °-68-°-72). 
or punctifo'rm witfin the PACC c "fig 3^ZllTZ ? C^°PSiS '^ a"d "^ 
Arundinoids. It is also narrow and elongat in somAenf 1 nf P 'V6^ •a* SOme 

a* - reverses from short to .SSStSS: 

6. First Seedling Leaf 

^r,laria and p^^^saftKrf^ *e biade is absent 
P. Lindcr, pers. comm.). Among other earlv divZT  \ (       "ggS' pers' comm': H- 
is known to occur only in P/,aZ EhrhanaS7Zf * ^T^ & Made °D the firSt Me '"f 
era not sampled in the presen. «s) T^e b IT °T'"? 2&B"fa L'(the Iatter t^0 ««- 
early-diverging herbaceous lintl^^"IS«S^1B,B,,^,rf 

and Judziewicz and Soderstrom H9891 T• A, 
Y "os^,1Jcawa ('969). Soderstrom (1981), 

sents a synapomorphy for the dad! mat?•ew ""T" IT'^ J' gafa °f ^ Wad= »P•- 
clade, and itfs presTnUn , ,tc in* £ UPS" fH*^ P°°ideae' a"d the PACC 

above node 13 in Fig. 3). Under AlwrnftTve Tn ^ -, charaoterhas °een observed (i.e., 
the sister group of this clade g ^ •dffl " ^ SUbfam' ^^^ - 
morphy of this clade, or as a fynapomo^ y ^^SS^^T'r"4^0- 
deae, m which case absence of the blade ha3£ *« also mcludes Ehrharroi- 
investigation of seedling leaf characters inclnHW , /   rcPrcsenB a '°ss. Further 
and width are needed (Kuwabara 19 T) Set n "'"^ ^^ ^ o{ di^S^, 
pomorphy for Ehrhartoideae if mattnnn firSt SCedling leaves may be a syna- 
and sJplogyna, c, %£££*££ «~*- « i-etad. a^ Oryzfae, 
PACC clade. ^"P plus ^achyelytrum, Pooideae, and the 
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solved Centropodia as sister sroun nf trii,. D        *enV0Ize (1986). Barker et al. (1995) re- 

of this placement C^S £   aKm" cVoSd*^"; ^ " ** hHi' 
out mentioning references, cites a few additional ArundSnH ' I**^ 0 989). with- 
P. Ellis, and G. Davidse (pers. comm ) have con'rC.d ,K f T• " C" but H' P- Linder, R. 
deae, C. is constant within Sacchart'eae (Te  AnZ0 *"   ."Tr "" "* °J' In Panicoi" 
Boorsb,, but is variable in occurrence^ P^fc£S5S *n  'T^6 (°Whi) Eck- 
Hubbardieae C. E. Hubb. and Isachnele BenHrTt      f^•""0 St*pf and is ab"nt!" 
Watson, 1992}.ThB.i,nuyh^«S^Si!ly,0^, t RCnV0,'ZC' '986; Hatter^ & 
^significanceas characters bSSS^f'1 °4 SUbtyP" Ww of 

However, theresults arecon^^^^S^^^^^P^^^. 
the NAD-ME system originated before the PCK.Zley Md Watson <1992) th*< 
17 and 20). Other cladistfc studies££/& Cat^M Tot' ?loridoid«« ffig. 3, nodes 
al., 1995) also indicate that Aristiaeae aroff it£     H     ' 'i'* B,ricer et al- I995; C'^k =t 
deac. The structure ^W^^Z^Z^Z^^T' "* ^r^ 
mum of three or possibly four times ormore J5"l , " Photo*ynthesis arose a mini- 
R•e> 1986; HarterLy * ^5X^%^*•- ^ <**** * 

/2. Chromosome Numbers 

^^^[t^irZSJ:^ "* «» P• ^omosome 
P'-dy.dysploidy.andpossiblehybridcombS^ 
ous for many taxa (de Wet, 1954). In several e^r Chr°m°SOme numbe" are ambigu- 
Pooideae, all or most species are poly^o'd "d2 sol"^ ^^ °f the gra"^ and <" 
speculative. Although ctom^^^^^rlw^ldteunduly 
sional character analyses, the state of^s chaTaCtCr SH t "!* in°'Uded ta '0me P•i- 
example, the plesiomorphic base numbe for SSL f I"*1*10" « many nodes. For 
andthatofPoaceaemigitbe^-11^12 Sr °° ,ghtbeX"7'8-9' I0- "• 12,or 13 
regard: The chromosome number of ftSlZ tTZ£ "' T^• CVidcnce in *»" 
those of Restionaceae s.l. have been mteTrered a ? ' " °f J°imillea is » " 18, and 
(Dahlgrenetal., 1985). j-otaW/faSSK ,''?'With * " 7' 8> 9- "• '2. and 13 
- » 18 (Hunger, 1989). ^SS^^^^S^^"^^^ 
gametic chromosome number * - f9, buU fa nouDif^h u""" Md"ss°n sha" *' 
mosome numbers are overlaid on most-parsimonion^      n? " ba" nUmbers' *»»" chro- 

areplesiomorphically.-io J^^d^ttrH^^^'01^" 
are each united by*- 7. "nin rooideae, Brachypodieae and the "core" Pooideae 

^-fb^^^^ 

Alternative Topologies 1 and 2. fa L former aePACC^To I'H ^• ^ C°nflict betw«" 
, uic rAU, clade is the SIster group to Pooideae 
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plus Brachyefytrum; in the latter, Brachyelvtrum k rt,. •• , 
PACC clade, and Ehrhartoideae is the Si*!   . f V^ °f Pooideae Pl« the 
taxa. Resolution of any group that includes Pnnin*       , u dC ^ mCludes a" ^"e of those 

resolution of a group that includes PooMeae and S^?rf ""^^ " " C°nfHct With the 

buseae, Olyreae, or Parianeae (i.e. rhXo?^\^' °^&•) with Bam- 
dudes the PACC clade. The structural st• ciadY.eSolved by Clark et al., 1995) but ex- 
present analysis, and that impin"-3?h'" °f ,clad- *>* « resolved by £ 
Character -tctransfonnatioUa^^ 
biguous synapomorphies of the various groups 0ther lnteraodes • "ited afterunam- 

(char 37). Three additional i^t^SS^ W-** ^ °f ^ «^ 
mized equally parsimoniously elsewhere nre^T^ f/*15 ^^ but can be opti- 
« margins meeting rather man overappbg (char irLdf"1'"/'*1" '5)' mh*°• 

blades char. 33). There is only one uniiffi^Ki, fc°",°f Cross-vcn«i°n in leaf 
wtth Alternative Topology 2, and it fa^^fe^ °"* cIade «»the six trees 
under Alternative Topology 1: loss o{tm ce •^* *" "e ""ambiguous synapomorphies 
group ,s galn of lamina of first seedling letf char 3"\ P°tenQal ^"P^orphy of this 

