










































































































cotyledon unifacial, closed sheath with coleoptile 

(Asphodelus/Roscoea/Chlorophytum/Bromus type) (Tillich, 
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1992). The morphology of the seedling as described by 

Tillich corresponds loosely to the classification by Boyd 

(1932). Boyd's Type A corresponds to states 0 and 1; Type B 

to state 2, and Type C to state 3. 

DATA MATRIX 

The data matrix consisted of 29 taxa and 64 

characters (Table 1.2). There were 17 vegetative, seven 

chemical, and 40 reproductive characters. Of these 

characters, 42 were binary, and 22 multistate. Most 

multistate characters had three or four states; one had five 

states. This gave a minimum number of steps possible of 90. 

All characters were coded as unordered. Data entry was done 

using MacClade (computer program version 3.0, Maddison & 

Maddison, 1992). 

DATA ANALYSIS 

The data were subjected to parsimony analysis 

using the phylogeny reconstruction program PAUP (version 

3.0S, Swofford, 1990). Missing data were treated as The 

matrix was too large to permit anything but a heuristic 

search for the most parsimonious solutions. Repeated 

heuristic searches were conducted using random additions in 

order to recover all possible islands of trees (Maddison, 
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1991b). Hundred such searches were conducted with options 

set to branch-swapping = TBR, COLLAPSE and MULPARS options 

in effect, steepest descent not in effect. The most 

parsimonious trees resulting from these searches were taken 

to be the best hypotheses of relationships. The robustness 

of these results was assessed in different ways: decay 

analysis (Donoghue et al., 1992), bootstrap analysis 

(Felsenstein, 1985; Sanderson, 1989) and jackknifing of 

characters (Penny & Hendy, 1986; Davis et al., 1993) 

Bootstrap frequencies of 70% and more were taken to 

represent reasonably good support for clades (Hillis & Bull, 

1992). Jackknifing characters was done by deleting one 

character at a time and analyzing each such pruned data set. 

This sensitivity analysis allowed an evaluation of different 

characters and their contribution to the overall results. 

Analyses were run in which the results were 

constrained to topologies suggested by previous hypotheses 

of relationships, using the "constraints" option in PAUP 

3.0s. This was done to evaluate those hypotheses in terms of 

the present data matrix. The effect of different outgroups 

in determining the position of the root was examined by 

running separate analyses that included different set of 

outgroups. Analyses were also conducted on a data-set 

containing ingroup taxa alone. 



52 

RESULTS 

MOST PARSIMONIOUS TREES 

A strict consensus of the two most parsimonious 

solutions (Length 273, C.I. = 0.33, R.I. = 0.60) is shown in 

Figure 1.1. The two trees differed only in the placement of 

Arecaceae, as indicated in this figure. Relative branch 

lengths are shown on one of the two most parsimonious trees 

in Figure 1.2. The branches are numbered on this figure to 

facilitate description of the main features of the trees. 

Monocots (clade D) were monophyletic with a 

paraphyletic Dioscoreales at the base, followed by the rest 

of the paraphyletic Liliiflorae within which were nested the 

remaining monocots. The first split within monocots led to 

Dioscoreales in the narrow sense (clade I, a lineage 

comprised of Trichopodaceae, Dioscoreaceae and Taccaceae), 

and the rest of monocots (clade J). Within the latter, the 

earliest branching event led to Stemonaceae, and the rest of 

monocots (clade L). Smilacaceae and Trilliaceae resulted 

from similar early branching events, and Uvulariacae was 

sister group to the remaining bulk of monocots (clade 0) . 

This group divided into two lineages, one consisting of 

Alismatiflorae, Araceae, and Acorus (ALAR, clade Q), and the 

other containing Bromeliaceae, Zingiberales, Commelinaceae 

and Arecaceae (clade S). The latter lineage, clade S, is 
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henceforth referred to as "eumonocots". Two members of 

Liliiflorae, Melanthiaceae and Convallariaceae, formed a 

clade (R) which was associated with "eumonocots" (clade P) . 

DECAY ANALYSIS 

Much of the major structure in the tree broke 

down in trees that were two or more steps longer (decay 

indices, Figure 1.1). The monophyly of Nymphaeales, 

Alismatiflorae and the Zingiberales-Commelinaceae clade was 

comparatively strongly supported (decay index, d ~ 3). A 

strict consensus of trees one to three steps longer 

suggested that the node supporting the monophyly of clade J 

was no longer supported. However, an examination of the 

4,346 trees one to three steps longer showed that in all 

these trees members of Liliiflorae formed a paraphyletic 

assemblage at the base of the monocot clade. The fact that 

different taxa of "Liliiflorae" always branched off near the 

base of monocots was not seen in the strict consensus tree, 

because in a few trees some of these taxa moved around the 

tree. In some trees two steps longer, the monophyly of 

monocots was no longer supported because Dioscoreales (in 

the narrow sense) was pulled to the base of palaeoherbs 

(i.e., below Aristolochiales). 
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FIGURE 1.1 Strict consensus of the two most parsimonious 
trees. Numbers indicate support for the branches: d1 to d3 
are decay indices, other numbers are bootstrap frequency 
expressed as a percentage. Numbers in parentheses are 
bootstrap frequencies of particular clades in analyses 
including ingroup taxa alone. Frequencies were the same or 
similar in the case of clades where this number is not 
given. The bootstrap frequency of the clade, Trilliaceae­
Uvulariaceae was 36%, an association shown as a dashed 
line connecting TRIL and UVUL. TRI = Tricolpates; ARI = 
Aristolochiales; PIP = Piperales; NYM = Nymphaeales; 
"DIOS" = Dioscoreales sensu Dahlgren et ale (1985); ARA = 
Arales; ALIS = Alismatiflorae; EUMONO = Arecales, 
Bromeliiflorae, Zingiberales, Commeliniflorae; ALAR 
Alismatiflorae, Arales, (including Acorus) . 



RANU I TRI 

d1,47 __ --LACT .---__ ~~..:....-_.J 
ARIS 

SARU 

d2 67 SAUR 

d1,54 PIPE 

ill 
rn 

CABO ~ 

NY': ~ 
d3,68 .--TRIC r-

... ~;.;;...----1 
(.8..9.) 

DIOS 

TACC 

r-----------~~~STEM 

r----------------SMIL 

" 
D 
I 
o 
S 

" 
r-------~-----TRIL ~ 

:36 -
~----~~---UVUL 

MELA 

CONV 

,....----AREC 

d2, ~60~---BROM 
ZING 

d3,85 COMM 

,....------ACOR 

POTH 

LASI 

_---SCHE r-

FIGURE 1.1 

.--BUTO 

ALIS 

A 
L 
I 
S 

APON ....... 

non­
Mono 

P 
A 
L 
E 
o 
H 
E 
R 
B 
S 

"L 
I 
L 
I 
I 
F 
L 
o 
R 
A 
E" 

"E 
U 
M 
o 
N 
0" 

,--_...J 

55 



56 

The pattern described above: a basal paraphyletic 

Liliiflorae with ALAR and "eumonocots" nested within, was 

presumed to hold true for trees at least five steps longer 

than the most parsimonious trees. This was inferred from 

analyses in which the result was constrained to have groups 

other than Liliiflorae at the base of monocots (see below) . 

Trees obtained from such analyses were at least five to nine 

steps longer than the shortest trees obtained from 

unconstrained analyses. 

BOOTSTRAP ANALYSIS 

The best-supported clades (bootstrap frequency of 

82-94%) were Nymphaeales, Alismatiflorae, Alismatales­

Butomaceae, Araceae and Zingiberales-Commelinaceae 

(Figure 1.1). Taking 70% as a reasonable lower limit for a 

strongly supported group, other groups that were more or 

less well-supported were the Dioscorealean clade consisting 

of Trichopodaceae, Dioscoreaceae and Taccaceae (68%), and 

Dioscoreaceae-Taccaceae (72%). Support for the monophyly of 

monocots was 57%, not significant according to the 

criterion of 70%. However, this bootstrap value exceeded 

bootstrap frequencies for several other hypotheses (see 

Table 1. 3) . 



CHARACTER SUPPORT 

Between one and five characters supported the 

major branches in the most parsimonious tree 
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(Figure 1.2). Of the 94 changes along the branches uniting 

various groups 26 were vegetative, ten chemical, 32 

floral, and 32 embryological features. Homoplasy in this 

data was rather high (C.I. = 0.33, which is low for 29 

taxa, Sanderson & Donoghue, 1989), in keeping with the 

general impression that parallelism is rampant in monocots 

(Arber, 1925; Dahlgren & Clifford, 1982). An examination 

of changes in individual characters on the most 

parsimonious tree showed that 22 of 64 characters had a 

C.I. between 0.17 and 0.29. In other words, about a third 

of the characters were relatively homoplasious, although 

not many of these changes were reversals. Of these 22 

homoplasious traits only three were vegetative, while 19 

were reproductive. Even taking into account the smaller 

total number of vegetative features (24 vs. 40), a 

disproportionately large number of homoplasious traits 

were reproductive. Some of these characters supported 

branches at the tips (e.g., Dioscoreales, Arales, 

Nymphaeales, Piperales, and Alismatiflorae), revealing a 

pattern of repeated evolution of certain reproductive 

characters. Examples are septal nectaries, which evolved 

independently in Dioscoreales, Alismatiflorae and the 
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FIGURE 1.2 One of two most parsimonious trees showing 
relative branch lengths. Branch lengths drawn proportional 
to the number of unambiguous changes occurring along each 
branch. Changes were reconstructed under ACCTRAN in 
MacClade 3.0 (Maddison & Maddison, 1992). Internal 
branches are numbered from A to Z, and the number of 
changes occurring along each branch is indicated by slash 
marks. The changes are identified below. A = 4:1>0, 
35:0>2, 53:1>0; B = 5:0>1, 18:0>1, 50:0>1, 60:1>0; C = 
22:, 29:, 30:, 42:0>1; D = 19:0>1, 22:, 30:, 62:0>1; E = 
8:0>3; 58:2>0, 59:0>1; 60:1>2; F = 5:1>0, 11:1>0, 17:0>1; 
21:0>1, 25:1>0, 46:0>2, 51:0>1; G = 14:0>1, 18:0>1, 
47:0>1, 50:1>0; H = 6:0>2, 31:0>1, 32:0>1; I = 27:0>1, 
32:0>1, 42:0>2, 43:0>1; J = 1/2>3; K = 31:0>1, 50:1>0, 
60:1>2; L = 33:2>1, 44:3>2, 45:1>2; M = 13:0>1, 52:1>0, 
53:0>1; N = 3:1>2, 9:0>1, 55:0>1; 0 = 8:0>1, 11:1>2, 
44:3>2; P = 43:0>1, 52:0>1; Q = 45:2>1, 46:1>0, 56:1>0, 
61:0>1; R = 23:0>1, 50:0>1; S = 7:1>0, 20:0>1, 24:0>1; T 
55:1>0, 58:2>1; U = 3:2>1, 8:1>2, 17:0>1, 51:0>1, 60:1>2; 
V = 34:0>1, 36:0>1, 37:1>0, 58:1>0, 64:2>1; W = 57:0>1; X 
= 15:0>1, 17:0>1, 19:2>1, 39:0>1, 44:3>0, 45:1>0, 56:0>2, 
63:1>0; Y = 5:1>2, 6:0>2, 28:0>1, 43:0>1; Z = 9:2>0, 
10:0>2, 11:2>1, 12:1>0, 41:1>0; LACT = 8:0>3, 28:1>0, 
52:1>0, 57:0>1; SARU = 31:0>1, 33:2>1; ARIS = 44:2>3; PIPE 
= 2:1>0;4:0>1; 5:1>2; 46:0>1, 55:0>1; SAUR = 
44:3>2,45:1>0; CABO = 33:2>1, 38:0>1, 44:3>0, 45:1>0, 
56:0>1; NYMP = 11:0>3; BARC = 10:2>1, 27: 0>1, 34:0>1/2; 
40:0>2; 42:0>2; 47:0>1; TRIC = 52:1>0, 61:0>1; DIOS = 
28:1>0, TACC = 1:1>0, 6:0>2, 35:2>1, 36:0>1, STEM = 
54:1>0; SMIL = 28:1>0, 40:0>2, 41:1>0, 47:0>1; 49:0>1; 
TRIL = 19:2>0, 33:1>0, 34:0>2; UVUL = 23:0>1, 41:1>0, 
54:1>0, 63:1>0; MELA = 6:0>1, 33:1>0, 42:0>1, 44:3>2, 
56:1>2; CONV = 27:0>1; AREC = 10:0/3>4, 16:1>0, 34:0>1, 
38:1>0, 44:3>0, 45:2>0, 46:0>1; BROM = 56:1>2; ZING = 
11:2>3, 40:0>1, 41:1>2, 42:0>2, 50:1>0, 53:1>0, 54:1>0, 
59:0>1; COMM = 9:1>0, 36:0>1, 43:1>0, 47:0>1; ACOR = 
6:0>2, 18:1>0, 19:2>0, 33:1>2, 41:1>0, 47:0>1, 59:0>1; 
POTH = 58:0>1; LASI = 7:1>0; SCHE = 8:1>3, 32:0>1, 33:1>2, 
40:0>2, 52:1>0, 64:1>0; BUTO = none; ALIS = 40:0>1, APON = 
5:2>0, 52:0>1, 64:1>0. 
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"eumonocot"-Melanthiaceae-Convallariaceae clade, and laminar 

placentation, which appeared separately in Nymphaeales and 

Alismatiflorae. 

According to the topology presented here the 

transition to monocots (clade D) was marked by the evolution 

of oxalate raphides (character 19), plI-type sieve plastids 

(character 22), stamens opposite tepals (character 30), and 

a single cotyledon in the embryo (character 62). Of these 

traits, two were reversed later -- raphides were lost within 

Uvulariaceae, Acarus and Alismatiflorae, and stamens were 

alternate with tepals in Alismatiflorae. 

The first split within monocots led to Dioscoreales 

(clade I) on the one hand, and the rest of monocots (clade 

J) on the other. The latter branch was marked by a shift to 

petiolate leaves with supervolute ptyxis (character 10). 

(Ptyxis evolved several times on the tree. Most changes 

represented a shift to having non-petiolate leaves (see 

character analysis). Thus much of the homoplasy involved the 

repeated evolution of linear leaves). However, support for 

clade J was relatively weak. This is inferred from the facts 

that a single trait supported this clade, and that 

Stemonaceae was placed with Dioscoreales (in the narrow 

sense) in trees that were one step longer. The position of 

Stemonaceae must therefore be viewed as equivocal. 

Dioscoreales (clade I) was supported by four characters: 



fusion of perianth (character 27), extension of connective 

(character 32), inferior ovary (character 42), and septal 

nectaries (character 43). 
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The next split was between Stemonaceae and the rest of 

monocots (clade L). Branch L was characterized by the 

evolution of a slender filament with basifixed anther 

(character 33), and a fused ovary (character 44) with 

separate styles (character 45), a departure from the wide 

filaments, and fused ovary with a short style that 

represented the ancestral states. Slender filaments 

(character 33) evolved at least three other times (in 

Saruma, Piperaceae, and Cabombaceae) and was reversed in 

Acorus and Scheuchzeriaceae. In the Alismatiflorae (clade V) 

and Arecaceae there were reversals from gynoecia with fused 

ovary and style (character 44) and closed stigma (character 

45), to the presumed primitive state of free carpels 

associated with near-absent styles and decurrent stigmata. 

The next branching event separated Smilacaceae from 

clade M which led to the rest of monocots. Character support 

for this branch appeared to be reasonably strong. This 

branching event was marked by the loss of free vein-endings 

in the leaf (character 13), loss of the parietal cell 

(character 52), and formation of a nucellar cap (character 

53). The loss of free-ending minor venation was not reversed 

later in the tree. The loss of the parietal cell may 
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represent a change correlated with the development of a 

nucellar cap, but this association was not invariable (see 

character analysis, appendix). The formation of a nucellar 

cap characterizes most of the taxa within clade M. Although 

the nucellus does not divide to form a cap in Zingiberales, 

the cells elongate radially to form the operculum in the 

seed, and a similar tendency is noted in Murdannja 

(Commelinaceae) . 

In the next split Trilliaceae was separated from its 

sister group, which consisted of the rest of monocots. The 

sister group (clade N) was characterized by non-nodal 

anastomoses between leaf and stem vasculature (character 3), 

leaves with a bifacial lamina and an unifacial tip 

(character 52), and antipodals that tend to multiply or 

enlarge considerably in the embryo-sac (character 53). All 

these traits were reversed at later points in the phylogeny, 

and this may be reason to question the reality of this 

branch. 

The next split separated Uvulariaceae from the rest of 

monocots (clade 0). The latter clade was marked by 

completely sheathing leaf bases (character 8), major veins 

parallel (character 11), and gynoecia with completely fused 

ovary and style (character 44). This branch appeared to be 

well-supported. The leaf sheath character was not reversed 

higher up in the tree. The "stipule" (state 3 of character 
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8) of Scheuchzeriaceae may represent a reversal to the 

structure in Piperales-Nymphaeales, which reinforces doubts 

about this supposed homology (see character analysis). Later 

reversals in venation patterns were correlated with changes 

in the shape of the leaf and presence of a petiole, as in 

Zingiberales, Arales, and Alismatales. The fused gynoecia 

reverted to the apocarpous state in Alismatiflorae and 

Arecaceae, and to the semi-apocarpous state in Melanthiales. 

This was an unexpected type of reversal, and is discussed 

further later. 

The next branching event resulted in the groups 

Alismatid-Aroid (clade Q), and eumonocot-Melanthiaceae­

Convallariaceae (clade P). The first was a well-supported 

clade marked by four features: short style (character 45), 

apical/basal placentation (character 46), change from 

nuclear to cellular development of endosperm (character 56), 

and Solanad type of embryo-development (character 61). The 

shift in the nature of the style was a reversal to the 

primitive state. The shift from nuclear to cellular 

development was unique. Solanad embryo development is found 

elsewhere in monocots, as far as is known, only in 

Trichopodaceae and some Zingiberales. However, this is a 

poorly studied character and the is unknown in many taxa. 

Clade V was separated from Acorus by changes in five 

characters: extrorse anthers (character 34), amoeboid 
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tapetum (character 36), one nucleus per tapetal cell 

(character 37), loss of endosperm storage (character 58), 

and seedlings with unifacial cotyledon and open sheath 

(character 64). The tapetum characters were not changed 

further within the clade. Anthers became latrorse within 

Alismatiflorae, starchy endosperm evolved within Araceae, 

and bifacial cotyledons evolved within Alismatiflorae. 

Despite these reversals, support for this clade appeared to 

be strong. 

On this cladogram the Aroid subfamilies were united by 

the presence of a haustorial endosperm. Alismatiflorae was 

held together by eight characters, none of which was 

reversed. These were: intravaginal squamules (character 15), 

short root hair cells (character 17), oxalate crystals 

(character 19), trinucleate pollen (character 39), 

apocarpous gynoecium (character 44), decurrent stigma 

(character 45), helobial endosperm (character 56), and 

phanerocotylar germination (character 63). 

Support for eumonocot-Melanthiaceae-Convallariaceae 

(clade P) was not very strong. The clade was characterized 

by septal nectaries (character 43) and development of a 

parietal cell (character 52). Septal nectaries were 

independently evolved in two other cases (Dioscoreales in 

the narrow sense, and within Alismatiflorae). Parietal cell 

development was regained in this clade, a reversal that 



occurred also in Scheuchzeriaceae and Aponogetonaceae. 