(preseTo^rAl^rt^ 
overlapping (char. 29), and loss ^Z-iZon tTZ Y ^^ •<ti»Z »&« than 
acter transformations are potential sZpoTZTs fAt " ^ ^ b<3th °f *«« «*"" 
clade that also includes BrachyelytrVm *°•^1^ m A'temaave Topology 1, 0f the larger 

ofpseudopetio.e(char.6),gainofa^CSo^^^^^^^ 

parallel between these groups, eiLr as unatb/1? "" ^ ^^ 0haracte" that anl   • 
m°T>'«MossofpSeudoPetiole(ch"^ 
from3 «o2(char. • 5) Joss of styli fusj^ 20) Titn ! °}'Ch^e ia'^^e nlber 
32), and oss of msoid cells (char. 37). TheTe^x cha^ t ^^"T^"^^? leaf (char. 
structural features that support a close relating v^" m eIements of ^ syndrome of 
Pooideae, and the PACC clade . A«^ Ehrhartoideae, ^/^f 
and other early-diverging lines, andS • ^ ^ 2)> to the eXoIusion of Bamtt 
with the resolution of a !bp c lade A. ,?    v Wth Alterailtiv= Topology 1 Twdl!! 
characters should account "pSi^£2^^--*. «- -££ 

"^^^O^HVEPROBLEMATICTAXAWI^POOIOEAE 
the distribution of character stan>« ,v fk 
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tonal orphan genera not sampled ,n this study. We suggest toxAnbapogon, placed in Arundi- 
noideae by Clayton and Renvoize (1986) and Watson and D.llwfiz 1992) nd 

fonld DT^   f'T M:lCa'f,a- Md P"»«°d<"-»<°»'°. P'aced in Arund inoid   e by W t 

tonTnd^ ton and Renvoize, have characteristics generally diagnostic for Pooid^ .i? 
Anrndrnoideae. In all five of these genera, theses for which cL    r Lor   "  ava ,aoT 
have membranous, none   ate ligules; absence of bieelhil.r m,v-•i, •   T available 

non-or wealdy vasculanzed (including^, pers. ob,, J^ Q.S Renvo*e S 
and Watson & Dallwiu, 1992); long-linear hila; hairy ovaries; and small embry The fi s, of 
ftese characters membranous ligules without ciliate margins, is rare among ZiS 
curnng only m Arundo L., Dichoetaria Nees ex Steud., Eiytophorus P. Befuv^ W " 
Monachather^ Thysanolaena). Bicellular microhairs are present in most Ar,nd"e bul 
occur m Pooideae on* m Nardus and Lygeum. If these five genera are exclu   d   - m  h 

SS tTccL T f"' °r P°°idCaC-tyPe bdiCUleS (««P« h, Axistideae" « absent m die PACC clade. Lanceolate, membranous-tipped, non- or weakly vascularized lodi- 
cules are both plesiomorphic and common in Pooideae, and the three-lodicule Zte£ • , 
-^-^rgmgl^ 
cule characters (except the infrequent occurrence of weak vascularization) are •", 
among Arundmo.ds. Long-linear hila are plesiomorphic and common in Pooideae mc udin 

t P^H w Dg membCrS' and UnCOmm°n am0ng Anmdinoids. Hairy ovaTs" qtm 
P K? AstS°ng

r
ArUndi"0id: &»««' °»*<» ^eocA,oa GLK and /en, H 

l•r, r?,fff (^Cept G'fl,Ao^ St*P0. embiyo, are small in Aniscpcgon Dan- 
thoniasrum, Duthiea, Metcalfia, and Pseudodanlhonia (pers. ob..). whereas embryos ~ 
Arundinoids are mostly large. Embryo formula characters, which axe of m"0Hm~e in 

formula F + FP (,.e  embryo mesocotyl internode negligible, epiblast present scute it *i ab 
ent, embryonrc leaf margins overlapping), a pattern typical of Oryzeae, not u^otSool" dea=»lrldun,ecordedwithmthepAccdiideAfiinhe        eof J       • fJ•°•°° 

a cnl
aS '*      °rUITen0: flar8e Chromos°•s °f base chromosome number "f 7 lX««a 

•H °f ?e and baSC nUmbCr 0th• ^°• ta the PACC clade Atagh 
most of the above features are homoplasious in bom subfamilies, the presence of mis sui    of 
synapomorph,c or plesiomorphic characteristics of the Pooideae and absence of anv,L•, 

^Pseudodanthonia should be reccfenized as early-diverging elements of Pooideae 

G. TAXONOMIC CONCLUSIONS 

The analyses presented here suggest that among extant grasses, a clade consisting of Anc 
mochlo* and Streptochaeta diverged first from the lineage that includes all other grasses and 
that PW was the next to diverge; further diversification resulted in one of tw7p ssibSc 
Phyloge^ticstractures;!) an "early-diverging" Ehrhartoideae, followed by Parianeae Bm 

sistrng of Parianeae phis Bambuseae, followed by Olyreae, a "late-divergi ,g" Ehrhartoideae 
Brachyely,rum^d then the PACC clade from Pooideae. These alternatives are equal y we i 

3d bvtHy the
1

C°mb"?ed **? set- •° ^ «•«ure, however, is more strong yTup- 
si Tll^ ^1 °f C°mP °X Chara°ter StrUCtoal ^ " °PP°sed <° Si-P" «««ricZ s.te changes. Given tie general correspondence between the phylogeny resolved by restric" 
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tion sites and by simultaneous analysis of both data sets, and those resolved by other molecu 
lar stud.es, we propose the following phylogenetic structure for the grasses:      therm°IeCU- 

Anomochlooldeae (Pharoideae ((Parianeae Bambuseae Olyreae) (Ehrhartoideae 

nolds] (Arundineae s.str. (Thysanolaeneae Centotheceae Panicoideae)))))))) 

n,id« (^ark^S^ i Z' SSIT "^^ °f ^-ochiooideae and Pha- 

--^concerniSSS^ 
Bambuso.deae that • provisionally circumscribed to include Pari^eae ^ nd B m 
buseae, until additional phylogenetic evidence becomes available OriJS A 

su fam. Oryzoideae, and the present results are oo^J^l^^Z^l 
wnh die name corrected to Ehrhartoideae. Acceptance of subfam. Ehrhartddeae wodd not^f 
feet the monophy y of other subfamilies if Streplogyna was also removed from £2 
fTf££tZ Ehrhart;,d"e^1-ketal., 1995).^fl^e^mmavbe^bmerge•0°d 

Of future studies confirm us placement as sisterof an alrekdy broadly circumscribed Pooideae 

ACC cTad;I KthY/ofT SUbfamJly ifCTfinntd t0 bC the SiS- ^ of Pootae plus" PACC clade. Either of these taxonormc placements would be compatible with results of ±1 
present analyses but the former is consistent with the analyses of Kellogg In7 fi(    95) 
and Clark et al. (1995), while the latter is not. Phaenosperma (according^ Clark etaT    995 
and WW (present results) both appear to belong within Pooideae lusher the pr sent r 

HIT        ?^0n ^ RCnVdZe °986) " *= P'•'of «^ orphan^^a  "   L" 
Tne eSACcTf7' ^^.'f?^' StiPeae- ^ D^ieinae in P^oideaT 

r-Hi     r rt       M      ,  u   (l'e" Anlt,d0,de« C"0 and all the names that follow it in the pre- 
£ n°9

U s,^" ^ SUbSUmfd WitHin " br°adly defined ^icoideae, as pr p     d'by 
Clark c al. (1995) However,, an alternative approach, which would involve a less dramatic 
change to current classifications, would be to recognize. Aristidoideae, to assign CentoTce 
o Pan.co.deae, to apportion some of the remaining Arundinoids to ChloridoTdeae and Pani 
h'     °' rd l° re»f * »• « -ore additional subfamilies that accommodate any mono- 

phyletic groups of Amndmo.ds that do not fall within the more broadly circumscribed 
Pan,co,deae and Ch oridoide.e. This proposal is consistent with the rbcL all"BS 
et al. (1995) and with the ndhf analysis of Clark et Hi. (1995) which SUBM!« th.r P.        A 

sensu Clayton and Renvoize (1986), Tzvelev (1989 , ^SSS^ 
polvphylenc unless they include, a. minimum, Centotheceae and ThysanolaelTand that 1 
crana and Amphpogon can be accommodated within the Chloridofdeae (Clark     a      9S' 