Reversals of these traits occurred within Convallariaceae 

which had been coded as polymorphic for this trait. 
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Clade P split into a lineage consisting of 

Melanthiaceae and Convallariaceae, characterized by fructose 

oligosaccharides (character 23) and a collapsed tegmen 

(character 50), and "eumonocots" (clade S) which was 

characterized by helical phyllotaxy (character 7), silica 

inclusions (character 20), and UV fluorescence of cell walls 

(character 24). The shift from distichous to helical 

phyllotaxy was a reversal within monocots, and the condition 

reverted back to distichy wjthin Zingiberales. Both silica 

inclusions and fluorescence of cell walls appeared to have 

evolved only in clade S, suggesting strong support for this 

clade. The positions of Arecaceae and Bromeliaceae were 

uncertain. In the tree presented here, Bromeliaceae were 

with Commelinaceae-Zingiberales and these constituted a 

clade characterized by non-proliferating antipodals 

(character 55) and starchy endosperm (character 58). In the 

alternative topology, Arecaceae was united with 

Commelinaceae-Zingiberales by the possession of simple 

vessels in the root and ovules in which the micropyle was 

made of both integuments. 

JACKKNIFING CHARACTERS 
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Characters were jackknifed individually and the 

data re-analyzed as described earlier. In general, the 

removal of most characters had no major effect. Indeed, 

jackknifing 44 of the characters had no effect at all, while 

five others resulted in changes in one or two branches near 

the tips. Removing the remaining 15 characters resulted in 

changes in deeper branches (Figure 1.3). However, the main 

structure of the tree (i.e., with non-monocot palaeoherbs at 

the base of the tree, Dioscoreales in the narrow sense at 

the base of monocots, a paraphyletic "Liliiflorae," and a 

bifurcation into the ALAR and "eumonocot" clades) was 

maintained in all experiments (e.g., Figure 1.4). This 

structure was obscured in strict consensus trees because 

taxa of "Liliiflorae" were "allover the place." The 

branches that were best-supported by other measures such as 

bootstrap values and decay index were not at all 

affected by this exercise. The two major clades, 

"eumonocots" and ALAR (including Acorus), were retained in 

all analyses. The main effects of jackknifing were on 

relationships among Aristolochiales and Lactoris, and 

relationships within "Liliiflorae." Rearrangements within 

these two groups appeared to influence each other. Thus, the 

removal of 13 characters (Figure 1.3) resulted in a few 

topologies in which 
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FIGURE 1.3 Effect of jackknifing characters from the data 
matrix. Removal of the fifteen characters listed had major 
effects on the topology. Triangles represent monophyletic 
groups, other polygons represent paraphyletic groups. Effects 
on ingroup (A to C) and out group (I, II) topologies shown 
separately. Relationships among Lactoris. Aristolochiales, 
and Liliiflorae are the most affected. 
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Aristolochiales and Lactoris formed a paraphyletic group 

with Nymphaeales-Piperales, and Trilliaceae took a position 

as the sister group to monocots. This interaction between 

these taxa was apparent also in the outgroup sampling 

experiments described below. 

OUT GROUP SAMPLING 

Results of the jackknifing experiment suggested 

that some of the outgroup taxa might be more influential 

than others in terms of their effect on in group topology. In 

order to assess this, three separate analyses were run. 

Ranunculales was omitted, and ~ of the three sets of 

out group taxa -- Aristolochiales-Lactoris, Piperales or 

Nymphaeales -- was included in the three analyses. The major 

structure of the ingroup topology was not affected by the 

out group topology or its composition. In other words, the 

result obtained was always a basal paraphyletic Liliiflorae, 

followed by the major bifurcation into the ALAR-line and 

eumonocots. When either Nymphaeales or Piperales was the 

outgroup, it resulted in a breakdown of the monophyly of 

Dioscoreales (s.str.), families of which continued to 

maintain positions near the base of monocots. With 

Aristolochiales or Lactoris as outgroup, additional trees 

were obtained in which Uvulariaceae-Trilliaceae constituted 

the earliest-formed branch within monocots. In these trees, 

characters that placed Dioscoreales (s.str.) in a nested 



position within monocots were introrse anthers, gynoecium 

with a fused style, lack of a nucellar cap, and linear 

embryo (as in Trichopus). This result was consistent with 

69 

results from the jackknifing experiment, in which removal of 

some of these characters resulted in similar rearrangements 

of the tree. 

UNROOTED TREE 

The tree obtained from analyses run without 

outgroup taxa was identical to that obtained from the 

complete analysis. Bootstrap analyses of this data set 

showed increased bootstrap frequencies of some groups 

notably early branches within "Liliiflorae" (Figure 1.1). 

Support for Dioscoreales rose from 68 to 89%; for 

Dioscoreaceae-Taccaceae, from 72 to 88%; for the sister 

group of Stemonaceae (branch L), from 35 to 60%; for the 

sister group of Trilliaceae (branch N), from 42 to 67%. 

Bootstrap support for other branches was of the same order 

as in the complete analysis. These differences may be taken 

to suggest differences in support for various clades, 

although the interpretation of these bootstrap values is 

still unclear (Hillis & Bull, 1992; Felsenstein & Kishino, 

1992) . 
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CONSTRAINED ANALYSES 

Several analyses were run to assess previous 

hypotheses of monophyly and early branching events. The 

results are summarized in Table 1.3. Analyses constraining 

the data to topologies suggested by these hypotheses 

resulted in trees that were two to eight steps longer than 

the unconstrained topology. Trees constrained to have 

Alismatiflorae at the base always put Alismatiflorae, 

Araceae and Acorus together as one of two major lineages. 

This topology was five steps longer than minimum-length 

trees from unconstrained analyses, and one step longer than 

others with Melanthiaceae at the base. These results 

indicated that the two hypotheses, one in which 

Alismatiflorae was the sister group to the rest of monocots, 

and the other in which Melanthiales was the sister group, 

are equivalent as far the criterion of tree-length is 

concerned. Trees in which Acorus was the sister group to the 

rest of monocots were eight steps longer. The placement of 

Arecaceae at the base required seven steps more than the 

most parsimonious trees in unconstrained analyses. 

Constraining Liliiflorae to remain a monophyletic group 

required seven steps, and the topology obtained was 

identical to trees where Arecaceae was constrained to the 

base of monocots. 



TABLE 1.3 Hypotheses of rnonophyly evaluated. Length 
of the shortest trees obtained in constrained 
parsimony analyses, length of trees from unconstrained 
analysis in parentheses. Bootstrap frequencies of 
particular clades in unconstrained analysis are in the 
last column. 
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Hypothesis Minimum Bootstrap 

of monophyly tree-length freq. 

(extra steps) (% ) 

Aristolochiales, Monocots 276 (3+) 3 

Piperales, Monocots 276 ( 3+) 2 

Nymphaeales, Monocots 275 (2+) 16 

Alismatiflorae, "Monocots"* 278 ( 5+) 1 

Arecaceae, "Monocots"* 280 (7+) 1 

Melanthiacae, "Monocots"* 279 (6+) 1 

A~Q;r;::us, Piperales, Nymphaeales 281 ( 8+) 1 

"Dioscoreales"** 278 ( 5+) 6 

Liliiflorae*** 280 (7+) 0 

A~Qr:us,Alismatiflorae,Araceae 273 (0+ ) 36 

*Designates "rest of monocots" 
**Trichopodaceae, Dioscoreaceae, Taccaceae, 

Stemonaceae, Smilacaceae, Trilliaceae. 
***"Dioscoreales", Uvulariaceae, Melanthiales, 

Convallariaceae. 
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DISCUSSION 

The results of the analyses conducted appear to 

provide reasonable support for the shortest topology. There 

were only two, very similar minimum-length trees, and 

several types of perturbations did not affect this topology 

greatly. On the other hand, however, decay and bootstrap 

analyses did not afford much confidence for the deeper 

branching events, the very aspects that were the focus of 

this study. Issues involved in sampling of taxa and 

characters also need to be considered before an assessment 

can be made of the confidence that might be placed in these 

results. 

T~A 

The problem of sampling in phylogenetic analysis 

has been addressed only sporadically, although interest in 

the issue is increasing (Lanyon, 1985a; Donoghue et al., 

1989). The ultimate goal of phylogenetic systematics is a 

complete account of the evolutionary history of a group. 

However, more immediately, we are limited by the time and 

computational methods available to do this, and are forced 

to sample from the universe of taxa. However, there is 

little specific guidance to be had on this issue of sampling 

at higher taxonomic levels. This means deciding, for 
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instance, how many (presumed monophyletic) lineages must be 

studied, and which taxa would best represent each lineage. 

This has been addressed in various ways, from sampling based 

upon previous phylogenetic analyses (Donoghue & Doyle, 1989) 

to the exemplar method based upon previous taxonomies 

(Sanderson, 1991). The effect of incomplete sampling has 

been addressed (Lanyon, 1985a; Donoghue et al., 1989) but is 

not fully understood. 

Sampling in the present study employed a combination 

of the approaches mentioned above. Previous phylogenetic 

hypotheses were employed where available; sampling of 

exemplars was done in instances where preliminary analyses 

suggested that major distortions of topology would not be 

introduced by this approach. In some poorly studied groups, 

information on all features was not available for anyone 

taxon. Such taxa, such as lineages within "Liliiflorae" were 

coded as polymorphic because of the difficulty in deciding 

on the exemplar due to missing information. It is therefore 

possible that the uncertain resolution among the different 

lines may be resolved by sampling further within groups such 

as Liliales, Asparagales and Melanthiales. 

The information base in morphological studies is 

generally far broader than that of most molecular analyses 

which are forced to rely upon a more limited sample of the 

genome (e.g., a single gene, region of a single gene, or 
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nonfunctional spacers) for reasons of availability of time 

and funds. It must be noted that the scope of this study 

made the present data base variable, too. The information 

ranged from that gathered over several hundred years on 

innumerable species and specimens in the case of 

morphological features, to that based on single surveys such 

as Behnke's (1981, 1988) study of plastid inclusions in 

angiosperms. Much of the information on embryological 

features was similarly limited to information from a small 

taxonomic sample in several instances. 

CHARACTERS 

It may be argued that the inclusion of vegetative 

characteristics such as vascular tissue or leaf morphology 

in analyses may be positively misleading because these are 

highly homoplasious characters. This represents "given 

wisdom" among plant taxonomists and is reflected in the fact 

that while a good botanist will regularly identify plants in 

the vegetative condition, the set of features that allow her 

or him to do so seldom find a place in the taxonomy or keys. 

It is not surprising that, given these assumptions about the 

behavior of vegetative characters, only recently has the 

hegemony of the inferior ovary been overthrown, and Yucca 

and Agaye placed together in the same family (Agavaceae, 

originally proposed by Endlicher in 1841), acknowledging the 

possibility that reproductive traits such as these may be 
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homoplasious. This is certainly borne out by the present 

study where we have seen that vegetative (and chemical) 

traits tended to be less homoplasious than most of the 

reproductive features. It is clear that vegetative features 

have a great deal to say about monocot history. 

The fact that the strongest bootstrap support was for 

nested branches (groups such as Dioscoreales, Arales, 

Nymphaeales, Piperales, and Alismatiflorae) simply restates 

the problem described at the outset. The delineation of the 

different groups is obvious, but their inter-relationships 

are not, because there are do not appear to be many known 

markers for the transitions that we seek to characterize. In 

other words, evidence for deep branching events, the focus 

of this investigation, is poorer than evidence for nested 

groups. 

The effects of assumptions underlying the analysis and 

coding of some characters may be as inferred from the 

jackknifing experiments. A large part of the evidence for 

structure in the basal part of the tree came from 

vegetative, gynoecial and ovular features. Four of these 

were characteristics of the leaf (10-13) that depend 

critically on the assumption that the lamina is homologous 

in taxa included in this study (see Character analysis and 

coding). This assumption about the leaf may have biased the 

result toward placing Dioscoreales (s.str.) as one of the 
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earliest branches within monocots. However, analysis of data 

excluding this set of characters suggested that the root of 

monocots lay in "Dioscoreales," (sensu Dahlgren et al., 

1985), and not elsewhere (e.g., near Alismatales, or Arales. 

The set of characters describing the gynoecium, as well as 

the two ovular features appear to be critical in providing 

structure to the tree. This suggests that the assumptions 

regarding these characters do affect the results, but within 

certain limits. None of the other major assumptions of the 

study, such as the homology of intrapetiolar stipules and 

paired stamens, appeared to have had an individual impact on 

the phylogenetic hypotheses. 

We need to uncover more characters to be able to 

propose a relatively robust hypothesis of relationships. 

There are several promising characters, some of which were 

incorporated in this study, but information on others was 

too incomplete to do so. Much basic information on 

embryology, palynology, and vegetative and vascular 

structure for several critical taxa remains to be collected. 

RELATIONSHIPS 

The results of parsimony analyses of different 

kinds of data (the complete data set, jackknifed data, and 

data sets including different outgroups, or no outgroups), 

bootstrap analyses, constrained analyses, and character 

support for clades were used to summarize the relatively 
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robust aspects of the surmised relationships (Figure 1.4). 

If bootstrap support of over 70% were to be used as the 

primary criterion for robustness, only five clades would be 

recognized, with no resolution in the deeper branches. 

However, it has been shown that there may be stronger 

support in bootstrap replicates for less stringent 

hypotheses than the strict monophyly of specific sets of 

taxa (Sanderson, 1990). Although the method described in 

that paper was not applied here, it was inferred from the 

combined bootstrap frequencies of different sets of 

Liliiflorae that there was greater support for their basal 

paraphyly than could be concluded from the bootstrap support 

of 42%. This view may be partly supported by the fact that 

support for this branch went up to 67% in bootstrap analysis 

of the in-group alone (see Figure 1.1), and this could be 

taken as another vote of confidence for the inference. 

A better resolved tree was obtained by taking into 

account the consensus of the different trees obtained from 

the jackknifing experiment, as well as trees that were one 

step longer than the most parsimonious trees produced 

(Figure 1.4). These relationships were largely independent 

of the out-group taxa used, and may indicate the stability 



8 CJ 
=s 

Non-monocot ~ Paleoherbs 

~ 
en H 

oCIl ~ 
en oCIl 

til ~ 0 ~ ~ CJ 
0.. ::> III H H ::i6z oCIl ~ 
0.. III 8 

Bootstrap 
freq >80% 

en CJ 
0 CJ H oCIl 
Q E-I 

~ H H til H H 
E-I ~ ~ en en E-I 

I EUMONO II ALAR 

H::goCllCJ~(!) 2~:r:HtilO enz 
H o..~OZ E-I en :r: E-I HO 
H ~ en ~ H o~o::gCJ::> Ho.. H oCIloClllll~ CJ 0.. en III oCIloCll 

Consensus from 
jackknifing 
experiment 

FIGURE 1.4 Best estimate of relationships among major 
lineages of monocots. The topology was supported by a 
decay index of dl. Those clades are marked within this 
structure, which had support from experiments on 
jackknifing characters (diagonal and horizontal dashes), 
and bootstrap frequencies of over 80% (stippled). DID = 
Dioscoreales (s.str.); LILI = Liliales, including 
Uvulariaceae (and possibly Trilliaceae); EUMONO = 
Arecales, Bromeliales, Zingiberales, Commelinales; ALAR 
Acorus, Araceae, Alismatiflorae. 

78 



79 

of the suggested relationships. However, this conclusiondoes 

not fully account for the apparent interaction that was 

observed between taxa of Liliiflorae and Aristolochiales in 

some of the jackknifing and outgroup experiments. The major 

features of the topology noted are discussed below, keeping 

in mind the various caveats about robustness and differences 

in support for different aspects of the topology. 

The results suggested that monocots consist of three 

major groups of taxa: "Liliiflorae" a paraphyletic group, 

Alismatiflorae-Ariflorae, and "eumonocots". The root was 

placed within "Liliiflorae," specifically within 

Dioscoreales (sensu Dahlgren, et al., 1985) in most of the 

analyses. These results are in broad agreement with the 

hypothesis put forward by Dahlgren & Bremer (1988), but not 

with the more traditional view that Alismatales represent 

the early monocots (Takhtajan, 1958; Cronquist, 1981). I 

will discuss the three sets of taxa, assess the evidence for 

their monophyly or lack of it, and evidence for their inter­

relationships in the context of the above hypotheses and 

other recent hypotheses based upon molecular evidence. 

"Liliiflorae," a large group of taxa has traditionally 

included the unwieldy "Liliaceae" which consisted of various 

subfamilies of myriad size, shape and composition. The 

recent treatment of this group by Dahlgren & his co-workers 

(1983, 1985, 1988) provided arguments regarding the 
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monophyly of the component orders, "Dioscoreales", Liliales, 

Asparagales, and Melanthiales. The evidence for some of 

these relationships is relatively weak (see below), but the 

break-up of larger families into apparently monophyletic 

families allows a more objective examination of the supposed 

monophyly of these taxa. 

The present analysis suggested that "Liliiflorae" is a 

paraphyletic assemblage of taxa that arose early within 

monocots. There were no obvious synapomorphies for this 

group, and it took six additional steps to constrain it to 

be monophyletic (Table 1.3). Relationships among 

"Liliiflorae" were relatively unstable. While affinities 

among subsets of these taxa were well-supported, yielding 

Dioscoreales, Liliales (Uvulariaceae-Trilliaceae) and 

Melanthiaceae-Convallariaceae, the placement of families 

such as Stemonaceae and Smilacaceae was questionable, as 

were arrangements among these clades. The paraphyletic 

"Dioscoreales", Liliales, and Melanthiaceae-Convallariaceae 

may have appeared in that sequence. Support for this series 

of basal branching events was somewhat weak, and it is 

possible that "Liliiflorae" may be shown to be monophyletic 

in the future. However, evidence from molecular data also 

supports the conclusion that this taxon may be paraphyletic 

(Duvall et al., 1993a, b; Chapter 2). 
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The data suggested that Dioscoreales, as delimited by 

Dahlgren et al. (1985), are paraphyletic. A smaller group, 

consisting of Dioscoreaceae, Taccaceae and Trichopodaceae, 

was reasonably well-supported. This clade, a more narrowly 

circumscribed Dioscoreales, was characterized by fused 

perianth, prolonged anther connective, inferior ovary, and 

septal nectaries. The positions of Stemonaceae, Smilacaceae 

and Trilliaceae were less consistent, and their membership 

in Dioscoreales, while not supported (no unambiguous changes 

mark such a clade), was not strongly ruled out, either. It 

is possible that Smilacaceae and Stemonaceae go with 

Dioscoreales: the branches placing them with the rest of 

monocots were poorly supported by the measures discussed 

above. There was somewhat greater support for Trilliaceae 

and Uvulariaceae going together, as indicated by the 

jackknifing experiments and bootstrap analysis of the 

ingroup alone. These taxa (Stemonaceae, Smilacaceae, 

Trilliaceae, and Uvulariaceae) may form a series of links 

between Dioscoreales (s.str.) and the rest of monocots, 

marked by changes in vegetative characters. The link between 

Liliales and Trilliaceae was also suggested by Conran (1989) 

and Conover (1991). Liliales itself may form a link between 

the broadly-defined "Dioscoreales," and the rest of 

monocots. 
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The present data suggested that Melanthiaceae and 

Convallariaceae are closely related. Preliminary 

morphological analyses had indicated that subfamilies of 

Melanthiaceae form a monophyletic group. However, it is 

possible that the inclusion of Asparagalean families other 

than Convallariaceae might have rendered Melanthiaceae 

paraphyletic in that analysis. Melanthiaceae was found to be 

paraphyletic in recent analyses of ~L sequences (Duvall et 

al., 1993a, b). There was a weak signal that put 

Melanthiaceae-Convallariaceae with "eumonocots". Even if 

this is incorrect, it is possible that together they form 

the sister group to the rest of monocots. More sampling 

within both groups will be required to resolve these 

relationships. 

"Eumonocots" is a term of convenience coined here for 

the clade including Zingiberales, Commelinaceae, 

Bromeliaceae and Arecaceae. The relationships within this 

group are not at issue here, and the major point being made 

is that these taxa were well nested within monocots, in 

agreement with previous morphological studies (Dahlgren & 

Bremer, 1985), and both molecular analyses (Duvall et al., 

1993a, b; Chapter 2). It is of interest to note the strong 

link between Commelinaceae and Zingiberales suggested by 

these data, which conforms with molecular data, but not with 

the assessment of Dahlgren & Rasmussen (1983). Bromeliaceae 
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was the sister group to this clade in one of the shortest 

trees, and this group (Commelinaceae, Zingiberales, 

Bromeliaceae) represents Commelinidae of Cronquist (1968). 

There is little reason to think that Arecaceae are an early 

branch within monocots, contrary to previous suggestions 

(Engler, 1926). Instead, the data suggested that they are a 

derived group nested within monocots, in agreement with the 

conclusions of other workers (Doyle, 1973; Cronquist, 1981; 

Duvall et al., 1993a, b; Chapter 2). 

The alliance between Araceae and Alismatiflorae 

(Alismatiflorae-Araceae (ALAR) was reasonably well-supported 

and in keeping with the findings of Dahlgren & Rasmussen 

(1983). Acorus formed a monophyletic group with the ALAR 

clade in the shortest trees. However, this topology broke 

down in trees one step longer, and in several of the 

experiments Acorus was placed with either "eumonocots" or 

Melanthiaceae-Convallariaceae. Changes in seven characters 

made Acorus appear to be a "long branch," and it is possible 

that its position in the tree is uncertain due the effect of 

long branches on parsimony reconstruction (Felsenstein, 

1978). However, there were other equally long branches 

(e.g., Arecaceae with seven, and Zingiberales with nine, 

character changes), whose positions in the tree are not 

suspect. 
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The position of Acorus has been under much discussion 

recently, with morphological and molecular evidence brought 

to bear on the subject. It was removed from its traditional 

place in Araceae on the basis of morphological evidence 

summarized by Grayum (1990). It was suggested to be the 

sister group of monocots from an analysis of ~L sequence 

data (Duvall et al., 1993a, b). Most surprisingly, it was 

determined to have strong links with Piperales in an 

analysis of rDNA sequences (Chapter 2). The present study 

supports its removal from Araceae, and placement as the 

sister group to the Alismatiflorae-Araceae clade. The 

pulling out of Acorus from Araceae is in keeping with the 

rest of the evidence; however, its position relative to the 

base of the monocots is different from that suggested by 

molecular evidence. This issue is discussed further below. 

To summarize, the three major groups of monocots 

identified by Dahlgren & Bremer (1988): Liliiflorae, 

Alismatiflorae-Ariflorae, and a clade consisting of 

Zingiberiflorae-Cornmeliniflorae and Bromeliiflorae and 

Arecales, are recognized from morphological and molecular 

analyses. Liliiflorae, as well as Dioscoreales (sensu 

Dahlgren et al., 1985), may be paraphyletic groups. The 

affinities of Acorus are open to question. 
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THE UNROOTED TREE 

The unrooted tree of relationships between the 

paraphyletic Liliiflorae, the ALAR clade and "eumonocots" is 

presented in Figure 1.5, along with unrooted trees suggested 

by other analyses. This comparison makes it clear that the 

major disagreement between different sets of data has to do 

with taxa of "Liliiflorae". The specific issues involved 

are, the monophyly and relationships of "Dioscoreales" , 

Liliales, Melanthiaceae and Convallariaceae. It is concluded 

that a clarification of relationships among these taxa is 

critical to a resolution of the issue of relationships among 

monocots as a group. 

THE ROOT 

In results from complete analyses, as well out­

group sampling experiments, the root was placed within 

"Liliiflorae" such that Dioscoreales formed the first branch 

within monocots. These results agree with the hypothesis of 

Dahlgren et al. (1985), and Dahlgren & Bremer (1988). Their 

analysis of the total weight of the morphological evidence 

appears to have been borne out by an explicit parsimony 

analysis of the data. It is interesting to note that several 

features (e.g., apical connective-appendages, simultaneous 

microsporogenesis and dicot-type of anther-wall formation) 

that led these workers to suggest a link between 

Aristolochiales and Dioscoreales, may be 
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homoplasies. This is inferred from the optimization of 

these characters on the present hypothesis of relationships. 

The most parsimonious or near-parsimonious resolutions 

of the data did not support any arrangement in which 

Alismatiflorae or their allies were at or near the base. 

Such an arrangement took at least five steps more and, by 

that criterion, was not the preferred explanation of the 

morphological data. Only 1% of the bootstrap replicates 

showed this arrangement of taxa, which further suggests poor 

morphological support for this hypothesis (Table 1.3). 

Again, examining supposed homologous characters commonly 

thought to represent the link between Nymphaeales and 

Alismatales, we find that many of these features (such as 

unequal root-hairs, laticifers, laminar placentation and 

apocarpous pistils), may be homoplasies. These similarities 

may be the result of similar responses to selection under 

similar conditions, leading to convergence (Dahlgren et al., 

1985) . 

THE OUTGROUPS 

The resolution among outgroups was uncertain. In 

the shortest trees, the first split led to Aristolochiales 

and Lactoris on the one hand, and the rest of palaeoherbs, 

on the other. Within palaeoherbs Piperales and Nymphaeales 

together formed the sister group to monocots. This is unlike 

previous results where Nymphaeales alone was the sister 
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group to monocots (Donoghue & Doyle, 1989; Loconte & 

Stevenson, 1991), but it only took two extra steps to 

constrain the present data to that topology, and three steps 

more to place either Aristolochiales or Piperales as the 

sister group to monocots (Table 1.3). 

It is the possible that the root of angiosperms lies 

near Nymphaeales (Zimmer et al., 1989; Hamby & Zimmer, 1992; 

Doyle et al., 1994). It may affect our conclusions about 

monocot relationships if that is indeed so, and Nymphaeales 

are the sister group to monocots. In the present study it 

was found that the topology of the in-group was not affected 

by the inclusion of outgroups. This suggests that the 

position of the root of angiosperms may be of less concern 

than might be expected in the present context. Burger's 

hypothesis (1981) that the root of angiosperms is within 

monocots was not tested in this study, but appears to have 

been ruled out by recent studies, both morphological 

(Donoghue & Doyle, 1989; Taylor & Hickey, 1992) and 

molecular (Hamby & Zimmer, 1992; Chase et al., 1993). While 

the internal topology of monocots was essentially unaffected 

by the outgroup, the position of the root and character 

evolution are problems that can only be answered with 

reference to out group taxa. 

DISCORDANT RESULTS 



As noted above, results from the different data 

sets agree that the "eumonocot" and ALAR clades are 

monophyletic groups, but disagree about assessment of 

monophyly and relationships of "Liliiflorae," and the 

position of Acorus. Identifying the heart of the 
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disagreement simplifies the problem and allows us to 

recognize the similarities, as well as to address the 

differences between analyses. A part of the resolution of 

discrepancies must lie in the detailed morphological and 

phylogenetic studies of key taxa. "Liliiflorae" are an 

under-investigated group in this regard (Rudall, 1991), and 

some basic information is not available for Acorus (e.g., 

type of sieve-element plastid inclusions) . 

A detailed comparison of the different analyses will 

be done in the future. Some of the issues involved in 

phylogenetic reconstruction in these studies are raised 

here. Several critical taxa such as Lactoris and Trichopus 

were not included in either molecular analysis and this 

could cause differences in the topology (Lanyon, 1985a; 

Donoghue et al., 1989). The number of taxa in the ~L study 

was very large, and parsimony analysis of such large data 

sets could be misleading (Maddison, 1991b). The choice of 

out groups can affect the topology of the ingroup (Maddison 

et al., 1984). However, since ingroup topology was 

apparently not affected in a major way by the choice of 
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outgroups, this was not an issue in the present study. The 

same taxa were used as outgroups in the parsimony analysis 

of morphological data and sequences of the ~L and rRNA 

genes. Saururus was the single out group used in the ML 

analysis of ~L data, and it is not clear whether this may 

have affected the results. 

Trees from both molecular analyses consisted of long 

terminal branches linked by short branches, suggesting that 

parsimony analysis might be unsuccessful under these 

circumstances (Felsenstein, 1978; Penny et al., 1990). 

However, the use of a ML procedure in one case (~L) and 

several perturbation analyses in the other (rONA) suggest 

that the position of Acorus may not be a function of this 

factor. As noted above, several of the changes occurring 

along the branch leading to Acorus in the morphological tree 

were characters shared with Piperales. This brings us to the 

possibility that in Acorus some combination of 

circumstances, very rapid evolution acting in a concerted 

manner on all aspects (morphology and molecules, perhaps 

related to its small genome of about 1 pg/2N, Chapter 3), 

led to convergence with Saururaceae. The strong pull of 

Acorus toward Saururaceae may place it at the base of the 

monocots, and the rest of the topology may follow from this 

factor. 
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It is possible that in the morphological analyses, the 

vegetative characters, evolving in a correlated manner, were 

responsible for biasing the analysis in a particular 

direction. However, the jackknifing experiments suggested 

that removing vegetative characters singly and in sets, 

affected inter-relationships among "Liliiflorae," but not 

the location of the root. There was no indication that 

vegetative features were acting to overcome signals that 

would place Acorus or Alismatiflorae as an early branch 

within monocots. 

Finally, it is possible that the early evolution of 

monocots was a rapid radiation (Takhtajan, 1954) and is 

therefore indistinguishable from a polychotomy that is due 

to uncertainty of estimation. This would explain the 

homoplasy in the morphological data, as well as the 

contradiction between molecules and morphology, as a 

consequence of a polymorphic population that underwent rapid 

speciation (Lanyon, 1985b). If branching rates in the 

history of this group were, indeed, highly variable, then 

sequences of one or two molecules may not be expected to 

reliably capture these historical events (Donoghue et al., 

1989) . 

These different possible causes for discrepancy 

between data sets cannot be ruled out at present. It is 

clear that we need more data. First, detailed studies of 
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certain taxa (e.g. Saruma, Lactoris, Trichopus, Acorus, 

Petrosayia, Scheuchzeria, and Butomus) are imperative. 

Second, it is possible that taxa relevant to the problem 

have been missed, because they are unknown, inadequately 

known or just overlooked. For instance, Hydatellaceae may be 

a clue in the puzzle regarding the relationships of Acorus. 

This is suggested by the lack of oxalate inclusions, and the 

presence of perisperm in seeds of this little-studied taxon 

(Hamann, 1975). Such taxa need to be identified and studied 

for inclusion in future analyses. 

CHARACTER EVOLUTION 

An important motivation for many phylogenetic 

analyses is the study of character change and its 

significance for our understanding of evolutionary 

processes. The appropriate questions are best posed by 

reconstructing the history of change based upon hypotheses 

of historical relationships (O'Hara, 1988; Donoghue, 1989). 

The evolution of a character is ideally studied by mapping 

it on to the best available phylogenetic hypothesis, whether 

or not it includes the character under study (Maddison, 

1990). Obviously, the elements of uncertainty in the 

phylogenetic hypothesis and in character mapping are factors 

that need to be considered while interpreting the results 

(Maddison & Maddison, 1992). Given the contradictions and 

uncertainties regarding relationships described above, what 



inferences can be made about the evolutionary history of 

specific characters in the monocots? 
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The characters studied here were traced onto the most 

parsimonious topology. The path of evolution suggested by 

this exercise was assessed by mapping the same characters 

onto alternative topologies suggested by the other 

phylogenetic studies discussed above. The topologies 

obtained from rONA sequences (Chapter 2) and ~L sequences 

(Duvall et al., 1993b) were modified marginally to 

accommodate taxa that had not been included in those 

analyses. These additions are indicated by asterisks in 

Figures 1.6 and 1.7. This exercise allows us to obtain 

scenarios for character evolution at a very general level. 

Such scenarios represent hypotheses that may be investigated 

through detailed investigations of the character. I discuss 

the possible paths of evolution followed by a vegetative 

trait (leaf sheath), and a reproductive trait (carpel 

fusion) . 

The leaf base in monocots takes various forms. This 

feature, coded into four states (character 8), was mapped 

onto the shortest tree obtained in this study (Figure 1.6). 

The sequence of events inferred was as follows: the 

ancestral palaeoherbs had an incomplete sheath 



(Next page) 

FIGURE 1.6 Evolution of the leaf sheath. Ancestral states 
were reconstructed under parsimony, using MacClade 3.0 
(Maddison & Maddison, 1992), on topologies suggested by 
three different sets of data. (A) The morphological data 
suggest that the ancestral monocot had an incomplete leaf 
sheath, and that complete sheaths evolved within monocots. 
(B) The rDNA data suggest that the ancestral monocot may 
have had either a complete, or an incomplete sheath, and 
that the incomplete sheath of Dioscoreales may be the 
ancestral or derived state. (C) The ~L data suggest that 
the ancestral mono cot had a complete leaf sheath, and that 
the incomplete sheath in Dioscoreales was a reversal. 

94 



.I":j 
H 

00 
~--
<: 

~g 
t:-I 

(1) 
rtcn 

(1) 
1ll,Q 
~~ 
• (1) 
.. ::s 

() 
f-l(1) 
~cn 
\D 
W 
0" 

aRanu 
Cabo 
Bare 

.N:ymp 

.P~pe 

.Saur 
cAris 
c Saru 
c Aeor 
c Poth 
E:OILasi* 
.Sehe* 
ClButo 
ClAlis 
cApon* 
c Trie* 
cDios 
c Taee 
ICStern* 
c Srni1 
cLiU 
Tr~.L 

E:OIMela 
mAspa 
a Aree 
ClBrorn 
.Zing 
IIIICOrrun 

~m 
[1j 
.Q 
~ 
1-'-
c:: 
0 
0 
III 
...... 

c::: 
::l 
0 
(1) 
1'1 
rt 
III 
1-'-
::l 

III 

11 o z 
~ 

o 
::T 

N 

I I rnD§~ ... 0 (1) 
:.: 1'1 III 

0. rt 
() () () H (1) ::r 

to 0 1-'- 0 o 0 ::l 1'1 
rt8 ::l8'O8 0 (1) 

1-'-'0 rt '0 (1) '0 0. 
'0 ...... (1) ...... ::l ...... 
~ (1) 1'1 (1) ........ CD 
...... rt ::l rt o rt 
III CD o (1) ...... (1) 
rt .. 0." o .. 
CD (1) to 

(1) 
(1) 0. 
::l 
0 
...... . 

0 

-B 
...... 
CD 
rt 
(1) 

Ranu 
Cabo 
Bare 

.Nyrnp 
c::JAcor 
.Pipe 
.Saur 
cAris 
cSaru 
c Poth 
ClLasi* 
.Sche* 
ca Buto 
ClAlis 
ClApon* 

Mela 
Tril 

mStern 
cTrie* 
cDios 
cTacc 
c Srnil 
c Lili 
caAspa 
c Arec 
ClBrorn* 
aZing 
.Corrun 

-~ ClRanu 
cSaru 
cAris 

Cabo 
.Nyrnp 

Bare 
.Pipe 
.Saur 
cTric 
cDios 
cTacc 
CiStern 
cSrnil 

Tril 
c Lili 
c Me1a 
cAspa 
r:'IArec 
ClBrorn 
=Zing 
m Corrun 
ClAcor 
c Poth 
r:'I Lasi 
.Sche 
aButo 
ICII A1is 

·'cApon 

\D 
U1 



96 

underwent changes in two directions: one, forming 

intrapetiolar stipules as in Lactoris, Piperales­

Nymphaeales, (not homologous on this topology), and two, 

forming a complete sheath with no stipules. The complete 

sheath later changed in Commelinaceae-Zingiberales to one 

that fully sheaths the internode. The complete sheath, 

independently, gave rise to the intrapetiolar stipule in 

Scheuchzeriaceae, where the state may not be homologous with 

the state in the outgroup. 

The topology produced by the rDNA data left open the 

question about the ancestral state within palaeoherbs. Given 

the variability within Ranunculales, uncertainty in 

Nymphaeales, as well as the affinity of Acorus with 

Piperales, it was unclear whether the ancestral condition 

may have been to have a complete or incomplete sheath. 

Consequently, the incomplete sheath of Dioscoreales and 

Uvulariaceae may be considered to be either a reversal, or a 

retained ancestral state. When the feature was mapped onto 

the ~L tree, the closed sheath was unequivocally the 

ancestral state. Under this scenario there must have been at 

least one instance of reversal to the incomplete sheath in 

the Dioscoreales and Uvulariaceae clades. A comparison of 

sheath development in the different taxa may provide clues 

that reveal whether some of these transitions are 

constrained in any way, and help assess some of these 
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(B) rDNA (ch 2) 

(C) ~L sequences 
(Duvall et al., 1993b) 

FIGURE 1.7 Evolution of gynoecial fusion. Ancestral states 
were reconstructed under parsimony, using MacClade 3.0, on 
three topologies. All three reconstructions suggest that 
apocarpy must have arisen independently at least three 
times, in Cabombaceae, Alismatiflorae, and Arecaceae. 
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alternative scenarios. 

Apocarpous gynoecia have been considered to be the 

primitive state in angiosperms (e.g. Eames, 1961). Gynoecial 

fusion (character 44), was optimized on the three 

phylogenetic hypotheses (Figure 1.7) to infer directions of 

evolution in this feature. The striking result from this 

exercise was that, regardless of the topology, the 

ancestral palaeoherb was reconstructed as having had fused 

carpels. This implied that free carpels evolved at least 

once within monocots, representing a reversal from the 

primitive angiosperm feature. This was the result, 

regardless of where the tree was rooted. The trait was 

mapped onto several alternative topologies (not shown), and 

only in one instance (when Arecaceae were constrained to the 

base of monocots) was there an apparent homology of the 

apocarpous state with that in out group taxa. However, in 

this case too, the trait had to re-evolve at least once 

within monocots, in Alismatiflorae. 

The conclusion must be either that apocarpy ~ be re­

evolved, or that the apocarpous taxa which represented the 

links between extant apocarpous taxa, are all extinct. The 

latter hypothesis cannot be tested at present. Developmental 

studies of Alismatiflorae suggested that there has been a 

secondary proliferation of the number of floral parts in 

several taxa (Singh & Sattler, 1971, 1974, 1976). The 
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reversal to apocarpy was not discussed as a possibility in 

this work but, given the phylogenetic results here, it is 

possible that reversal to apocarpy, and the proliferation of 

floral parts may occur under similar conditions. The 

developmental reversibility of apocarpy could be 

investigated in the appropriate set of taxa with the use of 

genetic and developmental techniques that are becoming 

available to us (e.g., Bowman et al., 1989). Such studies 

are potentially significant, since apocarpy is usually taken 

to be a sure sign of the primitive state as it is assumed to 

be an irreversible character (e.g., Eames, 1961). 

THE ANCESTRAL MONOCOT 

Uncertainties regarding the sequence of branching 

events might be expected to prevent any possibility of 

reconstructing the ancestor of monocots. Surprisingly, this 

is not so, and there were several features that were common 

to the ancestral mono cot reconstructed under the three 

different phylogenetic hypotheses. 