2IT V•T, M  yS1S' r"PeCtivcly)' D«Pjte *e incongruous placement of Dan hont 
H 9 4      /•t' ? SUgg," *at *= COmPrchensiv= ^alyses of Arundinoids by Vcrboom imsssr1-(I995) be fo!iowed ^"•"-W'in »**• ^ ^-»s 

H. BREEDING SYSTEMS IN GRASSES 

1. Evolution of Wind Pollination in Grasses 

The locations in the present phylogenetic trees of transformations in the degree of stigmatic 
branchmg, from simple in AnonocMoa, Streptochaeta, Phareae, and Parianeae to promo« ar 
suggestive of corresponding changes among early grasses from insect to wind polSon Ph 

S Ts^dT mmfr^ - "V fi* •«"«« P°"- than do'simple LgmL 
(Niklas, 1985), and they are clearly advantageous for wind pollination. Stigmatic surfaceTare 
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present analyse is correlated with other features thatZZ ZTC , *"* ^^ in *' 
are dependent, at least in part, upon insect pollination M L   

PCC'" Possessing *em 
degree of entomophily is present SJl" ZT **" *! °Vidcn« *" »• 

Insect pollination is documented in someCIvT ''""f Su
Wth Plumo« «igma,. 

and /WaSwallen, of Olyreae   "dPaZa"/? 'V"g,n8,herbl«^ Kn«ges (O/v• L. 

jsw.plic.ted for some species of CHusguea, BoltZ J2 970 T^ " ''" ' "2) and 

and aWrf^ Nees, of Bambuseae (Chapman 99m Oh! Oendrocalamus Nccs, 
tion m bamboos have tended to be anecdotal aT^lf !dv '^ °f in"Ct P°llina- 
sentatives of most of the early-divergingCl W * 'Warranted. Although repre- 

(Soderstrom&Cald=ran,197lJimS0XfM,i: r T'° be W'nd Pollinated 

chaeta, or Pharus. However, the oc^^o/ll r 
Onm0d"in^•^,^0- 

and exserted terminally from among ^"ound^h "^"^ stame« laments fused 
-ct rather than wind pollination (SodtnTT^S^35)     '" ^ *"*"* SU"e" in" 

low rehef one-third of the member, of <L PATCS'» M      U""• 
granu,« and 

and nvo-thirds had low relief. Species known or suspected ^h"6 ^ Sepmte granul« 
grounds had grouped granules JnomochloTsZ,7X1       ,' Tf P°lh'nited 0n oth" 

the PACC clade tend to have widely Sp«c ££^T^ciM'fP»M«^ 

and between wind pollination and pollen with I•exTne rdLf *" °f W*h iXim reHef' 

d.cated that W^//flr/fl is .pparenfly ulS?8? ^^ ' 969)' Cron!3uist 0 581) in- 

mode of««, Newell^SreSS^^?*•°" *' P°llina'io" 
suggested that bees and/or wind may poIIinateTwZ < ? T "" °f fl*«, •d 
monoecwus or dioecious (includingT/Sfand ttv  F^f Restionac«= « mostly 
p:"mat^iacM96o;c^ 
evdence from pollination mode in the closest • atiy* 0f•        ?'        " "° C°mpe,linS 

gence of ^DmocWoa, ^/ocAa£to_ Phareae, ^sTbty ^w'*"" *"" ^ "''^ 

>• Mutton ofSepiKOnip<ttB,ai» b Graves p--^S=^ 
'       su88=sUve of the possibility that 
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self-incompatibility evolved only once or twice in the Erass^PnrtK .    . 

speces of Phareac, Olyrcae, Parianeae, Phyl Whidea^'rf P ^ c^0^ " Ubit]uitous in 

fi.ven separate tribal status; Soderstrom & X 19^ ^e"°Franch- (Bambuseae, or 
Oryzeae (Clayton, 1990). ' 1987)' and occurs >" several genera of 

The complex "S, Z incompatibility" svstem •ll»w .M. 
seated only sporadically, and Ln onty in gen^^cor ^^ SyStem'" has be» demon- 
peninent literature in Chapman, 1990).A Mex <£Z ^ ^^ ^ ~ of 

panb.hty system has not been determined in oH£ ?' u?0Ugh thenatUre ofthc incom- 
widely documented in grasses. Outsid roT^&^^^i•^^« 

speces of Meliceae and Stipeae of Pooideae, 2 k Z p^CC t^TT' " ka°Wa " 
Sacchareae (,.e., Andropogoneae), Chlorideae fi e  rS!^ I     m AnB"a"M. Paniceae, 
1979 1981). Given this w.'de dis4uS"e clad^T^t ° ^ andEra^s^-e (Conner 
and me PACC clade, it is reasonable to ££ 2 S^T" ^^e^'». ^oideae 
self-mcompatible. gg " ttat ttelr most recent common ancestor was 

'"'"^SieboldiZuccofB^e efchalmi i9T V) ^ 5UggeSted for^- 
gestion of self-incompatibility in PhJln^l mUl'l990> Md "fences therein). The si- 
Bambuseae take up to" three^rsSS^S*' ^ M ^ 
(L. Clark, pers. comm.). Self-compatibility KTUJL^ 

& V*•8 °f matoe f• 
Pharus a. Clark, pers. comm., from ob ervalns^f     ? An?•Moa, Streptochaeta, and 

known occurrences of self-compatibi^ty am0LtrtT ( ^ I9?9)' C°iadd^ ^ 
th= re,at,onshiPs resolved here, it appeLTa S. ofTf ^ ^^ ^^ ^v» 
Olyreae, and possibly Ehrhanoideae) share the occu^r f £r°UpS (Phareae' Parian^e, 
morphy. That the occurrence of unisexualTowrr, ' °fwisex^ floats as a synapo 
°f";^=ompatibi,ity(Conne,     79?C X" ^^^^^^ 

^^T'ib.e.Thehypothesis^ of the phylogeny resolved here is that self-incomparSS SSlf^C°^&^ m the context 
of grasses, just prior to the divergence of Ehri^r M      * d late ia ^ ^'versification 
chyefytrun,, Pooideae, and PACC'clade if^Sr     \^ ^ *" CMsists °"- 
•ndependently in each lineage if *J£SSjJ^» &e sist" «•«P of that clade, or 

i 
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the Cretaceous]. Gra'ss polj^^^^'j^^" ^ °^T' '""" 
the Oligocene (Muller 198n nnK,,f        Q °y m==nd ot the Eocene but not abundant until 

1981; Tbomuson, 1987; Crow 81 Feldm," loon E.'       j G'Ib"'»'. W«; fcMIcr, 

However, as these two genera are known only from the New World and th 
firmed Cretaceous arass fn«il«   ,> ,•IJ    ,     t!      ulc ,cw wontl. ^ there are no con- 

South AmericTthSLeS '£ Z, P°StUlated *" graSS« first *• « 

s^Amrtoti^is^riSiEsr-r*have been dispersed between 
tinents well into the early Terttry S^n f97    Stebbt TSuV "Z'T ^ ^ 
South America during the Paleocene LJvhvT    i        }' If^sses did originate in 