The ancestral mono cot was probably a monocotyledonous, 

herbaceous plant (with no interfascicular cambium), with 

closed vascular systems anastomosing at the node, and 

scalariform vessels in its roots. Its cauline leaves had 

major veins that converged to the tip of the leaf, and there 

were no intravaginal squamules. It had an ephemeral radicle, 

and the root-hair cells were equal. It had no unequivocal 



distinguishing chemical features, and ignorance about 

plastid inclusions in Acorus does not allow inference of 

this feature. 
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The several-flowered inflorescence was made up of 

trimerous actinomorphic flowers with two whorls of free 

inner perianth members, stamens that were not paired, were 

opposite tepals, and not inflexed. The basifixed anthers had 

glandular tapetum whose cells had more than one nucleus. 

Pollen grains were sulcate and binucleate. The ovary was 

superior, syncarpous with a short, fused style and closed 

stigma, and there were no septal nectaries. Ovules were 

anatropous, seeds were testal, and lacked an operculum. The 

polar nuclei in the embryo-sac fused before fertilization. 

The endosperm stored no starch, and had no haustorium. The 

embryo was linear. 

The condition of 29 characters remains equivocal. The 

ancestral monocot may have had an atactostele or a stele 

made up of rings, with secondaries entering the stele or 

not. The leaves were arranged in a spiral or distichous 

phyllotaxy, were unifacial or bifacial, with or without an 

FRT, with a complete or incomplete sheath, and with or 

without a petiole. It mayor may not have had free vein­

endings in the leaf, and stomata may have been anomocytic or 

not. The tectal structure in its pollen grains may have been 

reticulate or imperforate. This ambiguity in features that 
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might be useful in the identification of fossils related to 

monocot ancestry is unfortunate. Drawing on fossil evidence 

we may conclude that the first monocot probably had 

reticulate pollen (Doyle 1973). The ambiguity in pollen wall 

structure in the present study is in part because the data 

base for extant taxa is incomplete. Indeed, several other 

characters -- presence or absence of endexine thickening, 

foot-layer and infratectal texture -- are all potentially 

informative, but the data were too patchy to allow inclusion 

in this study. 
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CONCLUSIONS 

Parsimony analysis of morphological data supports the 

view that the basal split within monocots led to 

Dioscoreales and a paraphyletic "Liliiflorae," within which 

are nested the rest of monocots. A split within 

"Liliiflorae" led to a lineage consisting of Alismatiflorae­

Arales and another consisting of a set of taxa here referred 

to as "eumonocots". These are preliminary results, a first 

attempt to assess a major part of the morphological 

information available on this group, using computer-assisted 

parsimony analysis. Rather than being the last word on the 

subject, this study helps establish an agenda for future 

work that will improve our understanding of relationships of 

this group. 

Three broad and critical areas of inquiry emerge from 

this study 

1) The unraveling of relationships among 

"Liliiflorae," This will be critical in providing insights 

into relationships between the major groups, "Liliiflorae," 

Alismatiflorae-Arales, and "eumonocots". In particular, 

this may help to either further confirm or disprove the 

hypothesis that Dioscoreales represent one of the earliest 

formed branches within monocots. 
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2) The inclusion of all palaeoherb taxa in character 

surveys of monocots. Many characters, particularly chemical 

features such as occurrence of chelidonic acid, and UV­

fluorescence of cell walls are not known for out group taxa. 

It would be extremely useful if surveys that cover monocot 

taxa included non-monocot palaeoherbs in their study as a 

matter of course. 

3) Filling in character information on taxa. Large 

gaps exist in the information on several monocot taxa for 

palynological features, such as the occurrence of endexine 

under the sulcus, and the extent of occurrence of the foot­

layer. Similarly, information is limited on the structure of 

the seed coat, and embryological characters including the 

development of the anther wall and the embryo. More 

information on vascular structure and chemical 

characteristics will be critical in understanding 

relationships of the early palaeoherbs. 

Much work remains to be done, particularly in the 

context of the disagreement between these results and those 

from molecular data. The uncertainties that are apparent 

today could be viewed as the tip of an iceberg, pointing 

toward an intractable problem. On a more positive note, 

these very uncertainties may be considered to be signs of a 

complex, but solvable problem that will eventually be 

understood. 
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CHAPTER 2. PHYLOGENETIC ANALYSIS OF RELATIONSHIPS AMONG 

MONOCOTYLEDONS AND OUTGROUPS BASED ON PARTIAL RIBOSOMAL DNA 

SEOUENCES. 

INTRODUCTION 

Monocots are generally considered to be a 

monophyletic group nested within angiosperms (Takhtajan, 

1969; Cronquist, 1981; Dahlgren & Rasmussen, 1983; 

Donoghue & Doyle, 1989; but see Burger, 1977). However, 

there is no consensus on the early history of this group, 

and three different lineages have been identified by 

different authors as comprising the earliest branch. These 

lineages are Alismatales sensu Bessey, 1915 (Takhtajan, 

1969, Cronquist, 1988), Araceae sensu Engler, 1892 (Lotsy, 

1911; Burger, 1977) and various Liliiflorae sensu Dahlgren 

et al. 1985 (e.g. Liliales: Arber, 1925; Stebbins, 1974; 

Dioscoreales: Huber, 1977; Dahlgren & Rasmussen, 1983; 

Melanthiales: Walker, 1986). These hypotheses appear to be 

based upon the implicit assumption that the monocots arose 

from the Nymphaeales (Takhtajan, 1969; Cronquist, 1988) or 

Piperales (Burger, 1977). A few recent analyses support 

the monophyly of the monocots (Zimmer et al., 1989; Hamby 

& Zimmer, 1992; Chase et al., 1993; Duvall et al., 1993a, 



1993b; Chapter 1), but the sequence of early branching 

events is not a settled issue. 
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In the present study partial sequences of ribosomal 

DNA (rDNA) have been used to address these and related 

questions. The rRNA gene is present in multiple copies 

that are homogenized within species through a poorly 

characterized process termed concerted evolution (Zimmer 

et al., 1980; Arnheim et al., 1980). In phylogenetic 

analyses such markers have an advantage over both single­

copy nuclear genes and multigene families. Single-copy 

nuclear genes often exhibit high intraspecific variation 

due to recombination (Baldwin, 1992). The use of multigene 

families may compromise phylogenetic reconstruction, given 

difficulties in distinguishing orthologous from paralogous 

genes (Sanderson & Doyle, 1992). Because large amounts of 

rDNA are present in the cell, it is easily detected, 

extracted and cloned, and different sections of rDNA 

sequences have been used to address phylogenetic questions 

at various levels (Nickrent & Franchina, 1990; Hamby & 

Zimmer, 1992; Baldwin, 1992). 

The 18S gene appears to evolve at a slow rate that 

makes it most useful in the study of "ancient" radiations, 

dating around 300-400 my a (Hillis & Dixon, 1991). The most 

reasonable estimate for the origin of angiosperms may be 

between 120 and 220 my a (Doyle & Donoghue, 1993). This 
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estimated time of divergence appears to be relatively 

recent compared to the limits of resolution for the 18S 

gene suggested by Hillis & Dixon (1991). However, the 

numbers given by these authors are average estimates with 

unknown and possibly large margins of error. Further, the 

demonstrated value of the 18S gene in resolving aspects of 

relationships among seed plants and angiosperms (Zimmer et 

al., 1989) makes it reasonable to explore its use in the 

case of monocots. 



107 

MATERIALS AND METHODS 

TAXA 

Zimmer et al.'s (1991) study of angiosperms 

included several monocots. However, the focus of that study 

was not on monocot evolution. Several monocot orders were 

represented (Poales, Arecales, Asparagales, Arales, 

Alismatales, and Najadales), but were important omissions: 

Liliales and Dioscoreales (Liliiflorae), key taxa from other 

possibly ancient lineages, such as Acorus (Arales) and 

Butomus (Alismatales), as well as more recently derived 

groups, such as Commelinales, and Zingiberales. I have 

sampled from these taxa to obtain a wider representation of 

monocots (Table 2.1). Morphological analyses indicated that 

Liliiflorae are paraphyletic and that Dioscoreales may be a 

primary branch within the monocots (Chapter 1). Thus, 

particular attention was paid to sampling from these groups. 

The new sequences obtained were analyzed with data on 24 

species of tricolpates, non-monocot palaeoherbs (in the 

sense of Donoghue and Doyle, 1989), and other monocots, the 

sequences for which were obtained from Hamby & Zimmer 

(1992) . 

Plant material or extracted DNA was obtained from 

various sources during 1990-92, as indicated in Table 2.1. 

DNA was extracted from single individuals in most cases. 
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TABLE 2.1 Thirty-seven taxa included in parsimony analysis. 
Taxa sequenced in this study are marked with asterisks. The 
portion of the name used as acronym in figures is in upper 
case. HZ = sequences from Hamby & Zimmer, 1992. Others are 
collection numbers. Family circumscriptions after Dahlgren 
et al., 1985, and Cronquist, 1981. 

SPECIES FAMILY SOURCE 

TRICOLPATES (Donoghue & Doyle 1989) 

TROChodendron aralioides 

Siebold & Zucco Trochodendraceae HZ 

BANUnculus acris L. Ranunculaceae HZ 

NELUrnbo nucifera L. Nelumbonaceae HZ 

NYMPHAEALES (Cronquist, 1988) 

NYMPhaea odorata Ait. Nymphaeaceae HZ 

EURYale sp. Nymphaeaceae HZ 

NUPHar luteum (L.) Sm. Nymphaeaceae HZ 

BARClaya longifolia Wallich Barclayaceae HZ 

CABOrnba caroliana A. Gray Cabombaceae HZ 

BRASenia schreberj J. F. Gmel. Cabombaceae HZ 

PIPERALES (Cronquist, 1988) 

SAURurus cernuus L. Saururaceae HZ 

PIPEr nigrum L. Piperaceae HZ 

PEPEromia sp. Piperaceae HZ 



TABLE 2.1 (continued) 

ARISTOLOCHIALES (Cronquist, 1988) 

ARIStolochia gigantea 

Mart.& Zucc. 

SARUma henryi Oliver 

Aristolochiaceae 

Aristolochiaceae 

ALISMATIFLORAE (Dahlgren et al., 1985) 

*BUTOmus umbellatus L. 

ECHInodorus cordifolius 

Griseb. 

SAGIttaria lancifolia 

NAJAs guadaliensis 

Butomaceae 

Alismataceae 

Alismataceae 

(Spreng.)Magnus Najadaceae 

POTAmogeton sp. Potamogetonaceae 

ABALES (Dahlgren et al., 1985) 

*ARISaema 

COLOcasia esculenta (L.) 

Schott var. antiQuorum 

(Schott) Hubb. & Roeder 

PISTia stratoides L. 

*ACORus calamus L. 

Araceae 

Araceae 

Araceae 

Acoraceae 

DIOSCOREALES (Dahlgren et al., 1985) 

*DIOScorea sylyatica 

*TACCa pJantaginea 

(Hance) Drenth 

Dioscoreaceae 

Taccaceae 

HZ 

HZ 

GB127 

HZ 

HZ 

HZ 

HZ 

MD 

HZ 

HZ 

M079044 

109 

M08412226 

GB 120 



TABLE 2.1 (continued) 

*STIChoneuron caudatum Ridley Stemonaceae 

*SMILax bona-nox L. Smilacaceae 

*TRILlium erectum L. Trilliaceae 

MELANTHIALES (Dahlgren et al., 1985) 

*HELOnias bullata Melanthiaceae 

901373 

*YERAtrum californicum Durand Melanthiaceae 

LILIALES (Dahlgren et al., 1985) 

*LILlum leichtlinii Hook. Liliaceae 

ASPARAGALES (Dahlgren et al., 1985) 

ROSTa japonica Tratt. Funkiaceae 

ARECALES (Dahlgren et al., 1985) 

SABAI minor (Jacq.) Pers. Arecaceae 

ZINGIBERALES (Dahlgren et al., 1985) 

*TAPEinocheilos sp. . Costaceae 

COMMELINALES (Dahlgren et al., 1985) 

*TRADescantia soconuscana 

Matuda Commelinaceae 

POALES (Dahlgren et al., 1985) 

ORYZa sativa L. 

ARUNdinaria gigantea 

(Walter) Muehlenb. 

Poaceae 

Poaceae 

110 

Kress92-3424 

GB 103 

GB 114 

MO 

GB 

USNA 54853 

HZ 

HZ 

Kress 90-2984 

Faden 76-98 

HZ 

HZ 
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Most of the newly sequenced taxa in this study were 

rhizomatous and collected from botanical gardens. Therefore 

it was likely that different individuals accessible for 

collection might represent a clone of vegetatively 

propagated individuals. There may be problems of missing 

some alleles at polymorphic loci due to small sample size 

(Williams et al., 1988), but this problem is minimal when 

the gene under study is one that undergoes strong concerted 

evolution, as is the case with ribosomal DNA (Hillis & 

Davis, 1988; Zimmer et al., 1989). These two features: 

concerted evolution, and the rhizomatous nature of the taxa 

involved, justify the use of single individuals as the 

source of rDNA sequence data. 

DNA ANALYSIS 

Plant material was collected on ice and stored at 

-80°C. DNA was extracted using the CTAB methods of Doyle & 

Doyle (1987). This DNA was amplified using the polymerase 

chain reaction. The primers used are shown in Table 2.2. 

Amplifications were conducted in total volumes of 100 ml 

containing 20 rnM Tris-HCI (pH 8.3), 50 rnM Kel, 1.5 rnM 

MgCI2, 0.1% Tween-20, 50 rnM of each dNTP, 1 rnM of each 

primer, 1 mg template DNA and 2.5 units of Taq polymerase 

(Promega). Amplification involved 30 cycles of 30 sec at 94 

°c (denaturation), 30 sec at 45°C (annealing), and 2 min at 

72 °c (extension) (see Bult et 



TABLE 2.2 Amplification and sequencing primers for the small subunit of nuclear 
rDNA (after Hamby, 1990; Bult et al., 1993, Bult, unpubl.). Nucleotide sequence 
(5'-3'), position where it anneals to Glycine maA sequence (C = coding strand, 
N = non-coding strand), molecular weight (MW) and melting point (Tm, °C) are 
given for each primer. 

NAME PRIMER SEQUENCE ANNEALS TO MW 

Nuclear 18S rDNA amplification primers 

N-NS1 GTA GTC ATA TGC TTG TCT C GLY 20-38 5842 

C-18L GAA ACC TTG TTA CGA CTT GLY 1762-1779 5532 

Nuclear 18S rDNA internal sequencing primers 

C-18E TAC CAT CGA AAG TTG ATA GGG CAG GLY 308-332 7789 

N-18C GTG AAA CTG CGA ATG GCT GLY 82-99 5622 

C-18G TGG CAC CAG ACT TGC CCT GLY 554-571 5494 

N-18D GTA ATT CTA GAG CTA ATA GLY 152-169 5580 

C-18H GCC CTT CCG TCA ATT CCT TTA AGT TTC AGC GLY 1131-1160 9103 

N-180 TCC TAT TGT GTT GGC CTT GLY 829-846 5521 

C-18J TCT AAG GGC ATC ACA GAC CTG CTG TTA TTG GLY 1424-1450 8322 

N-18H GCT GAA ACT TAA AGG AAT TGA CGG AAG GGC GLY 1131-1160 9397 

C-18L GAA ACC TTG TTA CGA CTT GLY 1762-1779 5532 

Tm 

48 

51 

69 

54 

69 

46 

79 

52 

72 

79 

51 ...... 
...... 
I\) 



al., 1992 for details). 5-10% of the amplified double­

stranded (ds) product was assayed on 1% agarose, 1X TBE 

minigel. From comparison to standard markers, the product 

was determined to be approximately 1.7 Kb in size. 
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Gene-cleaned, amplified ds DNA was sequenced using a 

total of eight internal primers (Table 2.2) to obtain 

sequences of five regions of the 18S gene. These regions had 

been found to be useful in analyzing angiosperm data (Hamby, 

1990). Much of the sequencing of the ds DNA was done using 

one of two methods: (1) the BRL/Gibco cycle sequencing kit 

with 33p as the radio-isotope, and (2) the ds DNA direct 

sequencing protocol using 35S (see Bult et ale 1992). Two 

sequences (Stichoneuron, 18E and 18G) were obtained by the 

automated DNA sequencing method done at the Division of 

Biotechnology, University of Arizona, Tucson. Sequences of 

the coding strand were obtained for all five regions of the 

gene, and of the non-coding strand for three regions (18J, 

18G and 18E). Details of sequences obtained for different 

taxa are given in Table 2.3. 

DATA ALIGNMENT 

Sequences obtained in this study were added to 

sequence data on 24 species of seed plants (Hamby & Zimmer, 

1992). This gave a total of 37 species in all (Table 2.1). 

Initial alignment was done with reference to the published 

18S sequence of Glycine max 
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TABLE 2,3 Details of sequencing for thirteen taxa. 
Methods used and strands sequenced. C = coding strand; N 
= non-coding strand; DI = direct method of Bult et al., 
1992; CY = ds DNA cycle-sequencing method (GIBCO BRL) AU 
= automated sequencing at the DNA Sequencing facility, 
Biotechnology Center, University of Arizona, Tucson, AZ. 

SPECIES DNA 18E 18G 18H 18J 18L 

strand 

Acorus C DI DI DI CY CY 

N CY DI - DI -

Arisaema C CY CY CY CY CY 

N - CY - - -

Butomus C CY CY DI DI CY 

N - DI - DI -

Dioscorea C CY CY DI CY CY 

N - DI - DI -

Tacca C CY DI DI CY CY 

N - DI - DI -

Stichoneuron C AU DI CY AU CY 

N - DI - - -

Smilax C CY CY - CY CY 

N CY DI - DI -

Trillium C CY CY DI CY CY 

N - DI - DI -
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TABLE 2,3 {continued} 

Helooias C Cy Cy Cy - CY 

N - D1 - - -

Veratrum C CY D1 D1 D1 CY 

N CY D1 - D1 -

LiliuID C CY D1 CY Cy CY 

N CY D1 - - -

Tapeioocheilos C Cy Cy Cy Cy CY 

N - Cy - - -

Tradescaotia C Cy Cy Cy Cy CY 

N - Cy - - -
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(Eckenrode et al., 1985). Two sections of the sequence 

(corresponding to GLY 224-233 and GLY 1688-1715) were 

excluded from the data set. This was done to coordinate with 

the data on seed plants (Hamby, 1990). All 37 sequences were 

aligned manually using the data editing functions in the 

computer programs PAUP 3.0S (Swofford, 1991) and MacClade 

3.0 (Maddison & Maddison, 1992). 

The results presented were from analyses of a data 

matrix in which gaps necessary for optimal alignment 

(insertions/deletions, "indels") were coded as a fifth 

state, E (Table 2.4). Analyses were run using other methods 

as well indels were (1) coded as unknown (2) coded as 

present or absent, and (3) deleted from the analysis. 