Eurasia wdAffic,vi«.NorS!SiTwdr   T K^
6
' ^ S°Uth America <° 

rection for Leguminosae j£ j££& SowX " P°Sm'ated'" *'"""'" di" 

^ocene(S. Wing, per, ^ 

fragments, spikelets with two glumes that are keeled, two floretIS' T 
be lemmas and paleas but are not well preserved! and . Z,    r presumed to 
men. No evidence of gynoecia was fZd ITmo^^      ^s 1sZT^Z t 7^1 S^ 
signed to any tribe of grasses, they were said to be ' uggesdv of Aven a   i\   T      J "" 

evidenceof iX^^ 

-SaS=^^ 

Sa^ 
^twasnotamemb;rofany

c
e^^^^^^ 

Paleontologists now believe that at the Cretaceous/Tertiary boundary r= swir 
ago, many lineages went extinct as a result of a widespShosp ^ llilTSZl 

tava, 1994). The collapse of complex ecosystems may have set the stage for a raniri and Z;A 

spread establishment of nonspecialist organisms w4 short gen Son toe    ToF   a7 atd' 
subtropical forest ecosystems did rebound in the Paleocene, but by the Eoc^'^omewhat 
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s x^^ii^rrisr rre sp-cading' -*«*•»«« •975, 1977, 1978; Stebbins 1981)SlT gelation, mcluding savanna (Wolfe 

South America of mammals wih J^f S" adl f H " ^'^ Wkh the rise * 
S. Wing (pers. con,,) notes that the Zing f he rft SSL f"? i8*•"' '?8'> 
America is more in line with that of NorthS hyP.s°donts and of savanna in South 
upper Oligocene to lower Miocene nS^ Previously was thought, and thus was 

bin, The available data are co^T^X^SS ^ " "^ * ^ 
earliest Tertiary, after forest landscapes wer ^°'heS'S *at *e first g^sses appeared in the 
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VIII. Appendix 1: Restriction Site Character Data 

Data matrix depicting occurrence of 364 mapped restriction sites among 75 exemplar taxa 
of Poaceae and related families (Table I). The total number of sites scored "missTnS e no 
scored 0 or I >s indicated for each taxon;"?" = site scored missing because ub"erv d 'V - 
s..= scored missmg because of uncertainty regarding homology (see text). Th SL Li 
groups of characters for each restriction enzyme are those of&e Large Sngl  Copy (LSC   e 

!S of e"      Peat r r;gi°n' and Smal1 SingIe C°^ ^SSC) "A", nSSSy^p* 
ition of each sue • keyed to the numbered nucleotides of the compete cpDNA ~ 

sequence of Oryzasativa (Hi,atsuka et al, 1989; Sugiura, 1989) and is provided hthousTd 

itheTsC ITS'Sc^^^"^•--^^'^^.*^^^ 
in the LSC, IR, and SSC regions are at locations 6.0, 99.9, and 101.8, respectively. 
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Appendix 1 
Restriction Site Character Data 

BAlomkloa 

AacmochJo* 
£tr«ptoch*«t* 
Ph*rua 
Xhrhtrt* 
Oryx* 
Ltarsla. 

BAJOiliiMM 
PMmudoM*M+ 

Gu*du* 
Otatm* 
Lithmohn*- 
Olyr* 

Arundo 
Mollnim 
PhrmffmiCm a 

ChtMXAnthlujn  n 
Ptnlcux 
Pmsmlmmtua 

SriffrostlM 
Oolol* 
Zay*i* 
DlMtlchlim 

SporoboluM 
Brm.chymlytr\um 
Lygmum 
NArdiim 
Aap«iod««iBo« 
3 tip* 
H»M»mll*    • 
Plptmthmrum 
Anijopoyon 
ZrMchypodluja  d 
-Br*cJiypodiua p 
Brtehypodiwa  M 
Schlmchut 

*«lica   c 
GlycirlM  M 
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IX. Append* 2: Structural Characters and States 

tersley & Watson, 1992; "W&D" = Watson ^nn Dah!gren et al. 1985; "H&W" = Hat 
Dallwitz, 1992 (Elicit'for taxa in S° s other& 1992: ?'" = n° "Port in Watso" & 

servaaon of specimens at the L. H. Bailey H nodim ' " - "^ 'T' °bS'" " ""»»•' °b 
= homology ambiguous or observed sta"e inteSi^ K mappllCab1^ "?" = unobserved; 

P-e states [in brackets] signify polymorphtm Tbs famb " ^'^ Sta!"' M^' 
whe eone ormorestates are determined tbe absent?" m,fV '" mu!tistate ch•rs, 
and 2, stgmfies polymorphism of states olnd I olinfl'f ] fora cha•*r with states 0, 1 
determ,ned to be absent, but discrim nat» erf en ^T ^°0 ^ ^ ' '" 
G"aaW 1S included in Bambusa, and £«»/,?., 'P '    ° and ! has n« been made) 
t.on onBaloskion is to be WinTn^n "fl,W' by WatSOn Md DaI1^- InformS 
y H. P Linder orB. Brigg, ^^2^^ «ep« when proved 

ul numbers (or ranges) following each character d scrim Dnr " ^^^ F°Ur individ" 
fthe character on 12 most-parsimonious trecTobSl ^TentrMUltSOfoj,timiz"i°'' 

fon sue and structural data (see text), the foJrZhbysimult•s analysis of restric 

P^'-n.oustrees.numberofextrastep btondmZuT • T^ °f St=PS on •»- 
tent with trees, consistency index, and Ln£d««? ^U?d,fchm««*«co•sis. 

^ Polymorphism within terminals not hcS tadcS2K^;,,S,, ^ '^"^ 

CULM 

1: Perennating and branching woody culms- 0 - ab,,m. i 
0^-- 16) for a strict defLtTo   "JS? 4;• N0TE: *« Soderstrom 
grasses. 2, 1,0.50,0.80 y      rSUS   herbace°«   in Bambusoid 

^ufrSfn ^brr"' bUt Whe*er VegetatiV£ »°» b^b or are Hgnified is 

«-^S^ *"" '^^ = ° CB,ac, 1960, 

2: Culm mtemodes:0 = solid; 1 = hollow NOTF-rv 
tennediate. 11, 10,0.09,0 05^ E'OCCUrTenCeofasmaIIPore is considered in- 

^%^Wa = 0 (DCY; pers. obs.) 

f/«*to»=l(B. Brigg,, pe•. comm.). 
^">w//ea=i(DCY;pcrs.obs.) 
«* pD [0,,, •••,Wra . 0 (EWng=r 4 cuta| i97j; Btm ^ ^ 

JWA<wito(nr). Danthonia californica = 1 (pers obs 1 
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Set [w^m rWU/° " }'inClUd£d in **» in Hitch-*, 1969. 
Penn•tumW&n     iS* V"^'"m " ' (EbinSer & C^len, 1975). 

or hollow (Ebin^rrcarlen!' 19^. " ^ * ^ P°r£ (Br0Wn et"- ' «9), 

LEAF 

NOTE: Characters 4 through 6 are inappHcable for BMon (B. Briggs, pers. comm.). 

3: Leaf sheath margins: 0 = free; 1 = fused at least •/. of length 5 4 0 20 0 fin 
Flagellana indica = 1 CDers  ob<: ^  K•t th. •       ,    '   '        ' 0'60' 

DCY). * }' bUt *= genUS IS P°lym°rphic (pers. obs., contra 

Bahskion = 0 (pers. obs.). 
JoinvilUa - 0 (DCY; pers. obs.) 