Matrices 1 and 2 gave many more equally parsimonious 

resolutions, while matrix 3 yielded ten trees more than 

matrix 4. All these topologies were subsets of the 484 trees 

that were one step longer than the most parsimonious trees 

("one-off") obtained from matrix 4, and were therefore not 

very different from the results presented here. The method 

of coding adopted in matrix 4 allows detection of 

independent transitions from different states while 

retaining information in a manner similar to the binary 

coding adopted by Wojciechowski et al., 1993, but without 

redundancy and associated problems (Maddison, in press) . 
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TABLE 2.4. Data matrix of 37 taxa and 186 characters. 
Potentially informative sites alone included. Numbers read 
vertically indicate homologous position on Glycine mgx 188 
sequence (Eckenrode et al., 1985). Gaps created in alignment 
indicated by "-" (deletion) or "E" (insertion). Other 
symbols used R = A/G, Y = CIT, M = A/C,K = G/T, 8 = C/G, W = 
A/T, H = A/C/T, B = C/G/T, V = A/C/G, D = A/G/T. 

1111111-11111111111111-111222222222222222222222222222222222222 
1113333-45557777888899-999000122223333344444444455566677778888 

TAXA 2671234-50674679018901-459057801234678901234578913936715890245 

TROC 
RANU 
NELU 
ARIS 
SARU 
SAUR 
PEPE 
PIPE 
BRAS 
CABO 
BARC 
NUPH 
NYMP 
EURY 
ACOR 
ARIS 
COLO 
PIST 
BUTO 
ECHI 
NAJA 
POTA 
SADI 
SABA 
ORYZ 
ARUN 
TAPE 
TRAD 
HOST 
VERA 
HELO 
TRIL 
SMIL 
DIOS 
LILI 
STIC 
TACC 

TGTTCTGEATTTCACAACTTCTEAAATTAGTCGAGCCTGTGCTCCATGTCACCGCCCCC?TG 
TGCTATGEATTTCACAACKTCTE?AATTAGTCAAGTCTGTGCTCTATGTKA?CG???????? 
TGTTCTAEATTTCCCAACTTCTEAAATTAGTCGAGCCTGTGCTCTATGTCACCGCCCCTTTG 
TGTCTTGEATTTCCCAACTTCTEAAACTAGTCAAGCCTGTGTTTTATGTCACCGCTCTC?TG 
TGTCTTGEATTTCACAACKKCTEAAATTAGTCAAGCCTGTGCTCTACGTCACCGCTCYTTTG 
TGGCTTGEAKTTCCCAACTTCTEAAATTAGTCAAGCCTGTGATTT?TGTCACCGC?CCTT?? 
CATTTTGEATTTCCCAACTTCTEAAATTAGTCAAGTCCGTTCAACATGTCATCGCCCCTTTG 
CATTTCAEATTTCCCAACTTCTETAATTAGTCA?GCCTGTGAACTATGTCATCGCCCCTTTG 
TGTCTCAEATAGCCCACCTCCTEAAGCTAGCCGARCCTGASTTTTGTSTCACC????????? 
???CTTAEGTAGCCCAACTTCTEAAGSTAGCCGAGCCTGATTATTGTGTSACCGCCCCCCTG 
TGTCTTGEATAGCCCCACTTCTERAACTAGCCGAGCCTGAGTTTTGTGTCACCGCCCCTTTG 
?????????TRGCCCAAGTT?TEGACST?GCCAAGCCTGAGTTTTGTKTCACCGCCCCTCTG 
????????ATGGCCCCACTTCTEAMGCTAGCCAAGCCTGGGTTTTGTGTCACCGCCCCTCTG 
TGTCTTAEATAGCCCCAGTTCTEAAACTAGCCAAGCCTGAGTTTTGTGTCACCGCCCCTTTG 
TGTTCTGEATTTCCCAACTTCTEAAATTAGTCAAGCCCGTGCTCTGTGTCACCGCCCCCTTG 
TGTCCTGEATTTCCCAACTTTTEAAATTAGTCAATCCTGWGATTCATGCCATTGCCTCCYTA 
TGTCCTGEATTTCCCAACTTCTEAAACTAGTCAATCCTGTGATTCATGCCATCGCCTCCCTA 
TGTCCTGE?TTTCCCAACTTCCEAAACTAGTCGACCGGCAGATTCATGCCAGCGCCTCC?TA 
TGTCCAGEATTTCCCAACTTCTEAAATTAGCTGAGCCTGTGCTCGATGTCACCG?TCCTTTG 
TGTCCTGEATTTCCCAACTTCTEGAATTAGTCAAGCCG?????????GTCATCGCACCTCTG 
?????????TTTTCCAATTTCCEAAATTGGTCGATCCTGTGCTCTAGGACATCCCTTCTTCC 
?????????TTTTCCAATTTCCEAAATTGGTCGATCCTGTGCTCTAGGACATCCCTTCTTCC 
TGTACTAEAKTTCCCRACTTCTE?AATTAGTCAAGCCTGTGCTTTATGTCAKCGC?CCACTR 
TGGCGTGEGTTTCACAACTTCCEAAATTAGTC??????????TCTATGTCACCGCCCCCCTG 
TGTCGTGEATTTCACAACTTCCEGAGCTAGCTGAGCCTGCGATCCATGTCACCGCCCCCCTG 
???????EWTTTCACAACTCGGEGAGCKAGCTGAGCCCGCGATCCATGTCWCCGCCCCCGGC 
TGTCGTGEATTTCACAACTTCTEAAATTAGTCGAGTCGCTGTTCCATGTCACCGHCCCCCTG 
TGTCCTGEATTTYACAACTTCGCAAATTAGCCASGCCACTGCTCCATGCCACCGCCCCWYTG 
TGTCTTGEATTTCACAAATTCTEAAATTAGCTTGGCCTGGCCTCTATGTCACCGCCCCCCTG 
TGTCTTGCATTTCACAACTTCTETAATTAGCTGAGCTGACGCTCCATGTCACCGVTMMTTWR 
TGTCATGCATTTCATAACTCCTEAAATTAGTCKAGCCCGGGCTCTGTKTBTSTGCCTCTTTG 
TGTCTTGCATTTCATTGCTTCTEACATTAGTCG?GCTGRCGCTCCRTGTCACTGCTCCCTTG 
TATCTTGEMTTTCT?ACGTCMTEAAGCTAGCCGAGCCCGCGCTCTATGTCACCGCCCCACTG 
TGTCCTGEATTTCACATCTTCTEAAATTARACCGCCCCGCGTTCTATGTCACCGCC???CTG 
TGTCTTGEATTTCACAACTTTCAAAATTAGCCAAGCCTGGGCTCTATGTCACHGHCMMMTTG 
TGTC?TGEATTTCACACCDATCTAAATTAGACCGGCCAGKGCTCTGTGACACCGCCCCVYTG 
TGTCTCGEATTTCCCAGTTTTTTAAATDADDTGADCTG??ATT?TATGT?A?TG????TTTG 
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TABLE 2.4 (continued) 

1111111111111111111111111111 
2223333333333444444444444-444599990000000000000000011122222223 
8881234455699024555777779-999023792344555666667777900222445780 

TAXA 7890897834323403589016784-678066020629025034571367408108156360 

TROC 
RANU 
NELU 
ARST 
SARU 
SAUR 
PEPE 
PIPE 
B~S 

CABO 
BARC 
NUPH 
NYMP 
EURY 
ACOR 
ARIS 
COLO 
PIST 
BUTO 
ECHI 
NAJA 
POTA 
SAGI 
SABA 
ORYZ 
ARUN 
TAPE 
T~D 

HOST 
VE~ 

HELO 
TRIL 
SMIL 
DIOS 
LILI 
STIC 
TACC 

TGGTTATAGGGGGAAGA?CTGTAATETTCAACACCGCCACAGTTTGTCTGCTTCATCGTGCC 
???TTTTAGGGKK??KG??TKTAATETTAAACMCCGCCGCAGTTTGTCCGCTT?ATCGTGSG 
CGG??TTAGGGGGARGGGSTGATATETACAACACCGCCGCAGTTTGTCCGCCT?ATCGTGCC 
CGGTTGCAATGGGAAGGACTGTAATETCAAAAACCGCCGCAGTTTGTCCGCTTCATCGTGCC 
CGG?????GGGGGAAGGACTGTAATETTCAAAACCGCCGCAGTTTGTCCGCGTCATCGTGCC 
???TTTCAGGGGGAAGGACTGTAATEATTAAAACCGCCGCGGTTTGCCCGCTT?ATCTTKCC 
TGGTTGCATTAKKAA?G??T?TAATA?ACAA?ACCGCCGCAG?TTGTCCGCTT?ATCTTKS? 
TGG??TCAGGAGGAAGGACTGTAATETTCAAAACCGCCGCAGTTTGTCCGCTTCATCTTGCC 
???TTACAAGGGGAAGGGCTGTACTETTCAAAACCGTCGCAGCTTGTCCGCCT???CGWACC 
CGG???????GGGAAGGACTGTACTETTTA???CCGTCGCAGCTTGTCCGCTT??TCGT?CC 
CGGTTTCAAGGGGAAGGASTGTACTETTCAA~CCGTCGCAGTTTGTCCGCTTCATCGTGCC 

CGGTTTCAAGGGGAAGGACTGTACTETTCAAAACCGTCGCAGTTTGTCCGCTT????????? 
CGG?????AGG?SAAGGACTGTACTETTCAAAACCGTCGCAGTTTGTCCGCTT???CGTGCC 
CGGTTTCAAGGGGARGGRCTGTACTETTCAAAACCGTCGCAGTTTGTCCGCTT?ATCGTGCC 
CTGTTTCAGTGGGAAGGACTGTAATETTTAAAAACGCCGTAGTACGTCCGCTT?ATCGTGCC 
CGGTTGCAGGGGGAAGGACTGTAATETTCAGAGCCGCCGCAGTTTGTCCGCCTCGTCGTGCC 
CGGTTKCAGGGGGA??G??T?TAATETTCAGAGCCGCCGCAGCTTGTCCGCCT?GTCGTGCC 
CGGTTGCAGGGGGAAGGRCTGTAATETTCAGAGCCGCCGCAGCTAGTCCGCCTCGTCGT?CC 
CGGTTGCAGGGGGAAGGACTGTAATETTTAAAACCGCCGCWGTATGTYCGYTA?ATCGTGCC 
CGGTTTCAGGGGGAAGGACTGTAATEAACAAAACCGCCGCAGTTAGTTCGCTTCATCG?GCC 
CC? TCGCGTTGGGGAKG?CKGTAATTTTCAAAACCGCTGCAATTAGTC?ACTT ?ATTGT GCC 
CC?TCGCGTTGGGGAKG?CKGTAATTTTCAAAACCGCTGCAATTAGTC?ACTT?ATTGTGCC 
CG??TTCAGGGGGAAGGACTGTAATETTCAAAACCGCCACAGTTAGTCTGCTTCATCTAGSS 
CGCTTGCAGGGGGAGGG?CTGATATECTCA??ACCCCCGCAGCTTGTCCGCCTCATCGTGCC 
CGGTTGCAGGGGGAAGGACTGTAAGTTTATAAACCGCCGCAGTATGTCCGCCTCACCGTGCC 
GKG??GCAGGGTTAA?GACTGTAAGTTCAC?AACCCCCGCGGTACGCCCGCCT?ACCGTGCC 
CS?ATTCAGGGGGAAGGACTGTAATETTCAACACMGCCGCAGCTTGTHCGCCTMACCGTGCC 
CGGTTGCAGGGGGAAGGACTGTAATEYTAAAAACMGCCGCAGCTTGTCCGMCTMACCGTGCC 
CGCTTACAGGGGGAAGGACTATAATETACAAAACCGCCGCAG?TTGTCCGCTT?ATCGTGCC 
CTRTTGCATAGGGAAGGATTGTAATETTTAACACCGCCGAGATTTGCCCGCT??GTCGTGCC 
TGGTTGCWGARGGAAG~CTMTAA?ETTCRAAGCCGCCGCGGTTTYCCCGCTT????????? 

CGGTTGCAGAGGGAAGGTCTGTAATEATTAACACCGCCGCGGATTCCCCGCTT?ATYKTGCY 
CGGTTGCAGAGGGAAGGACTGTAATETTCAAAACCGCCGCAGTTTGTCCGMTW?ATCGTGCC 
?GGTAGCAGGGGGAAGGACTGTAATETT?GAAAACGCCGYAGCTTGTCCG?C??ACCGTGCC 
MGGTTGCATAGGGAAGGACTGTAATETTCAAAACCGCCGCAGTTTGTCCGCTTYATCGTGCC 
TGGTTGCAGGGGGAAGGACTGTAATEATAAACACMGTCACAGRTCKTYTGATT?ATCGTGCC 
?GGATGCAGGGGGAAGGACTGAAATETTAGAAGCCGCCGCAGTTTGTCCG?CT?AYCTTGCC 
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TABLE 2.4 (continued) 

111111111111111111111-11111111-1111111-11111111111111111111111 
333333333333333333344-45555555-5555555-55666666677777777777777 
045555666666677777700-10111122-6667788-99234457811122222333344 

TAXA 185678023456723457813-29045678-0483746-56074928167823457345712 

TROC 
RANU 
NELU 
ARIS 
SARU 
SAUR 
PEPE 
PIPE 
BRAS 
CABO 
BARC 
NUPH 
NYMP 
EURY 
ACOR 
ARSA 
COLO 
PIST 
BUTO 
ECHI 
NAJA 
POTA 
SAGI 
SABA 
ORYZ 
ARUN 
TAPE 
TRAD 
HOST 
VERA 
HELO 
TRIL 
SMIL 
OIOS 
LILI 
STIC 
TACC 

GCCGTGAGTAA?CTACGCCCTECECCCCTGAEGGCGTCEGCCCCCTGTEGACGCGGCACGCT 
GCTGTGAEGTACCCACGCCCTECECCCCTGAEGGAGTCEGCCCCCTATEGACGCGGCATGCT 
GCTS?GAEGCA?CCGCGCCCTECE????????GGC?TCEEECCCCTGTEGACGCGGCACGCT 
GCTGTGAG?TGACCACGCCCTECECCCCCGAEGGCGTCEGCCCCCTGTEAATGCGGCACGCT 
GCTGTGAEGTGACCATGCCCTECE??CCTG??GGCGTCEGCCCCCTGTEGACGCGGCACGCT 
KCCGCGKEGATCCCACGCCCTECECCCCGTTEGGCTTCEGCKCCCTGTEGACGCGGCACACT 
KCCA?G?GATCTCCATGCCCTT?ECTCCGTTEGGC?TCEGCCCCCTGTECCTGCGGTATGCT 
GCCGTGAEGC?ACCACGCCCTECE?????TTEGGCATCEGCCCCCTGTEGACGCGGCACGCT 
GCCGTGAGTAC?CCACGCCCTECE????????GGCGTCEGTACCCKGTEGACGCGGTATGCT 
GCCGTGAGTAC?CCACGCCCTECE????????GGC?TCEGTCCCCTGTEGACGCGGTATGCT 
GC???SAG?TA?CCGCGCCCTECE????GGGEGGAGTCEGCCCCCTGTEGACGCGGTATGGT 
GC?GTGAGTAC?CCACGCCCTECE????????GGC?TCEGTSCGCTGTEGACGCGATATGCT 
GC??TGAGTAC?CCACGCCCTT?E????????GGC?TCEGTCC??TGTEGAC?C?GTATGC? 
GCCGT?AG?TACCCATGCCCTT?E????????GGCGTCEGTCCGCTGTEGACACGGTATGCT 
GCCGTGAEGATCTCACGCCCC??E?????G?AGGGGTSYTGCYYCTGTCGATGTGGCAT??T 
GCTGCGAEGCGACCGCGCCCT??ETTTTTCAEAACGTCE?CCCCCTGCCGACGCTACAC??T 
GC?ST?AEGCGACCGCGCCCTECECCCCCGAEAAC?TCEGCCCCCTGCEGACGCGGCACGCT 
GCTGCGAEGC?ACCGCGGCCTECE????GGGEAAC?TCEGCCC?CTGCEGACGCGGCACGCT 
GMTACGAEGTAACCGTGCCCTTCECCCCTGAEGGCGTCEGCCCCCTGCCGACGTGGCACGC? 
GCTGCGAG????CCGTGCCCTECE??????GEGGC?TCEGTCCCCTGCEGACGTGGCACGCT 
GCTGCGAEGTGATCGTGCCCCEAECCTTTGAEGGCGT?EGTCCCCTGCEGACGTGGTACGCT 
GCTGCGAEGTGATCGTGCCCCEAECCTTTGAEGGCGT?EGTCCCCTGCEGACGTGGTACGCT 
GCTGCGAEGC?ACTATGCCCCECETCCCTGAEGGC?TKEGCKCCCTGCEGACGTGGCACGCT 
GC?ATCAGGCATCCGCGCCCCECE???????EAGCTTCEGCCCCGTGTEGACGCGGCACGCT 
GCTGCGAECCATCCGCACTCTECECCCCGGGEGGCGGCEGCCCCCTGTCGACGCGGCATGCT 
GCTGCGAEGCATCCGCACTCTECECCCCGGGEGGC?GCEEECCSCKGTE?ACGCGGCATGCT 
GCTGCGAEGCATCCACGCCYTEYECCCCTGAEGGCGTCEGCCCCCTGTCGACTTGGCACGCT 
GCT?C?GEGCMTG?GCGGCCTACECCCCCGAEGGCGGCTGCCCCCTATCGACGCGGCATGTC 
GCCGCGAE???TCCGCGCCCCECE????????AGC?TCEGCA?TCTGTEACCGCGGCAC?CT 
GCTGCGAEGCATCCGTGACTTGGACTCCTGAAGGAGTCEGCCCCMTGTTGATACGRTACGWA 
???????????????????????ECCCCTGGEGGCGTCEGCCCCCTGTCGACGC?GCACGCT 
GMTG?GAEGCATCCGTGCCCTRGECCCCTGAAGGCGTCEGCCCCCTGTCGACGTGGCACACT 
GC?CCGAEGCATCCGCGCCCYT?ECCCCTGAEGGCGTCEGCCCCCTGT?OACGCAG?CCGCT 
GCT?CGAEGAATCCGCGCCCT??ECCCCGGAEGGCGTCEGCCCCCTGTC??CGCGGCCCGC? 
GC?CCGAEGCATCCGCGCCCTTCATCCCCGAEGGCGTCEGCCCCCTGTTGACACGGCACGCT 
GCTGCGAEGCAWCCGTGCCCTYGECCCCCGAEGGCGTCEGCCYCCTGTCGRCGCGGCRCGCT 
GCYGTGAEGCWYMCRYGCC?CEGECCCCCGAEGGCGTCEGCCCCMTGTCGACGCRGCACGCA 
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The distribution of lengths of all trees has been 

suggested to provide clues to phylogenetic information 

present in data sets (Fitch, 1984; Le Quesne, 1989). The gl 

statistic, a measure of skewness, has been used as an index 

of phylogenetic structure present in the data: the greater 

the skewness, the more the phylogenetic signal present 

(Hillis, 1991; Huelsenbeck, 1991; Hillis & Huelsenbeck, 

1992). The use of this statistic has recently been 

criticized because it may be misleading under certain 

circumstances (Kallersjo et al., 1992). It was used here as 

an index of non-random structure in the data, but not as an 

index of robustness of tree topologies obtained from the 

data. 

PHYLOGENETIC ANALYSIS 

Sequences were analyzed using parsimony methods 

for phylogenetic reconstruction. Data were entered using 

MacClade 3.0 and analyzed using PAUP 3.0S. The heuristic 

method was used to obtain shortest trees, since the number 

of taxa in the study precluded an exhaustive search. The 

search strategy was devised to recover all possible islands 

of topologies (Maddison, 1991a). PAUP 3.0S was used to 

conduct 100 different searches in which initial trees were 

obtained by random addition, swapping on these trees was 

done using the algorithm TBR, with MULPARS option in effect 

and uninformative characters ignored. The set of most 
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parsimonious trees was taken to be the best hypotheses of 

phylogenetic relationships. 