«:Adaxialligul= type: 0 = membrane (with or without fringe of hairs)' 1-fri•,   f, •       , 
4,3,0.25,0.62. • ""S= "i nairs;, l -tnnge of hairs only. 

Flagellana = -, no ligules (pers. obs.). 
Joinvillea - 0, when present (DCY; pers. obs ) 

5: Abax.a   contra-) Iigule: 0 = absent; 1 = present. 1, 0, 1.00,1 00 
Flagellana - 0 (pers. obs.). 
Joinvillea - 0 (pers. obs.). 

Bambusa (nr). Bambusa = 1 (Davidse et a]    10041  n     J. 

1990; pers. obs.). '   "4)> 5ami^ W"/">/" = ] (J^iewicz, 

aw?Bea(nr) aM?«ea- 1 (Soderstrom & Cald=r6n, 1978: fig 2) 
£>»«ito (nr). £••,,(, . o (V. Hollowell, pers. comm ) }' 
Guadua^nr). Guadua= 1 (Judziewicz 1990) 
O/yro (nr). O/yra /ar,/0//a - 0 (pers. obs.). 
Oryzo (nr). Oryza saliva = 0 (pers. obs.). 
Mon/j (nr). PAaruj to,/0//UJ = o (pers obs ) 

J//,0 (W&D [01 ]). Stlpa barba,a - 0 (Bor, 1968; Maninovskv  1980) 
6: Pseudopettole: 0-absent; 1 »present. 1-2, 0-1, 0.50-100    ^   ^ 

Flagellana - [01] (pers. obs.). \ 
Joinvillea = I (pers. obs.). 

i 
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SPIKELET 

florets. Pseudospikelets in A*,*• and cXare p ib v h m7 *"**"* ,pikeletl °r 

grass-rype florets are evident. However MZS   •   > ^ t0 each other' and 

are neither aiike nor of the BambuTac feT and £ H m f^chloa and J^/ocAfl,to 

bract, with those of typicai grass spjta•o?2o*M? °^ °f ^ °f a" °f thcir "oral 
Soderstrom,1989). P n°rCtS ,s amb'S"ous (C&R; Judzicwicz & 

7: Pedicel of spikelet: 0 - absent; 1 - preSent. 5,4, 0 20 0 31 
Amphipogon (W&D equivocal, not truly sessile! Amnhin   ' 

sessile (Black, 1960). miysesiii^AmPf"Pogon strict- 1, spikelets sub- 

Chasmanthium (W&D [01]). Chasmanthium latifolium - 1 n,H,V i 
*««»*/*-. - 1, spikelets subsessile (Hitcttk 195H PreSent• a~ 

"To'LT ^ t0 S ftISe *** ^ - '. «lile (V. Hollowell pers 

.. P• femaVsterile florets in fertile spikelets: 0 - absent; 1 - presen, 7 6 

£ets^ ^^srafsr" b;Iow *• -^«- - - 1987). y   P StCnIe florets or Slumes (Nunez, 1968; Clifford, 
Ehrharta « 1 

0.07-0.08,0.45-0.50 nt' *     Prcscnt- 13-14, 12-13 

ter 11 is inapplicable for toa s•0 for CSK,". 
d°•'; ^TH: Charac 

for tea polymorphic for character 10 6 4 0 33 n 1 " °°nSldered »PPK«ble 

very short sinus (Tutin, 1980; pers. obs ) CW    [0!^' awn tenninal or from a 
Amphipogon (description by W&D dn« ••tii     1 

. «**, ^ou, LbiguL.ts nS afs r rto om states)- ^*<*- 
^tfo/w*• (W&D 1). Anisopogon avenaceus - 1   h      °" 

sinus in our interpretation (Black 1960!        ' awns- *e cental from a distinct 

^f^.a^0^"bSS W^ft ?hort- alm°;< te^ - 
Gwafca (W&D G,flAfl mucronate) G^ = n^     ,(PCrS- °bS°' 

mm awn (Davidse et al   1994) ' °    °' SplCUlate or in •»e species with a 3-5 
Schizachne (W&D awned from just below a sinuO  c 1 •     • 

cock, 1969). J I0W a Smus)- &WA« - [12], variable (Hitch- 
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Stipa Nassella, and Piptatherum (W&D 0) The awn in <?H 
sinus when lateral lobes are present sioah T, rn??" 'S lnterPretcd « from a 
Mdula = [01], lobes to 1.5 mm cs^m ofaht , 7i ' ^ I968)" and N°"«l° 
miiiaceum - 0, no lobes evidS" obs (    ^^ '969)' Pip'°'hs• 

12: Disarticulation above glumes- 0 - ahem. 1 

FLOWER 

lodS^an^a" ^iT^S^^SS^^ *« have Sepals rather than 
acter 14. Character 14 is scored as TbiSou iSl, /^ ^ ^ We SCOred ° f- <*•> 
mology of structures sometimes called SSS SZ^"'8-^ ^0,

"
0C

*
/M

' 
aS the h°" 

app .cation of lodicule characters 17 and 18 by W&S i i^' • ^^ Rep0rting and 

ava,la le illustrations for our taxa (e.g., lodiculeTfn sZ * ^ ^ h'terature a"d 

nous, heavily vascularized). We ob e£ dSuIe, o5" ^^ " ^ or fora- 
mens and onginal literature (Jirasek & Jo^va%% %£££% P°SSible fr0m «!*> 

14: Lodicules: 0 - absent; 1 =presen, 3> 2,0 33 0 50 

*(pa (W&D 3 or rarely 2). Stipa = T231 tt,• 
Tzvelev, 1977). P      P3]'threC °r ^ rareIy ^0 lodicules (Bor 1968- 

^sed in ^Stt ft" or 
r    ««-[0I], free or possibly fused onSr'l  ^   Tek&Jozifova> 1968); G.^i. 

?,^ S K£S2SO"} f?cock> 1969^ 

n    al• 1^986; p^ ^'^ " ' ^^ & W•• 1980; Campbell et 
Van'konia fa). Danthonia calif,bmica ~ I «•<    u* 

/'on/cum Cnrt /W«,     ,      "oilowell, pers. comm.). 
<•« Cnrj.FaWC«m vfr^j,- ] (pers. obs)_       ; 
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57;>o (nr). A/pa barbata - 0 (Bor, 1968). 
19: Stamen number: I = one; 2 = two; 3 = three- 4 = fw- < - r      r      • 

0.36-0.40,0.36-0.45. tnree-4 ~ fo«, 5 - five; 6 = s,x. 10-11, 6-7, 
Flagellaria = 6 (DCY). 

^'«*to»(Wo-[l23];DCY)./i•,to,«•pM/ltf-3(H P Lindcr&B Bri• comm.). •• k        i-inaera^B. bnggs, pers. 
Joinvillea = 6 (DCY). 