The robustness of these hypotheses was assessed 

through various means -- bootstrap analysis (Felsenstein, 

1985), decay analysis (Bremer, 1988; Donoghue et al., 1992), 

and jackknifing taxa (Lanyon, 1985a). Several issues are 

involved in the appropriate interpretation of bootstrapping 

results (Zharkikh & Li, 1992; Hillis & Bull, 1993; 

Felsenstein & Kishino, 1993). Mindful of these 

uncertainties, bootstrap values are interpreted here as one 

measure of robustness of the phylogenetic results. 

Additional numbers of steps required for topologies other 

than the most parsimonious ones, provide one measure for the 

comparison of hypotheses. The role of particular taxa to 

phylogenetic structure was obtained by the jackknifing 

experiments, as well as the determination of "preferred 

zones." The "all-rootings" option in MacClade allowed an 

analysis of the cost, measured as extra steps, of moving a 

taxon to different branches on a given tree, thereby 

identifying "preferred zones" of the topology where the 

taxon attaches (Maddison et al., 1992). This manipulation, 

Lundberg rooting, did not yield the most parsimonious 

rearrangement of the rest of the topology (Maddison et al., 

1984). It should therefore be considered to provide the 
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worst-case scenario in the sense that the cost noted may be 

an overestimate. 

Characters were polarized by the simultaneous method 

using multiple outgroups. Simultaneous analysis allows both, 

determination of globally most parsimonious tree/s, and an 

explicit test of the monophyly of the ingroup. The tree is 

then rooted by the branch that is believed to represent the 

earliest one according to other information (Farris, 1982; 

Maddison et al., 1984; Swofford & Olsen, 1990). In the 

present analysis, the outgroups consisted of taxa drawn from 

tricolpates and non-monocot palaeoherbs. This followed the 

assumption that angiosperms are rooted near Magnoliales and 

that tricolpates are the sister group to "palaeoherbs," 

which include monocots (Donoghue & Doyle, 1989). However, 

tricolpates were not monophyletic in all analyses in the 

present study. Trochodendron did not form a clade with 

palaeoherbs in any of the analyses, and the trees were 

arbitrarily rooted along the branch leading to 

Trochodendron. The inter-relationships discussed below 

remain the same even if the alternative rooting of 

angiosperms near Nymphaeales (Zimmer et al., 1989, Hamby & 

Zimmer, 1992; Doyle et al., 1993) was followed. 



123 

RESULTS 

THE DATA 

After alignment there were 1164 sites, of which 

507 were variable. These reduced further to 186 

potentially informative sites after autapomorphies were 

removed. Of these informative sites, 31 had four states, 

79, three states and 76, two states (Table 2.5). This gave 

a minimum of 257 steps without homoplasy. Eleven of the 

186 characters included indels as one of the states. The 

maximum variability was seen in the 18E and 18L regions 

(Table 2.5), which corresponded to observations made on 

seed plants and Poaceae (Hamby, 1990). It has been 

suggested that the 18E region may be located in an 

expansion segment (Hamby, 1990) and may, therefore, be 

relatively less constrained (Gerbi, 1985). Interestingly, 

18E contained more potentially informative characters, 

while 18L had proportionately more autapomorphies, 

suggesting that phylogenetically the 18E region may be 

more constrained than the 18L region. The most conserved 

region was 18H, although 18G and 18J were comparable to 

this. 

Pair-wise distances, calculated using the entire 

sequence, ranged from 2 to 7%. An examination of these 

distances showed that a handful of taxa tended to be the 
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TABLE 2.5 Variation in regions of the 18S gene. Numbers 
of sites sequenced, variable and potentially informative 
sites given by regions of the gene. The number of 
potentially informative sites with four, three, and two 
states are given for the different regions. 

REGIONS OF THE 18S GENE 

NUCLEOTIDE SITES 

18E 18G 18H 18J 18L 

All sites 211 254 215 216 268 

Variable sites 144 89 71 92 143 

Potentially 

informative. sites 65 27 24 31 39 

4-state 17 2 1 6 5 

3-state 33 12 10 7 17 

2-state 15 13 13 18 17 
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TABLE 2,6 Average distances among and between groups of 
species.Mean distances between species of selected taxa 
were calculated from the distance matrix produced in 
PAUP 3.0S (Swofford, 1991). In A and B, there was 
greater variation within taxa than between taxa, while 
in C and D, distances within taxa were similar to 
distances between taxa. 

RANGE OF 

MEAN DISTANCE DISTANCES 

TAXON BETWEEN SPECIES BETWEEN SPECIES 

WITHIN TAXON OF TAXON IN 

COLUMN 1 AND ALL 

OTHER SPECIES 

A. NYMPHAEALES 0.020 0.035-0.051 

B. ARALES 0.015 0.035-0.045 

C. ALISMATIFLORAE 0.031 0.039-0.041 

D."DIOSCOREALES" 0.041 0.040-0.047 
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most distant from the majority of other taxa (Table 2.6). 

These potentially long branches were Peperomia, Nuphar, 

Brasenia, Najas, Veratrum, and Arundinaria. Dioscoreales 

(e.g. Veratrum, Dioscorea), and Alismatiflorae showed the 

largest distances from each other as well as from other 

groups. This was in contrast to species in groups such as 

Nymphaeales or Arales, which showed smaller distances 

among themselves, but larger distances from species of 

other groups. 

TREE-LENGTH DISTRIBUTION 

A sample of the distribution of tree-lengths was 

obtained by the random generation of 100,000 trees on PAUP 

3.0S. The distribution obtained was highly skewed with a 

gl = - 0.85, much smaller than the critical value of -

0.08 for a = 0.05 for 25 taxa and 250 four state 

characters (Hillis & Huelsenbeck, 1992), and was assumed 

to be significant for the 37 taxa and 186 characters in 

this study. This result suggested that there was a strong 

non-random signal present in the data. 

PARSIMONY ANALYSIS 

Thirty trees of length 573 steps (C.I. = 0.45, 

RI. = 0.53) were obtained. The semi-strict consensus tree 

is shown in Figure 2.1, with bootstrap values and decay 

indices indicated for the branches that were resolved. The 



Trochodendron 

ffi 
Nelumbo 
Ranunculus 
Aristolochia 
Brasenia n 
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Nuphar n 

M 
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FIGURE 2.1 Semi-strict consensus of 30 most 
parsimonious trees. Numbers along each branch 
represents decay index (dl-3+) and bootstrap support 
(percentage) for that branch. Five clades nested 
within the tree had the best 'support, according to 
both measures of robustness. TRICOL = Tricolpates, 
ALAR = Alismatiflorae-Arales, "LILI" = 
"Liliiflorae," "EUMONO" = "eumonocots." 
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consensus tree suggested that there was little resolution 

within monocots. In fact, however, there was considerable 

structure and the apparent lack of resolution was due 

largely to the alternative positions of Arales, which 

moved between positions with Alismatiflorae and 

Commeliniflorae, as seen in Figures 2.2 a and b. These 

figures illustrate examples of the two types of topologies 

among these 30 shortest trees, which differed mainly in 

the position of Arales. 

CHARACTER SUPPORT 

Considered over all trees, and counting only 

actually informative characters (150 in all), the ratio of 

transitions to transversions was 1.5:1 (Table 2.7). This 

was comparable to the ratio of 1.7:1 observed in the rRNA 

data of seed plants (Hamby, 1990). Transitions were 

somewhat less frequent (1.3:1) when all the data were 

considered. Conversely, the frequency of indels was lower 

when considering informative sites alone (0.06) compared 

to that among all variable sites (0.08). In other words, 

disproportionately more of the transitions, and fewer of 

the indels were actually informative. This imbalance 

appeared more pronounced when characters supporting eleven 

of the earliest branches were examined (indicated in bold 

in Figures 2.2 a and b). Of the 27 characters that 

unambiguously supported these branches, 24 were 
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TABLE 2.7 Frequencies of transitions, transversions, and 
insertion/deletions (indels). The average occurrence of 
these events was calculated on the thirty most 
parsimonious trees, using MacClade 3.0 (Maddison & 
Maddison, 1992). 

ALL CHARACTERS INFORMATIVE 

CHARACTERS 

Events Number Freq. Number Freq. 

All ~v~nt~ 633.3 N.A. 452.7 N.A. 

584.1 0.92 423.5 0.94 

Substitutions 

Indels 49.2 0.08 29.2 0.06 

SubstitutioDS 584.1 N.A. 423.5 N.A. 

Transitions 328.2 0.56 252.6 0.60 

Transversions 255.9 0.44 170.9 0.40 



transitions and only 11 transversions (a ratio of 2.2:1). 

This held true of later branching events as well. At one 

extreme, character support for Arales consisted entirely 

of transitions. 

Branch lengths on the tree were variable in any 

single reconstruction, as well as in different 

reconstructions (Figure 2.3). Internal branches 

(particularly the early branches) tended to have fewer 

changes than terminal branches. This suggested weak 

support for the deeper branches. Some of the terminal 

branches, Acorus, Peperomia, Najas-Potamogeton, 

Stichoneuron, Veratrum and Dioscorea, for example, were 

relatively long. 

TOPOLOGY 
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Palaeoherbs comprised tHO major lines, one 

consisting of Piperales, Nymphaeales, Aristolochia and 

Acorus and the other consisting of Saruma and the rest of 

monocots. These deep branches were observed in all the 

shortest trees. Apart from the unorthodox position of 

Acorus two other points of interest are, (1) Saruma was 

the sister group of monocots, and (2) the two early 

lineages within monocots consisted, one, of Alismatiflorae 

(often in association with Arales), and two, of a 

paraphyletic "Liliiflorae" with the rest of monocots 

nested within it. 



(Next page) 

FIGURE 2,3 One of thirty shortest trees showing relative 
branch lengths. Change was calculated including all 
variable sites, and over all possible reconstructions for 
each character. Branch lengths are drawn proportional to 
the average number of changes, and minimum and maximum 
change possible are indicated as rectangles. Calculations 
and figure produced using MacClade 3.0 (Maddison & 
Maddison, 1992). 
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DECAY ANALYSIS 

Examination of individual trees that were one­

step longer revealed some interesting points. 1) Acorus 

remained among non-monocot palaeoherbs (with either the 

Piperales or the Nymphaeales), or attached to NelUmbo (a 

tricolpate), but never attached to Arales, Alismatiflorae 

or any monocots. 2) Saruma and Aristolochia together 

formed the sister clade to monocots in many instances, 

unlike the shortest trees in which Aristolochia was linked 

with Nymphaeales. 3) The position of Alismatiflorae was 

somewhat unstable. This group was excluded from 

palaeoherbs and attached near tricolpates in 20 of the 

"one-off" trees. 4) The "lily" lines stayed together in 

most of the one-off trees -- a (Veratrum-Trillium­

Helonias) clade was associated with a (Stichoneuron-Tacca) 

clade 99% of the time, with a (Smilax-Lilium) clade as the 

sister group. These rearrangements did not affect the 

composition of the major lineages, which was similar to 

that seen in the shortest trees. 

BOOTSTRAP ANALYSIS 

Seventy bootstrap-replicates were run, the 

number being constrained by time (160 hr. on a Macintosh 

Quadra 700). There appeared to be strong support (80-100% 

bootstrap frequency) for Nymphaeales, Piperales, Arales 

(excluding Acorus), Najadales, Poales, and (Veratrum-
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Trillium), and less than 48% support for all other clades 

(Figure 2.2). Bootstrap frequency of 70% and above has 

been suggested to be an appropriate cut-off point for 

significance (Hillis & Bull, 1993) and by this criterion 

all frequencies less than 48% were insignificant. It may 

be concluded that there was significant support for some 

nested branches, and much less support for deeper branches 

in the results of parsimony analysis. 

Bootstrap frequencies of different clades may 

indicate relative support for certain sets of 

relationships (Sanderson, 1989; Hillis & Bull, 1992). For 

instance, Acorus occurred more frequently with Piperales­

Nymphaeales (25%) than with tricolpates (14%), 

Alismatiflorae (4%) or monocots (0%). Saruma was 

associated more frequently with Aristolochia or 

Alismatiflorae (14%) than with monocots (4%). 

Alismatiflorae occurred as a monophyletic group (31%), 

associated with Arales with a frequency of 16%, while 

Alismatiflorae without Butomus occurred together with 

Arales in 25% of the cases. Liliiflorae did not form a 

monophyletic group except very rarely (2%) and then did so 

without Dioscorea. 

JACKKNIFING TAXA 

Parsimony analyses were conducted on data sets 

from which taxa had been "jackknifed". All taxa were 
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removed singly from the matrix and parsimony analyses run 

on PAUP 3.0S (heuristic search with "closest" addition 

sequence, one tree held at each step, TBR branch-swapping 

and MULPARS in effect). The taxa fell into three groups as 

far as their effect on topology was concerned (Table 2.8). 

Deletion of one set (18 of the taxa) had virtually no 

effect, removal of a second set (12 taxa) affected the 

position of particular branches within major clades, and 

removal of the third set (seven taxa) affected 

relationships of major clades. That most of the taxa 

(30/37) had a minor effect on the tree topology indicated 

the relative insensitivity of the analysis to sampling. 

Removal of the set of 12 taxa affected the placement 

of Arales, Acorus, and Nelumbo. These results suggested 

why the position of Arales was unstable in the complete 

analysis. Arisaema, Echinodorus, Sagittaria, and Helonias 

appeared to link Arales with Alismatiflorae. Colocasia, 

Dioscorea, Lilium, Tapeinocheilos, and Tradescantia may be 

responsible for an equally parsimonious solution in which 

Arales was nested within the tree, since their removal 

resulted in the unambiguous attachment of Arales to 

Alismatiflorae. Removal of Ranunculus, Nelumbo, and 

Saururus resulted in Acorus being placed outside 

Piperales-Nymphaeales, at the base of palaeoherbs. Removal 
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TABLE 2.8 Effects of removing single taxa from the data 
matrix (jackknifing). The taxa are classed into three 
groups according to the extent of effect on the topology 
(see Figure 2.5). 

LITTLE EFFECT ON 

OR NO EFFECT ON POSITION OF NON-MONO 

EFFECT PALEOHERB 

~ ARACEAE NELUMBQ ACORUS ~ 

~ LINK WITH ~ 

~ ALIS. .B..Qll 

~ E.Qh.i EJ..1U ~ ~ 

NJ.mh ~ ~ BruD.l ~ 

~ ~ ~ lliU.JJ. ~ 

~ ~ ~ ~ ~ 

~ ~ 

~ LINK WITH ~ 

~ "EUMONO" ~ 

~ ~ ~ 

.I.dJ.. ~ 

.s..ab..a. Lili. 

ADm .T..aI;le. 

~ .ccl.o. 

tis.t. 

Naj.a 

£.Qt.a 



of Euryale, Saururus, Saruma and Helonias had the effect 

of placing Nelurobo with monocots. 
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The third set of taxa, Trochodendron, Helonias, Tacca, 

Hosta, Saruma, Butomus, and Barclaya, affected the topology 

of several lineages and these taxa were critical to the 

resolution of basal relationships within palaeoherbs. 

Trochodendron, Saruma and Tacca have the greatest effects, 

but in different ways. Removal of Trochodendron resulted in 

loss of resolution of all major clades. Clearly the nine to 

eleven characters that set it apart from the rest of the 

taxa were important in determining the branching pattern at 

the base of the tree. Removal of Saruma generated 346 

shortest trees (Figure 2.4 a) which agreed only in the 

monophyly of palaeoherbs (apart from the structure of major 

clades). Almost all arrangements were possible, including 

one tree in which the "LILI" clade was basal within 

monocots, an arrangement not seen in any of the other 

analyses. It appeared that Saruma was largely responsible 

for "pulling" Alismatiflorae toward the base of monocots. 

Removal of Tacca led to a basal unresolved polychotomy 

consisting of (a) tricolpates, (b) non-mono cot palaeoherbs 

(with Acorus) and (Alismatiflorae-Arales), and (c) all other 

monocots (Figure 2.4 b). Tacca too was critical in providing 

structure to the basal part of monocots, and its removal 

reinforced the connection of Alismatiflorae-Arales 
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NYMPH PIP AR AL "LILIFL" 
11111111111111111111111111111111 1111111111111111 1111111111111111111111111111111111111111111 111111111111111111111111111111111111111111111 

(No Saruma) (A) 

AR AL PIP NYMPH "LILIFL" 
111111111111111 111111111111111111111111111 11111111111111 1111111111111111111111111111111111 11111111111111111111111111111111111111111111 

(No Tacca) (B) 

FIGURE 2.4 Effects of removing single taxa from the 
analysis (jackknifing). Two examples are shown in these 
semi-strict consensus trees produced from the parsimony 
analysis of jackknifed data. (A) Removal of Saruma results 
in the collapse of resolution within palaeoherbs. (B) 
Removal of Tacca results in the alliance of Alismatiflorae­
Arales with non-monocot palaeoherbs (see Table 2.8). 
Acronyms as in Table 2.1; Figures 2.1, and 2.2. 



with non-monocot palaeoherbs, particularly 

Aristolochiaceae. 
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Removal of Helonias mainly affected the position of 

Piperales and Aristolochia, which moved from a position 

near Nymphaeales, to positions closer to monocots. Removal 

of both, Butomus and Barclaya, had the effect of weakening 

the basal resolution of palaeoherbs, but did not break 

down much of the structure within monocots. Removal of 

Hosta, on the other hand, weakened the position of Saruma 

and, perhaps as a result, left the basal relationships 

within monocots mostly unresolved. 

"PREFERRED" ZONES 

The "all rootings" option in MacClade was used to 

understand the effect of moving a few key taxa and clades to 

different positions in two trees representing the two types 

of topologies noted earlier (Figure 2.5). This was a biased 

exercise in that the most parsimonious resolution of other 

taxa was not allowed in these rearrangements. For this 

reason it is best to consider this test as establishing 

regions of the tree to which a taxon could move, with little 

extra cost. Conclusions regarding regions to which a taxon 

could not move without extra cost may be less conservative. 

Two aspects were examined -- the cost, in terms of extra 

steps required for the rearrangement, of moving a taxon to 

particular branches, and the number of 
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branches to which it could be moved with minimal cost. 

Acorus and Dioscorea were examined because of their 

anomalous positions in the trees. The six other taxa 

studied had been identified as having the most effect on 

topology in jackknifing experiments. The behavior of three 

major lineages within monocots (Alismatiflorae, Arales, 

and part of "Liliiflorae") was also studied. The salient 

features are summarized below and in Table 2.9. 

By both measures the particular position of Acorus 

and Dioscorea in anyone tree was unstable, but it was 

possible to circumscribe regions on the tree where they 

tended to attach in the shortest trees. Acorus could be 

moved around in the neighborhood of its most parsimonious 

positions with little cost. Acorus could be moved to ten 

different branches among tricolpates and palaeoherbs with 

a cost that was less (one to two steps) than that of 

moving it to the base of monocots (four steps), near any 

of the Arales (seven to 22 steps) or Alismatiflorae (four 

to 27 steps). It cost only seven steps to place it with 

the (Lilium-Smilax-Dioscorea) or cornrnelinid clades, 

comparable with the cost of moving it to its traditional 

position with Arales. A position with Butomus in 
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TABLE 2.9 Costs of moving taxa to different parts of the 
tree. The costs of moving twelve taxa to branches A to G 
on trees I and II (Figure 2.5) are summarized here. The 
minimum cost entailed in movement to ~ branch on the 
tree is indicated for each taxon/clade, with number of 
moves involving minimum cost in parenthesis. Numbers 
represent the mean number of extra steps required on the 
two trees. 