Anthoxanthum (W&D [K^Anthaxanthum odoratum = 2 (Tzvelev 1977- Tmin i asm 
WW (W&D [123]). Diarrhea obovata - [23] (G   atP2   Fln'J1   '     ^ 

1986). L    J <-ureat ^la>ns Flora Association, 

EhrhartaWVD [346]). £A,W,a ca/^cMa = 6 (Black, 1960) 

tT"'°i!m[1236I)'ZeeW'a v&*,Wcfl = ^ CFcmald, 1950) 
«,//,«, (W&D [123]). Vulpia alopecuros - 3 (Stace  1980 

20: Styles fused at least at base: 0-absent;! -present NOTF-TW•r, ,   • 

S" 56.        °* "°rCd " •bi8•S <°< ih•"' 20. 8-9. 7-8° 0 1,•": 
Flagellaria = 0 (DCY). 
Baloskion = 1 (B. Briggs, pers. comm.). 

/»= [01], variable within the species, sometimes fused for a short distance 

Anomochloa (nr). Anomochloa*=\ (Clifford 1987-77-w,-     •     oo   , 

WM and Zj»«/« (W&D 1). Both - \ (Clifford, 1987) 

C^fpCY)" °ne; 2 = tW°; 3 ~ threS; 4 " ^ 5" ^ °^ 
«:: its.123'DCY)'^"'o /e^^ -2 ^!-k-»«»• 
£**«, (W&D 2). £remte = i (v. Hollowell, pers. comm.) 
Luhachne (W&D 1). Lithachne humilis - 2 (Juciziewicz, 1990- pers obs ) 

Pennon (nr). JPWrffc^ inferred to be - 2, no reports t   the contra^ found in Ely 

M. RlVhT
(?     f-" WaS f0nDerly included)- or for th<= tribe (C&R- T2 S 

& c•d0 f lgTiC,branChing PreS£nt: ' = Sim»le ^anch'ed?    w th b anches 
•       H   f T2    el°n8ate PapiI'ate rCCeptive CeIIs' or wi* very short branch composed of a few papillate receptive cells, but in the latter case the .tioJ..,.        ?S 

oudtae); 2 - primary (branches well developed, c^~0fS«TdiS 
pap late receptive eel s, secondary branches absent or minimally develop dX 
masil«oeol«eorbn,ader);3-5econd«y(,coond«y to tertiary branches welded 
ped, branches composed of series of dispersed papillate receive cells   NOTE In 

the present study only stigmas with state 2 or 3 are called plumose. Th   chapter is 

lev Tm HelTf' ^W** references n^lBS^SS^ 
lev, 1977, Heslop-Harnson & Shivanna, 1977. Specific references for Bambusoids 
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are Camus, 1913; Clark & Londofio, 1991; Judziewicz, 1987- Judziewicz & Snri, 
strom ,989; McClure, 1973; Soderstrom, 1980; SodersnSn«*££& 1978 
Soderstrom & Zuloaga, 1989. 5, 3 0 40 0 72 Cameron, iy/ij, 

Flagellaria = 1 (DCY; Engler& Prantl, 1888; Heslop-Harrison & Shivanna 1977) 

tZ^Z In  B]BDCY); ReSti° te'raphylhS ^ ***** P--5 br     hing Black, 1960), and B. Bnggs (pers. comm.) refers to it as plumose. We recognize it as 
amb.Buous-w.th regard to states 1 and 2, and regard state 3 as absent 

Jomv.lea - 1 (DCY; Engler & Prantl, 1888). Both Cronquist (1981) and DCY r, • , 
stigmas of Joinvillea as plumose, but the stigmas are simp.^ ffiSSS 
pnmary branches evident in illustrations (DCY; Engler & Prantl   issfi. , 
Heslop-Harrison & Shivanna, 1977).    : '     88' See aIso 

Eremitis (nr). Erimilis = 1, (V. Hollowell, pers. comm.). 

FRUIT AND EMBRYO 

e«£   unareTay refCr t0 0ryZ°PSiS MiChX" **»"»- left utcoSrThTra ters 26-31 unless data were specifically available under that name. 

23: Number of ovules per pistil: 1 - one; 2 - two; 3 - three. 2, 0, 1.00, 1 00 
J-lagellana = 3, one ovule per locule and 3 locules (DCY). 
Baloskion - 2, two locules, one ovule per locule (Black, 1960) 
Joinvillea = 3, one ovule per locule and 3 locules (DCY) 

24: H,lum:0 = linear-long, >V, length of grain; I n nonlinear, <Vo length of grain elliptical or 

ilS?•&D Sr °rt)' ^*"*°" = 1. Punctiform (Black, 1960). 
AZ1W*£ ft-'H^ ^«*/»»7*«» --0; long-linear (pers. obs.). 

bXeSoS: "WD^°1'Sh^broadI^^ate1l/51eng&of8Taini;ub- 

C«/a«^,to (W&D short). Calamagnvtl* - 0, long-linear (Nees, 1843; pers obs) 

TH     /" (    &K° t0^- CA•'«- tot^«««" - 1. narrowly eUPtical/5 length of gram, basal to sub-basal- (pers obs) =">P"cai, 10 

DanthonU, (W&D usually long-linear). ZJfl«rt0flte californica « 0, long-linear (pers. 

£rem//fa (nr). £««/«> - 0 (V. Hollowell, pers. comm ) °" 

'trSr A"nlMB<* ^•W« " I. -Hpdcd small, 1/5 length of 

'XTsSshort)' p"^/to"v> ,/3 Iength'narrow!y eIIiptical (Bor-l968: 
25: Embryo position and structure: 0 = embedded, simple; 1 - lateral, grass-type NOTE- The 

grass-type embryo is lateral, peripheral to the endosperm. anfdiffe^Sn ii 
(Reeder 1957; Cronquist, 1981; DCY). Although presence of this type ofSteyS 
not explicitly recorded by W&D, state 1 is inferred for all grasses foTwlich SeyTe 
ord embryo characters. 1, 0, 1.00, 1.00. "ieyrec- 
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26: Embryo epiblast: 0 - absent; 1 Lf^L 8   *   'Jjf•-- » ** (DCY). 

Brachypodlum (W&D [Oil   Hlw ,      ^ 195°: fig' 63>> 
»«• - 1 (Mlada, 177- p     IV ^"7 *f ""'T " ° (Mlada" '977' P'- Di * P- 

GuflAo (nr).. Gi/flAfl = 1 (Reeder 1962) pL V)' 
£«««. Cm). Av««i* = 1 (Kennedy, 1899- pis 25 & ?« ' 

1964). ' CM"*rM »• Nees, Scbauer] Rchb. in Decker, 
27: Embryo scutellar tail- 0 = aWnf I _ - 

figs. 29 & 51; Mlada, 1977- pi rv"        °"""    [0IJ. Polymorphic (Kennedy, ] S99- 

"iTdt^^ 
N   Brachyelytrum (W&D 0). Brachyelytrum erectum = rnn 

(RledeS)!3' ^^ " [°1L P• W^nc & Watson, 1980) or absent 

O/yza (W&D 1). 0OM*M/vH-l}(Y.kovIev l95m *nH n 
Kennedy, 1899: fig. 27; Reeder, 1957) rlteok nglf^ " ° (Mlada' 1977-' P>- X; 
and other species of sect. &,/« but £ • J"^ ^°ra *,] absent in O. •,•,J 

28. Embryo mesocotyl intemode: 0 = neElieible-T», }' 

tatl wE^iSj^J- [°1]i meeting ^d". ' M7) or overlapping (Macfa, 

Tzvelev = 1 (Mlada, 1977:pl. II) L    j*^'^/anjsubsP-^va^eona(Grossh , 
^^(w&D0).rritom=u^De. r 

illustrated as somewhat overlapping (M   i .oTTT L' a"d * ^"'^ L. 
f"/p;a (nr . K,//,/* /,,-^fln,-ca » 0 /£•/? CM ada' J 977: P1*- V & VI). 