COST OF MOVEMENT TO BRANCHES 

Taxon Min. 

moved cost A B C D E F G 

ACOR 1 1 1 5 4 5 9 7 

DIOS 0 9 9 10 7 5 6 2 

TACC 3 9 8 9 7 7 4 5 

SARU 2 2 2 - - 3 6 7 

TROC 1 1 3 6 5 6 7 6 

BARC 2 17 15 18 16 16 18 16 

HELO 3 7 8 7 5 5 4 4 

BUTO 1 9 9 6 4 - 6 8 

AL 2 4 4 2 3 - 3 3 

ALAR 2 5 5 2 3 - 3 3 

AR 0 7 7 6 6 3 7 2 

LIL 1 8 8 6 3 3 - 3 
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Alismatiflorae was comparable, in cost, to a basal 

position within monocots. Similarly, Dioscorea could be 

moved to eight to ten different branches in its 

neighborhood with a cost of none to three steps, while it 

took more than five steps to move it anywhere else on the 

tree. However, it took only three extra steps to place it 

with Tacca, a traditional member of Dioscoreales locatedin 

the "lily" clade. This suggested some uncertainty about 

the position of Dioscorea in the shortest trees. 

Saruma and Tacca had the greatest influence on the 

topology as assessed by jackknifing, but there was little 

that was common to the behavior of the two taxa in the 

present exercise. Saruma could be moved to ten basal 

branches within tricolpates, palaeoherbs and monocots with 

similar cost (two to four steps). Tacca, on the other 

hand, moved to only five branches within the "lily" 

lineage. These moves cost only three to five steps. The 

only hint of its potential influence on topology was the 

observation that it cost the same (seven steps) to place 

Tacca with (Sabal-Hosta), Nymphaeales or Piperales. All 

these groups were located in very different parts of the 

tree. All other individual taxa examined showed the 

general pattern of attaching preferentially to a 

particular region of the tree, the most extreme case being 
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Barclaya whose movement outside Nymphaeales added at least 

15 steps. 

A similar exercise was conducted moving three major 

clades around on the tree. As noted earlier for individual 

taxa, the lowest costs were when these clades were moved 

to other branches that were close by. In this case, 

however, the moves resulted in major restructuring of the 

tree. The Alismatiflorae-Arales (ALAR) clade, as well as 

Alismatiflorae alone (AL) could be moved with little cost 

(two to five steps) to 13 different branches. It cost 

marginally more (six steps) to place Arales (AR) in a 

basal position within monocots, than in two different 

parts of the monocot clade (three to four steps). One of 

the "lily" clades (ULILU) could be moved to 11 branches in 

its vicinity, at a cost of one to four steps. It could be 

moved to a basal position within monocots or with 

Alismatiflorae at a cost of only three steps. According to 

these results Arales, of the three lineages, had the least 

tendency to attach near the base of monocots. 
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DISCUSSION 

T~A 

The issue of sampling taxa in phylogenetic 

analysis has received only marginal formal attention 

(Donoghue et al., 1989; Swofford & Olsen, 1990: 497; 

Sanderson, 1991; Olmstead et al., 1992). Of concern are 

the effects of inappropriate or insufficient sampling on 

topology. It might seem obvious that the best approach 

would be to sample everything, but apart from constraints 

of time and resources, this leads to problems inherent in 

the analysis of large data sets (Maddison, 1991a). 

However, insufficiency of sampling is not just a matter of 

numbers. Some taxa may have greater effects on the 

topology than others and ideally the method of sampling 

should consider this (Doyle & Donoghue, 1987; Donoghue et 

al., 1989). It has been suggested that missing taxa 

(specifically fossils, Donoghue et al., 1989) are most 

likely to lead to changes in topology when there are major 

gaps between taxa and when homoplasy is present. In 

studies involving a large number of taxa homoplasy is 

likely to be high (Sanderson & Donoghue, 1989). Homoplasy 

is not extraordinarily high in this case (C.I. = 0.45), 

however, several long terminal branches suggests that 

critical taxa may be missing. 
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What can be said about the extent to which we might 

be misled in this study due to omission of critical taxa, 

and can this guide future sampling? First, the 

"j;3.ckknifing" experiments allowed the identification of 

six taxa (Tacca, Helonias, Hosta, Butomus, Saruma, 

Barclaya and Trochodendron) that had relatively profound 

effects on the topology. All except Helonias and Hosta had 

been identified in other studies to be pivotal regarding 

relationships among palaeoherbs and the monocot-dicot 

transition (Donoghue & Doyle, 1989; Taylor & Hickey, 1992; 

Dahlgren et al., 1985). This study apparently benefited by 

the inclusion of taxa, based on clues obtained from other 

studies. Accordingly, a few taxa that were identified as 

being critical to the topology obtained in morphological 

studies, but were not included in this study, could have 

significant effects on resolution near the base of the 

tree. These taxa are, Lactoridaceae, Trichopodaceae, 

Scheuchzeriacaeae, and Hydrocharitaceae, 

Second, the lack of resolution in semi-strict 

consensus of the shortest trees was due to the instability 

of Arales. This instability may be remedied by sampling 

from more "plesiomorphic" taxa of Arales, such as 

Spathiphyllum or Gymnostachys. The same argument could be 

made for taxa of "Liliiflorae," which may represent long 

branches that could be broken up by more sampling from 
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within the group. It is possible that the informative 

sites in this study are evolving rapidly (see below) and 

that sampling would have to be much denser in all parts of 

the tree to avoid problems of large gaps between taxa. 

CHARACTERS 

The 18S gene has been suggested to be a slowly 

evolving gene useful for inferring deep branching events 

(Hillis & Dixon, 1991). The sections of the gene sequenced 

in the present study appeared to be informative within 

families and orders, but to contain less information on 

the deeper branching events investigated. Decay indices 

were much lower for basal branches, as were bootstrap 

values. It "cost" less to move major clades around the 

tree than it did to move most of the terminal taxa, 

suggesting weaker support for relationships at deeper 

levels. This difference in support for clades at different 

levels was similar to results from a study of generic 

relationships in the Poaceae. In that study, regions of 

the 18S gene were found to be more useful in determining 

relationships between subfamilies than between tribes 

(Hamby & Zimmer, 1988). 

Obviously, these taxonomic criteria cannot hold 

universally since families or orders are not equivalent. 

Nucleotide sites in genera of Nymphaeales and Arales 

appeared to have diversified at a rate at which 
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information in the regions of the gene sequenced provided 

a strong signal uniting them into monophyletic groups 

(decay indices, bootstrap frequencies). However, the same 

regions provided strong support for only subsets of genera 

within Alismatiflorae, and Dioscoreales, and less support 

for relationships among these subsets or with other 

lineages. This suggested that either (1) diversification 

within these groups occurred much earlier than in Arales 

or Nymphaeales (assuming a molecular clock); or (2) the 

rate of sequence divergence differed among these taxa. 

Certain regions, e.g., 18J, appeared to be relatively more 

informative at the level of the monocot-dicot transition. 

However, the 18J region had a smaller number of 

informative sites (31) compared to the much more variable 

18E region (65 sites). 

From the above it was concluded that the current set 

of characters was most useful at the nested levels of 

branching. For this reason these characters may best be 

used to study relationships within groups such as 

Dioscoreales or Liliiflorae. It may be necessary to 

explore other regions of rDNA (as well as other nuclear 

genes) to establish basal relationships among palaeoherbs. 

It is possible that these early branching events were very 

rapid and that the branches involved were so short that it 

may prove difficult to find sequences that will shed light 



upon this aspect of the history of angiosperms (Chapter 

1) • 

HYPOTHESES OF RELATIONSHIPS -- AN EVA.LUATION 
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Much of the phylogenetic structure in the data 

was contributed by particular, well-supported clades, 

especially Nymphaeales, Piperaceae, Arales, and Poaceae. 

The major lineages are discussed in order of hypothesized 

branching sequence. 

The non-monocot palaeoherbs, Nymphaeales and 

Piperales, appeared to be the earliest branches within 

palaeoherbs, branching in that order or forming a clade. 

In either case, it appeared most likely that Saruma is the 

sister group to the monocots, either by itself or together 

with Aristolochia. The data suggested that Saruma is a 

critical taxon by various measures -- given its position 

it holds clues to character evolution near the dicot­

monocot transition; it had an important role in the 

phylogenetic reconstruction of this transition, as seen 

from the effect of removing it from the analysis. The 

proximity of Nymphaeales to Piperales conformed in a 

general way with results from morphological analyses, but 

the close association noted here between the monocots and 

Aristolochiaceae differed from morphological data, which 

placed Aristolochiales as an earlier branch within 

palaeoherbs (Donoghue & Doyle, 1989; Chapter 1). In 



acombined analysis of morphological and molecular data it 

took only an extra step to place Aristolochiaceae as 

sister group to monocots (Doyle et al., 1993) 

Monocots (excluding Acorus) divided into the 
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"Liliiflorae" lineage (with groups such as the 

Commeliniflorae and Zingiberiflorae nested within it), and 

the Alismatiflorae-Arales lineage (with some uncertainty 

regarding the position of Arales). This pattern conformed 

broadly with results from parsimony analyses of ~L 

sequences, but not results of maximum-likelihood (ML) 

analysis, in which Alismatales and Arales did not form a 

monophyletic group (Duvall et al., 1993 a, b). 

Constraining the rDNA data to a basic topology similar to 

that of the ML analyses added at least 5 steps to the 

tree-length (Table 2.10). Morphological data suggested 

that a paraphyletic Dioscoreales was at the base of 

monocots, followed by a series of "Liliiflorae" lineages 

within which were nested two lineages, Alismatiflorae­

Arales and Ileumonocots" (Chapter 1). Constraining the rDNA 

data to keep "Liliiflorae" at the base added eight steps 

to the tree, while making Dioscoreales basal added 11 

steps (Table 2.10). The rDNA data had greater support for 

the results of the ~L analysis, than for results of the 

morphological analysis. The different data sets agreed in 

that the basal split was into the "alismatid" and "lily" 
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TABLE 2.10 Hypotheses of monophyly evaluated. 
Additional steps required to constrain the results to 
retain particular clades were determined under the 
"CONSTRAINT" option, PAUP 3.0S, Swofford, 1991. The 
number of steps taken in excess of 573, the length of 
the shortest trees in unconstrained analyses is given in 
the second column. 

ADDITIONAL 

NUMBER OF 

CLADE STEPS 

"Liliiflorae". "monocots" 8 

Dioscoreales. "monocots" 11 

ACQl:lJS, "monocots" 4 

(ACQl:lJS, Arales) , "monocots" 7 

ACQl:lJS, Arales 7 

Acorus, (Alismatiflorae,Arales) 5 

Alismatiflorae. Arales 0 
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lineages. They disagreed on which of the two lineages was 

basal and paraphyletic: whether "Liliiflorae" (including 

Dioscoreales), as suggested by morphological data, or 

Alismatiflorae-Arales (with Alismatiflorae, but never 

Arales, basal), as suggested by molecular data. This 

implies that questions about the characteristics of the 

ancestral monocot should, perhaps, not be put in terms of 

either "alismatid" Q..l:. "dioscorealean/lily" features, but 

something in-between. Furthermore, as noted above, Saruma 

must be included in such assessments of character 

evolution. 

These data did not support the monophyly of 

Liliiflorae, nor that of component orders such as 

Dioscoreales and Melanthiales. Dioscoreales (sensu 

Dahlgren et al., 1985), represented by Tacca (Taccaceae), 

Stichoneuron (Stemonaceae) Dioscorea (Dioscoreaceae), 

Smilax (Smilacaceae) and Trillium (Trilliaceae) appeared 

to be paraphyletic. The data suggested that Smilax and 

Trillium do not form a monophyletic group with other 

Dioscoreales. This conclusion was also supported by other 

analyses, both morphological and molecular (Chapter 1, 

Duvall et al., 1993 a, b). The position of Dioscorea with 

Commeliniflorae was puzzling, but all indications (decay 

indices, bootstrap frequencies, analysis of "preferred" 

zones) were that its position anywhere on the tree was not 
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secure. Sequences from other species from this large genus 

would help determine its position. Hosta, a representative 

of Asparagales (sensu Dahlgren et al., 1985), went with 

Sabal, a palm, rather than with other taxa of Liliiflorae. 

More sampling within Asparagales, Liliales and 

Melanthiales is necessary for a clearer understanding of 

Liliiflorae. 

The data suggested that Alismatiflorae, probably with 

Arales, may be one of two major lineages within monocots. 

The results of the jackknifing experiment suggested that 

more sampling within Arales might strengthen its position 

with Alismatiflorae, an association favored by 

morphological data (Dahlgren & Rasmussen, 1983; Chapter 1) 

and in part by other molecular data (Duvall et al., 1993 

a, b). The position of Alismatiflorae was relatively 

insecure, as measured by decay index and the small cost of 

alternative arrangements. Both Saruma and Tacca had a 

strong impact on its position. The placement of Saruma as 

the sister group of monocots may represent a compromise 

between characters that link it with (Aristolochia­

Nymphaeales), on the one hand, and with Alismatiflorae on 

the other, as suggested by the jackknifing experiment. 

More sampling in this region of the tree, particularly 

from Hydrocharitaceae and Scheuchzeriaceae may clarify 

these questions. 
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The taxonomic position of the enigmatic genus Acorus 

has been discussed in depth recently (Grayum, 1987). At 

least four sets of relationships have been suggested, (a) 

Acorus is a member of Arales, (b) Acorus does not belong 

to the Arales proper, but is a member of the 

Alismatiflorae-Arales lineage nested within monocots, (c) 

Acorus is the sister group of the rest of monocots, and 

(d) Acorus is a member of the Piperalean lineage. These 

hypotheses are discussed in turn. 

Engler (1920) allied Acorus with Arales, but neither 

the shortest trees nor trees one step longer supported 

this link. Bootstrap analysis strongly supported the 

monophyly of Arales, but placed Acorus with this group 

only in 5.5% of the cases. It took seven steps more to 

move Acorus to the aroid clade, as against one or two 

steps needed to move it to other places in the tree. 

Constraining Arales-Acorus to be basal added seven steps 

to the shortest trees and placed Acorus at the base of 

monocots (Table 2.10). This confirms the recent 

morphological re-assessment of this genus by Grayum 

(1987) . 

Morphological phylogenetic analyses of monocots 

presented in Chapter 1 suggested that Acorus was a basal 

offshoot of the Alismatiflorae-Arales clade. This 

relationship was not supported by the shortest trees, 



"one-off" longer trees, or by bootstrap analyses, which 

indicated a link between the taxa only 5.5% of the time. 

It cost more to move Acorus to Alismatiflorae than to 

Arales. 
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Analyses of ~L sequences suggested that Acorus was 

the sister group of the rest of monocots (Duvall et al., 

1993a; b). This hypothesis was not supported by the 

shortest trees, "one-off" trees, nor by bootstrap analysis 

(bootstrap frequency of 3%) in the present analysis. It 

cost four steps to move Acarus to the basal position 

within monocots, which was the same cost as moving it to 

the base of the Alismatiflorae clade. Constraining the 

tree to the basal topology of the ~L analysis added at 

least five steps (Table 2.10). 

An association between Acarus and Piperales was found 

in the shortest trees, with Acarus and Saururus occurring 

either as sister groups, or forming a paraphyletic group 

at the below Piperaceae. Of all the above hypotheses, this 

one appears to have the greatest support. In trees one 

step longer, Acorus attached to several other taxa, but 

always among non-monocot palaeoherbs. Bootstrap replicates 

placed Saururus and Acorus together in 32% of the cases. 

The similarities between Acorus and Piperales (presence of 

essential oils and perisperm, and cellular endosperm 

development) were pointed out by Grayum, 1987. 
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A conservative conclusion from these analyses is that 

there was a definite signal in the rONA data, albeit a 

weak one, which tended to place Acarus among non-monocot 

palaeoherbs. These results were in partial agreement with 

those from ~L data, in which Acarus emerged as the 

sister group of other monocots, with Saururus used as an 

immediate outgroup. However, it took five steps more to 

force the rONA data to conform to a topology similar to 

that obtained from the ~L data. Finally, it should be 

noted that when Acarus was constrained to remain with 

monocots, the rONA data allied it with Alismatiflorae­

Arales. It is possible that Acarus represents an early 

offshoot of the Alismatiflorae-Arales lineage that went 

through a large series of changes that affected its 

morphology, nuclear rONA, and chloroplast ONA and which 

rendered it so different that its correct position is now 

difficult to establish. This scenario would be compatible 

with results from the morphological analyses presented in 

Chapter 1. 
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CONCLUSIONS 

The following conclusions emerge from these analyses 

presented here: 

1) Ribosomal DNA data suggest that the earliest 

bifurcation of monocots was into the Alismatiflorae­

Arales and "Liliiflorae." This study rules out the 

possibility of either Arales (excluding Acorus) or 

Arecales representing the earliest branches within 

monocots. 

2) The data suggest that the derived clades, 

Zingiberales, Commelinales, and Poales are offshoots of 

"Liliiflorae." 

3) The position of Acorus is questionable. It is 

linked with Piperales, effectively making monocots a 

biphyletic group. It is probably not a member of Arales, 

but may represent an early and very divergent branch of 

the Alismatiflorae-Arales clade. 

4) The results of this study agree with other 

molecular studies, particularly regarding the pivotal 

position of Acorus. However, they disagree with results of 

morphological studies. All data sets suggest that neither 

Arales nor Arecales is likely to be the sister group of 

monocots. These results need to be evaluated further and 

in various ways (including cOmbining different data sets) 



before more definitive statements can be made regarding 

early branching events within monocotyledons. 
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CHAPTER 3. VARIATION AND EVOLUTION OF GENOME SIZE WITHIN 

MONOCOTYLEDONS AND OTHER PALAEOHERBS 

INTRODUCTION 
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A series of papers by Bennett and co-workers (1976, 

1982, 1991) provided a compilation of data on genome sizes 

in angiosperms. These data indicated that the largest 

genomes occur in monocots (179 pg in Fritillaria, 

Liliaceae) while the smallest are in dicots (0.1 pg in 

Cardamine, Brassicaceae). Further analysis of these data 

led to the suggestion that monocotyledons have genome 

sizes that are, on average, larger than those of 

dicotyledons (Bennett, 1972; Grime & Mowforth, 1982). This 

difference is of potential interest, given contrasting 

views of the perceived role of variation in genome size, 

termed the C-value paradox (Mirsky & Ris, 1951). The 

occurrence of non-coding DNA with no apparent role has led 

to the concept of "selfish" DNA (Orgel & Crick, 1980; 

Doolittle & Sapienza, 1980). Other workers ascribe a 

functional and, thereby, an evolutionary role to the total 

amount of DNA in a cell, based on the correlation of 

genome size with cellular and phenotypic characteristics 

such as the mitotic and meiotic cycles, generation time, 

germination, phenology, and geographical distribution 



(Van't Hof & Sparrow, 1963; Bennett, 1972; 1973; Levin & 

Funderberg, 1979; Rayburn & Auger, 1990; Thompson, 1990; 

Grime et al., 1985). 