30: Endosperm lipid' 0 - abseil  'Z^O^V^ 

sence of hpid (Terrell, 1973; Ros ngurrTeTal     97,? , S?h* StatM do »<» imply ab- 
Boloshon - 0 (B. Briggs, pers. co       , gWtt et"- '972)- 3, 2, 0.33, 0183. 
Ampelodesmos (nr). Ampelodamos -Q, lipid abscm ,Rn 

^M^W(W&D , -liquid^, w^r-wr^;^1-11972)- 
endosperm to be erroneous; specimensTsH Z ^ ^ rep0rt °f "'^W 

Macfarlane and Watson (1980) repon the endolt    ^ fnd°Spenn- AItWh 
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«: ^ospe^tX^Setr^^^fv ^ 
round or lenticular, free); 1 -^mJ^S? ^ ^ dim0rphic in si". 
wuhout simple l^yi-Aj^S^C^T^'^9"^^" 
latter consisting of few granules); 3 ^Ei ^P' and,comP•nd together, the 
small to medium, angular or som times TmooIS W' ^^ Uniform in si«- 
c^^-type (simple onIy> larg£ ^OTC * D 

d' denSdy paCke* 4 = ^«" 
only" (- [034]) or "compound" (= [121) sSnTf ?,?" StarCh grainS as "simP^ 
^cation with one exception He scored5    I   ; ^ Ta££°ka'S (1962) cl«" 
^Pe grains, but emphasLd ^SfSSSTZ" "^ ^^^ *»*»- 
We as a separate sute (see also (fcunpbS e^ aT 19^ THT •" a"c*J*6"•*- 
fromPammel, 1898; Yakovlev 1950- »JT     , }' AddltI0^l repons come 

Flagellarta = 1 (Tillich, 1996) ' 19??' 8) 4' °'57' °-72- 
Baloskion - 1 (Yakovlev, 1950- 160) 

flu/.cA/ii (W&D simple only).WS,-r0341 fr      u 
can be eliminated. [°34]'frora Ae reP°rt by W&D states 1 and 2 

Eremitis (nr). £/-em;Vir - 1 (V Hollow-U • 
/•«r•Cfl (W&D 1). ^mi ovt"l f1'//"- °0mm->- 

1962), but F.paradoxa Desv. h^7>ta S^ ^'"-^ (Tateoka, 

3, and 4 can be eliminated U2J'fromther=Pon by W&D states 0 

««-type, two species with FeLLvZ      (       } rep0rted 30 sPeci« with A•/. 
Pennisetum (W&D simple). PennUetun, -?%•      , 
^flw (nr). PA^n,, - i J~       ! (Tateoka, 1962). 

*>^L; (5 «;J,wpou? •y CYakovlev*1950)' 

nated for ^a. U   reP°«. °nly the ^ro^M.^e can •'      ^ 

but the granules are few in ^"^2°.^ d?0) this is compound       . 

•type but stressed intermediate. A^Z^ "^ 2°^ " "* 
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SEEDLING 

32: Lamina of first seedling leaf: 0 - absent; 1 - present. 4  3  0 25  0 57 

Flagellarla-O, lacks a first blade (Jacques-Felix, 1988: fig. 3;'Tillich  19961 
Baloskion = i (H. P. Linder & B. Briggs, pers. com•.) '        l 

?hll U^l^ = '' '<the &St bladS " eXpanded'large' 0Va£e" (Soderstrom, 1981: 

Bambusa (nr). Bambusa = 0 (Hoshikawa, 1969). 
Eremhis (nr). Eremitis = 0 (V. Hollowell, pers. comm.) 
Miscanthus (nr). Miscanthus - 1 (Hoshikawa, 1969). 

VEGETATIVE ANATOMY 

(B.SSSetaco^e)af ~y °haraCterS 33' 36- Md " " •^' f- ^^•- 

33: Cross-venation of leaf blades: 0 = absent or obscure, or if distinct, then rare or occasional- 
1-7 ST^v    u nCt' m°re freqUCnt thaa occasi°na'- NOTE: The two states recog- 
mzed for this character are intended to discriminate the regular occurrence of cross- 

•       venation from rare or acctdental occurrences. In four cases we have assigned state 1 
to species of genera recognized by W&D as lacking cross-venation (Ehrharta Lith- 

SSefn dTf8 VanabIe ^ ^ CharaCter (BambUS°' S•W•)- ^ is o'ssi e 
. feat these differences represent variation among observers in the interpreLon of 

frequency and prominence of cross-veins, and reevaluation of other L may be 
warranted. 2-3, 1-2, 0.33-0.50, 0.81-0.90. • Y 

Flagellaria = 1 (pers. obs.). 
Joinvillea =» 1 (pers. obs.). 

Brato (W&D [01]). Bambusa multiplex = 1 (pers obs ) 

Brachyelytrum (W&D [01]). Brachyefytrum erectum = l' (Campbell et al., 1986; pers. 

Ehrharta (W&D 0). Ehrharta calycina = 1 (Renvoize, 1985a); E. erecta also has cross- 
veins in mature leaves (pers. obs.). 

Lhhachne (W&D 0). Lithachne humilis = 1 (pers. obs ) 
34: Multicellular microhairs: 0 = absent; 1 = present 4 3 o'25 0 90 

Baloskion = 0(H. P. Linder &B. Briggs, pers. corrun!).'    ' 
, Joinvillea = 1, often several-celled (Smithson 1957) 

Diarrhea (W&D [01] for microhairs). ZWW - 0. Bicellular microhairs lacking- 

str98T^r19
r8?ras possibly present'but r-in - -- 

S"PIT" ?n '°^T (W&°, [°1] f°r microhairs)- AH Stipeae - 0 for bicellular micro- 
hairs. Unicellular microhairs are reported as present, but rare, in a few snecies 
(Scholz, 1982;Renvoize, 1985b). • P 

Molinia (W&D 0). Molinia caerulea - 1, (Jirasek 1970) 

35: Occurrence of a broad, short terminal cell, often with a longer basal cell in microhair the 

•'    Zf^       termmal and basal ceIIs similarin thickness: 0 = absence; 1 = presence 
NOTE: Tateoka et al. (1959) distingished hairs of this form as "ChloriL^e" as 

..:.:   they are mainly restricted to subfamily Chloridoideae. TTiis type of hair is contrasted 
, •    with Pamcoid-type" microhairs, which have relatively longer and thin-walled ter- 
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-M309). I h« character ,s inappHcuble for taxu scored 0 for character 34.' 2 ,  ^J 

36: Arm cells: 0 = absent; 1 = present. 4, 3, 0.25 0 72 
Flagellaria = 0 (Smithson, 1957). 

Joinvillea = \, slight lobing possibly present (Smithson  19571 

least three studies and founcI wSg Z cell    ATC! " "'^ * " 
Judziewicz and Soderstrom (1989), ^^Xm)Tu^^^ 

,1  P       ,      f d,SCUSsion of PaS^ (1947) work on the genu °      > °F M"" 
37: Fusedled s: 0 - absent; 1 -present. 2-3, 1-2,0.33-1 50 81-0 90 

Flagellaria = 0 (Smithson, 1957). '     | u.oi-u.yu. 
Joinvillea = 1 (Smithson, 1957). 

BIOCHEMISTRY 

NOTE: Our primary source for photosynthesis subtype data was H&W. 

38: Carbon fixation pathway: 0 - C,; 1 - C, NADP-ME classical-type- 2 = C  NADP UP 
Ansne/a-type; 3 - C, NAD-ME. 4, 1  075 0 85 NADP-ME 

f f"*««J 0 (H P. Linder & B. Briggs, pers; 'comm.). 
Anstida (W&D 1). ^nj^Wo = 2 (H&W). 
Distichlis (nr). Distichlis = 3 (H&W) 

£«gm«« (W&D [03]). fi^A cu^/a = 3 (Hattersley 19871 

fT wfn [0I23])' PaniCUm •**»*" = 3 WeS,   987) W«a (W&D 3). Spartina = 3 (H&W)       • J' 
Sporobolus (W&D 3). Sporobolus = 3 (H&W) 
t/mo/a (nr). C/m0/0 = 3, "NAD-ME or PCK" (H&W) 
2oyj/a (W&D 3). Zo^j/o = 3 (H&W) 

29: Carbon fixation PCK: 0 = absent; 1= present NOTE-PCK r•,,   u     r     •     • 
nized as a subtype of NAD- ME bv HftW 1 '• J     * Carb°n fiXatIOn is recog" •~       ui_-  ,.    , \T MCDy H.&W, who indicate that taxa with the Pp-fc- c,,k \ 

Dislichlis (nr). Distichlis = 0 (H&W). 

W,wto (W&D 0). fi^Hrti, cwm,/a = a (Hanerslev 1987) FmmnM- 
be C, NAD-ME, or NAD-ME and PCK (H&W Pf^ .        £««««/« species can 
cies(H&W). ' ^ ana ^K (H&W). PCK occurs among the annual spe- 

Panicum (W&D [01]). Panicum virgatum = 0 (Hattersley 1987) 
Spartina (W&D 1). Spartina - 1 (H&W) ^atI£rSley' 1987)- 

Sporobolus (W&D [01]). Sporobolus - [01] (H&W). 
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Uniola (nr). Uniola - \, indeterminate, "NAD-ME or PCK" (H&W) 
Zoysia (W&D I). Zoysia - 1 (H&W). 

CHLOROPLAST GENOME STRUCTURE 

40: 6.4 kb inversion in the chloroplast genome relative to the arrangement in Nicoliana- 0 - 
absent; 1 - present. NOTE: Most scores are from Doyle et al. (1992), who used the 
polymerase chain reaction (PCR) to test for the occurrence of this inversion among a 
variety of exemplar monocots. The present restriction site mapping confirms pres- 
ence of this inversion in additional grass species and in Joinvillea. 1,0 1 00 1 00 

Baloskion = 0, determined by PCR (Jane Doyle, pers. eomm.). .    '  
41: trnY inversion in the chloroplast genome relative to the arrangement in' Nicotiana- 0 = ab- 

sent; 1 = present. NOTE: Most scores are from Doyle et al. (1992); new scores are 
listed below. 1, 0, 1.00, 1.00. 

Anisopogon, Anomochloa, Brachyelytrum, Lygeum, Molinia Schrank, and Poa L - 1 
determined by PCR (V. Tharp & J. Davis, pers. obs.). 

42: 15 bp ndhV insertion in the chloroplast genome at Oryza sativa position 101951: 0 - ab- 
sent; 1 = present. NOTE: Scores are from Clark et al. (1995). 2, 1, 0.50, 0.83. 

X. Appendix 3: Structural Character Data 

Data matrix (see facing page) for 42 structural characters (Appendix 2) as scored for 75 
exemplar taxa of Poaceae and related families (Table I). Polymorphisms and subset ambieui- 

""(see text) are signified as follow: A-[01];B-[02];C-r031;D-[121-E-ri3VF-mi- 
^PflsH-iraflsi-ti^j-pa^ 

?  = character state unobserved for a taxon; "\" - observed state is intermediate between rec- 

AwllixT' ^ " UnCertEinty regafding hom°:°gy of the observed state (see text and 
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Appendix 3 
Structural Character Data 

Character Nunber 

123<567SS0123«S67BS0123<SS7BS012H5S7B5012 

rlmgmll.rim 
Baloakioo 
JolavllJ*. 
AuoaocJlio* 
Straptochaaca 
Pharua 
xhrharta 
Oryx* 
Lmaraia 
Sramitia 

Chusqvs 
Ouadua 
OCitai 
Lichachna 
Olyra 
Xriatida 
Xruada 
Mollali 
Phragxltaa 
Danthoala 
Chaatajsthiuja  I 
ChaaaanthluM  a 
Paniaum 
PanniamtUM 
Hiacaacaua 
toaphipogou 
'ragroatla 
Uulala 
Zoyaia 
Diatlchlla 
Spartina 
Sporoholua 
BrachyalycruM 
Lygmuat 
Najrdua 
Ajipalodaamoa 
IClpa 
Haaaalla 
Plptatharuja ' 
Auiaopojoo 
Brachypodlua d 
Brachypodluja p 
Braehypodlux t 
Schixackna 

H*li.ca   c 
Glycarla   m 
Olycaria  d 
Dlarrhaa* 
flroauj 
Boiaaiara 
Trlclcu» 
Ilymua 
Paridlccyoo 

Pttalarla 
AMtphlbroMu* 
AjnaopJiiia 
CalanAg-rattif 
Affroatls 
Daachaapala 
AjrrhaaatharuM 
Avaa« 
Xoalarla 
Triaatuja 
Saalaria 
Poa 
Pucolaallia 
Catabroaa 

,  Taatuca 
Vulpi, 
Loliua   a 
LOIIUM  p 

i"-°A UWU031370 77017-000-000 
J"" U\U312D270 •-011-0 •0-077 
°1°°°1 \\\\\«A31370 777110M0-100 

?""l\\\\-\\W\\\S"11010101710110010-110 
00O001101O-O713017S1111O11A01O1110-110-11O 
OX0000111101012011t0221010101011110i.00.l-l 
"°?°A1>1A0111201i"-22ioiiooioiooioioo-iio 
0100001X1A.010120X1D0231011001010017XOO-170 

110011\\\0-\\1301151321011107770110110-111 
110011100X0171301101321011101737110110-17? 
ioooiiuio-ioi3oi|i3i22ioiiioio7moiio-m 

"°"1"01°1713°1""71°""«77X10110-177 
0100011010i0113011312riOU101070110110-lll 
01000U010-1113011312ri011101010110110-l?l 

110000100AA101200130221110U0717010000-111 
•S""!"0AO171.J*"«2210101100110100OO-lll 

O1O10O10O111O13OX12022101O1100D101000O-177 

^n^S,1100-10120011122:L1111"03"10000-lll 
oio»SS,1^°;01120A"02211lollio«<i"""oi7i S^A2211XA0O1A20'"X221"l>"'1031010001.177 
S???^^,1110012001"2211"""2""^!-"? 
0^,

1
;;""-

IOIJOOI3O22
""I«OI«IAOO3OIII 

0\01001100-171200131271110110771011003\177 
!?°A?°°""0"T •rx221111U0OD101lSS3l"I 
S?S,2S^?^712°0"02211111"°H""003olj7 
JinJJS,00""1" • -312211"1100110».10031177 
000X001010-10X20OlI02D11111100I1011OO3il,l 
0000001011017120H30221011A01MU5^00   lit 

s,ss;;,i;;ioi?ijoi""2"i«'""io«o-ooo:i77 

tsjpsn:;;;:;:;::;:;:::;;: • 
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