One particularly intriguing possible role of genome 

size is suggested by an apparent relationship between 
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genome size and the nature of origin m in angiosperms 

(Cavalier-Smith, 1978; Donoghue & Scheiner, 1992). The 

suggestion is based on observations that genome size and 

cell size are correlated (Shuter et al., 1983), and that a 

large genome/cell size is correlated with a long cell 

cycle, or a slow rate of cell division (Van't Hof & 

Sparrow, 1963). The different types of endosperm 

development are characterized according to the pattern of 

cell-wall formation occurring during the first divisions 

of the endosperm nucleus. This indicates that there may be 

variation in the cell division cycle that are related to 

variation in genome size. The argument can be extended to 

megasporogenesis (formation of embryo sac) and 

microsporogenesis (formation of pollen grain) which vary 

also in the formation of cell walls. Preliminary 

statistical analyses, which tested these hypotheses in 

several monocots and dicots (Bharathan, unpubl.), revealed 

no correlation of genome size with endosperm development 

or microsporogenesis, but did suggest that large genomes 
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were correlated with departures from the normal monosporic 

mode of embryo sac development. 

Unfortunately, the data base for such analyses is 

uneven. Much of the information about monocotyledons is 

from species within Poaceae and Liliaceae (in the broad 

sense), and little or no information has been available 

for other families and, in some cases, for entire orders. 

Furthermore, because phylogenetic relatedness has not been 

accounted for, the above correlations are based upon the 

statistical analysis of non-independent data-points. It is 

therefore difficult to assess the significance of these 

results, even as they point to the possible existence of 

intriguing patterns. Problems with the use of statistics 

under these conditions have been discussed widely 

(Clutton-Brock & Harvey, 1977; Felsenstein, 1985), and it 

has been recognized that an explicitly historical context 

is required to frame the appropriate questions of change 

(O'Hara, 1988), particularly when sequences of 

evolutionary events are under investigation (Donoghue, 

1989) . 

The purpose of the current study is two-fold -­

first, to sample genome sizes within monocots more 

completely, and initiate investigation of non-monocot 

palaeoherbs (Donoghue & Doyle, 1989); and second, to 

assess these results in the context of recent hypotheses 
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of monocot relationships to see whether some of the 

patterns described above are retained when examined within 

a phylogenetic context. 
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MATERIALS AND METHODS 

FLOW-CYTOMETRY 

Genome size was measured by flow-cytometry, in 

which fluorescence of stained nuclear suspensions is 

measured using a laser detector. The intensity of 

fluorescence in each nucleus is proportional to the total 

amount of DNA that it contains. The use of an internal 

standard, whose C-value is known, makes it possible to 

estimate the amount of DNA in nuclei of an unknown plant. 

Plant nuclear suspensions were obtained by chopping fresh 

tissue with a razor blade, in a buffer designed to 

stabilize nuclei (Galbraith et al., 1983; Krishan, 1990; 

Michaelson et al., 1991; Arumuganathan & Earle, 1991). The 

chopping buffer used in most cases was that described by 

Galbraith et al. (1983), and contained 45 roM Magnesium 

Chloride, 30 roM Sodium Citrate, 20 roM 3-(N­

Morpholino)Propanesulphonic acid (MOPS), and 1% Triton. 

However, this buffer did not yield recognizable peaks of 

fluorescence corresponding to intact nuclei, in 

representatives of several groups including the Piperales, 

Aristolochiales, Dioscoreales and Arecales. Modification 

of the buffer by addition of 5% Polyvinyl pyrrolidone 

(PVP) , 10 roM Dithiothreitol (DTT) , and 10 roM Ascorbate, 

yielded intact nuclei suitable for flow cytometric 
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analysis from these recalcitrant species. Prior to flow 

analysis, propidium iodide and boiled RNAase were added to 

the nuclear suspension to provide a final concentration of 

0.1 mg/ml and 0.01 mg/ml, respectively. The fluorescence 

of nuclei stained with propidium iodide is a linear 

function of the amount of nuclear DNA. 

The flow cytometer (Elite model, Coulter Electronics, 

Hialeah, Florida) was used to measure the fluorescence 

emission of stained nuclear suspensions. The laser was 

operated at 488 nm at an output of 20 mW. Fluorescence 

emission was detected using a photomultiplier. One-

parameter histograms of fluorescence intensity were 

accumulated. Internal standards of known genome size, 

measured in picograms (pg), were employed to permit 

calculation of the nuclear DNA contents of the unknowns, 

using modal values of the positions of the fluorescence 

peaks in the histograms (Figure 3.1) . 

2C-value ~ X 2C-Std 
M.S. 

where 2C-value = calculated nuclear DNA amount for the 

unknown (pg/2N nucleus); M.P. = Modal channel of the 

fluorescence peak for the unknown plant nuclei; M.S. 

Modal channel of the fluorescence peak for the internal 

standard; and 2C-Std = 2C-value (pg/2N nucleus) of the 

internal standard. 
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FIGURE 3,1 Histograms, resulting from flow-cytometric 
analysis, showing numbers of nuclei as a function of 
fluorescence intensity. The histograms comprise 1,024 
channels. In the upper panel (A) channels correspond to 
the log scale, in the lower channel (B) to the linear 
scale of fluorescence intensity. The first two peaks 
represent 2C and 4C nuclei of Nicotiana tabacum, and the 
next two the 2C and 4C nuclei of Alstroemeria 
caryophyllacea. The 4C nuclei of Alstroemeria are off­
scale on the linear scale. The modal position of the 2C 
peak of the internal standard, Nicotiana, is 22 and of 
Alstroemeria, 124. Given a value for Nicotiana of 2C = 9.2 
pg this gives 2C = 51.3 pg as the genome size of 
Alstroemeria. 
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One of two standards was used -- chicken red blood 

cells (CRBC) or nuclei from Nicotiana tabacum var. 

Xanthi. The DNA content of CRBC the most commonly used 

standard (2.33 pg/2N, Galbraith et al., 1983), was not 

useful in cases where the unknown either coincided with or 

fell far above this value, and the relative positions of 

the peak fluorescence were unreadable. Nicotiana tabacum 

var. Xanthi was developed as a standard for use in such 

instances. The mean 2C-value is estimated to be 9.186 pg 

(n = 49, Table 3.1) and this value is used in all our 

determinations employing tobacco as the standard. Where 

possible, both standards were used to confirm the estimate 

of genome size. 

The variance of 2C-values so obtained was calculated 

from at least three individuals for each species. In a few 

cases, however, fewer samples were run due to limited 

amounts of leaf material, and the standard deviation of 

replicates was not estimated. The values reported 

represent mean 2C-value from separate determinations. As 

has been shown for tobacco (Table 3.1) the standard error 

of the mean is low and the mean values obtained from these 

determinations are expected to be reasonable estimates of 

the population mean, taking into consideration sample 

variance due to small differences in individuals as well 

as extraction and staining procedures. 
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TABLE 3.1 2C-values of Nicotiana tabacum var. Xanthi, 
determined by flow cytometry. Calculated from (A) mean 
fluorescence or (B) modal fluorescence, based on flow­
cytometric analysis of 49 leaf samples with chicken red 
blood cells (CRBC, 2C = 2.33 pg) as the internal standard. 
S.E.M.= standard error of the mean, C.V. = coefficient of 
variation. 

~ 
(pg) 

9.169 

9.186 

£.....[2. 

0.534 

0.516 

S.E.M. 

0.076 

0.074 

~. 
(% ) 

5.821 

5.617 
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TAXA SAMPLED 

A wide variety of species were sampled from 

across genera and families of monocots and presumed close 

relatives, with emphasis on several families and orders 

that had not been studied before. The species sampled are 

listed in Table 3.2 (see Results). As far as could be 

determined from the literature (Fedorov, 1974), all were 

diploids. Vouchers were deposited in the herbaria at the 

University of Arizona or the Missouri Botanical Garden. 

Seeds of Nicotiana tabacum var. Xanthi (USDA Tobacco 

collection, PI 552780), used as internal standard in these 

studies, were obtained from the Tobacco Research 

Laboratory, PO Box 1168, Oxford, NC 27565-1555. 

PHYLOGENETIC HYPOTHESES 

Newly derived C-value data, combined with those 

from previous studies, were log-transformed, and 

parsimoniously optimized on trees representing hypotheses 

of relationships among monocots and outgroups. Three 

tested phylogenies agree in that monocots comprise three 

major lineages, but disagree about the relationships of 

these lineages (Dahlgren & Bremer, 1988; Duvall et al., 

1993 a, b; Chapter 1; Chapter 2). Two of these trees used 

for the analysis are presented in Figure 3.2. Several 

taxa, for which genome size data were available, but had 

not been included in these phylogenetic studies, were 



added to these trees according to previous hypotheses of 

phylogenetic relationships (Cronquist, 1981; Dahlgren et 

al., 1985). Different taxa had to be added to the various 

topologies in this study, since the taxa that had been 

included in the original phylogenetic analyses differed. 

These additional taxa are marked with asterisks in 
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Figure 3.2. The trees obtained from analysis of rONA 

(Chapter 2) were not used. This was because the number of 

lineages represented in that study was smaller, and this 

would have required several more assumptions about 

relationships to fully utilize the data on genome size. 

The large amount of data available in the literature 

on genome sizes of some taxa -- Liliales, Asparagales, 

Poaceae and Ranunculaceae posed the problem about how 

to incorporate these data since relationships among 

species studied is not known in detail. One possible 

solution was to include the two extremes from each taxon, 

to allow the entire range of C-values to influence the 

reconstructions. However, this opened up the possibility 

of bias due to taxa with extreme values. If relationships 

were known in detail, it might be found that a taxon with 

extreme values was, in fact, nested within the larger 

taxon from which it was sampled. Such a case would unduly 

influence the reconstruction of the nodes below it simply 
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FIGURE 3.2 Topologies used to reconstruct ancestral 
genome sizes. Optimizations were done using genome size 
data from Table 3.4. Asterisks mark taxa that were added 
to topologies obtained from parsimony analysis, according 
to previous opinions regarding their relationships (see 
Materials and Methods). Topologies were obtained from (a) 
morphological data (Chapter 1), and (b) molecular data 
(~L sequences, Duvall et al., 1993b). 
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Source of tree: ~L sequences 
(Duvall et al., 1993b) 
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because of biased sampling. For this reason, 

reconstructions were also done on topologies pruned to 

have either the set of "small-genome" taxa or the set of 

"large-genome" taxa (Table 3.4). This procedure is 

believed to set reasonable bounds on the changes that were 

inferred from the reconstructions. 

RECONSTRUCTING ANCESTRAL STATES 

Two methods of reconstruction were used to 

reconstruct ancestral states. "Linear parsimony" (Farris, 

1970; Swofford & Maddison, 1987) minimizes the sum of 

changes on different branches, while "squared-change 

parsimony" (Maddison, 1991) minimizes the sum of squared 

changes. Both methods were implemented in MacClade 3.0 

(Maddison & Maddison, 1992). The first method can lead to 

multiple reconstructions of ancestral states, while the 

second always yields a single solution. The lower and 

upper limits of the reconstructions were examined in 

linear parsimony optimizations, to help establish the 

minimum and maximum changes that could be reconstructed on 

the trees. 

The different methods used to reconstruct ancestral 

states may, in effect, assume different mechanisms of 

character change (Maddison, 1991; Strauss, pers. comm.). 

Simple linear parsimony reconstructs the states such that 

many zero length branches and many long branches result, 



suggesting that the character evolves in large leaps. 

Squared change parsimony results in shorter branch 

lengths, whose distribution is normal. The latter method 

is compatible with Brownian motion model of character 

evolution when change is standardized by the inverse of 

branch length (= time or phyletic change between nodes) . 

In the absence of information about branch length, it is 

assumed that all branch lengths are equal as a first 

approximation (Maddison, 1991; Martins & Garland, 1991). 
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Linear parsimony in the present context suggests that 

genome size change occurs in large increments. Only 

diploids were sampled in this study and it is believed 

that the differences seen here are not due to differences 

in ploidy. Differences in genome size between closely 

related species are relatively small (Narayan, 1987; Price 

et al., 1981), suggesting that the underlying mechanism of 

change may be a gradual one. This leads to the view that 

gradual changes underlie genome size variation, and 

therefore squared-change reconstructions may be the most 

appropriate. 

Processes that are gradual at the species level may 

appear discontinuous at higher levels either due to 

extinction or level of sampling. However, the data 

presented here suggest that most taxa (families, orders) 

are relatively homogeneous and that heterogeneity is a 
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problem in certain lineages (e.g., Liliales). It is also 

possible that in these latter taxa the normally gradual 

change in C-values is replaced by large discrete changes 

that are still detected under the squared-change 

reconstructions. The mechanism of change is not known in 

most cases. The present method (obtaining a consensus of 

all methods and measures) may be the most appropriate for 

a first approximation of the phylogenetic patterns of 

change. 

IDENTIFYING SHIFTS IN GENOME SIZE 

One question in this study was whether the 

transition from the dicot to monocot clade involved a 

major upward shift in genome size. Several exploratory 

approaches were adopted in an attempt to identify branches 

characterized by upward or downward shifts. The extent of 

change in genome size was determined by the branch-length 

-- the difference between the observed states and 

estimated ancestral states, for the terminal branches, and 

between the estimated states of two adjacent internal 

nodes, for internal branches on the tree. This translated 

to an estimation of the ratio between the genome sizes at 

ancestral and descendent nodes, since the original data 

were log-transformed. 

A very conservative approach was adopted to determine 

whether a change in character had occurred. Only shifts in 



genome size that occurred in all topologies and analyses 

were considered. 
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Distributions of branch-lengths obtained in the 

different optimizations were examined to identify 

"significant" shifts in genome size as an initial 

approximation. It is important to note that these 

distributions have no statistical significance since the 

points (branch-lengths) are interdependent, having been 

obtained from global optimization procedures. The 10% 

tails at both ends of the distributions were taken to 

represent notable departures from the general trend in the 

tree. This was done for all methods of reconstruction, on 

all trees. 

CHARACTER CORRELATION 

As mentioned in the introduction, previous 

unpublished analyses of data on angiosperm families had 

suggested that large genomes are correlated with bisporic 

and tetrasporic development of the embryo sac. This 

hypothesis was tested using a test applicable to binary 

data -- the "concentrated-changes" test, which evaluates 

the hypothesis that the acquisition of one trait 

predisposes the evolution of the second trait (Maddison, 

1990) . 

Maddison's test applies only to binary traits, so the 

genome size data were converted to a two-state character. 
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This was done in three different ways in three separate 

analyses, to test whether clades characterized by large 

genomes are more prone to evolve bisporic or tetrasporic 

embryo-sacs. Large genomes were defined based upon 

apparent breaks in the distribution of genome sizes used 

in the optimization exercise. At least two apparent breaks 

were identified, and the test was conducted using both 

criteria to define large genomes. The criterion using the 

smaller cut-off point was expected to provide a more 

conservative estimate of such the correlation, since more 

clades had genome sizes in this range than in the higher 

range. The correlation test also was applied to see 

whether branches characterized by increases in genome size 

were more prone to this mode of development. The branches 

with increases were identified as described in the 

previous section. 

Other available comparative methods apply to 

quantitative data (Felsenstein, 1985; 1988; Huey & 

Bennett, 1987; Harvey & Pagel, 1991), and could not be 

applied here since one of the features, embryo-sac 

development, was a binary trait. 
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RESULTS 

GENOME SIZE MEASUREMENTS 

The histograms of fluorescence obtained in most 

cases were sharp and coefficients of variation (C.V.) 

varied from four to seven % (Figure 3.1). The 2C-values 

derived from these histograms are summarized in Table 3.2, 

with taxa arranged according to Dahlgren et al. (1985). 

The data extend sampling of monocots into three orders and 

eighteen families, making a total of fourteen orders and 

forty families for which information is now available. In 

most of the orders studied, genome size was found to be 

below 2C = 20 pg, in the range of 1 to 10 pg. The smallest 

genomes (2C = 1 pg) in this study were those of 

Freycinetia (Pandanaceae), Maranta, ~ (Zingiberales) 

and Acorus (Arales). The largest 2C-values found were in 

TrilliuID erectum (85 pg) and in Tradescantia ohioensis (78 

pg), which were similar to earlier reports for these 

species (Bennett & Smith, 1976). The non-monocot 

palaeoherbs (Piperales, Nymphaeales and Aristolochiales) 

were characterized by relatively small genomes, with 2C 

values varying between 0.9 and 9.3 pg. Similarly, basal 

members of the Ranunculales, had low 2C values of 1.4 and 

4.4 pg. 
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TABLE 3,2 Estimated genome sizes (2C-values) of 62 species 
of angiosperms. Collection information in parentheses: MO 
= Missouri Botanical Garden accession number, GB = G. 
Bharathan collection number 

ORDER 

FAMILY SPECIES pQ/2C C.V. 

RANUNCULALES 

Menispermaceae Stauntonia hexaphylla(Thunb.) --

Decne [M09003481 1.4 

Berberidaceae Naodioa domestica Thunb. --

fGBl161 4.4 

Ranunculaceae Thalictrum feodleri Engelm. --

ex A. Grav fGBl121 2.2 

ARISTOLOCHIALES 

A;r.;:i!;ltQlQQnia fimb;r.;:iata Cham. 
Aristolochiaceae 

fGBl171 0.9 1.7 

Asarum caudatum Lindl. 

fM09974721 9.3 8.1 

Sa;r;:lJma hen;r;:yi Oliver [GB111] 6.4 1.8 

PIPERALES 

Saururaceae AoemQPsi!;l califQroica Hook. 

fGBl181 1.6 4.4 

HOlJttlJynia cQ;r;:data Thunb. 

fM08715321 3.2 3.0 
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TABLE 3.2 (continued) 

Piperaceae ~~12~rQmig Q!;2t)"H~ i fQl ia (L. ) 
2.3 4.0 

A.Dietr. [GBl19 ] 

Peperomia trifolia (L. ) 4.6 --

A.Dietr. [M0762443] 

Piner nigrum L. [M0790351] 3.9 1.7 

NYMPHAEALES 

Nymphaeaceae N~m12hg~g ~g~t:l.l.lg Savigny 
1.1 --

[M0861070] 

DIOSCOREALES 

Dioscoreaceae OiQ~~QJ:fla ~~l1!:ati~a 
1.7 4.9 

l.M0841226] 

OiQS~Qr~g 1!:illQsa L. [GB107 ] 4.8 --

Taccaceae Tg~~g 121gntggin~g (Hance) 
2.1 1.3 

Drenth rGB120 ] 

Smilacaceae Smilax bQna-nQX L. [GB103] 10.0 4.5 

Trilliaceae M~Q~Qla vit:gini~g L. [GB110] 28.4 6.1 

Trillil.l.m ~r~~tl.l.m L. [GBl14] 84.5 6.9 

ASPARAGALES 

Agavaceae HflsPflralQfl sp. [GB121] 7.9 6.2 

Ruscaceae B!Js~!Js b~l2Ql2h~ll!Jm L. 
17.5 3.3 

[M0801576] 

Nolinaceae QgS~lit:iQn sp. [GB122] 12.4 2.0 
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TABLE 3 2 (continued) . 
Anthericaceae ChlQJ::Q~h~tYm elatYm Ait. var. 

20.0 --
yariegatym [GB123] 

Hostaceae HQsta C:t:iS;£2111a F.Maek 
22.7 1.3 

[M0760746] 

Luzuriagaceae Ly;z;y:t:iaga latifQlia Poir. 
2.5 2.0 

[GB1241 

CQDVaJ,lgJ::ig mgjgJ,is L. [GBI08] 33.0 --
Convallariaceae 

Smilacioa stellata (L. ) Desf. 
26.6 4.7 

rGBI0l1 

Smilacioa :t:acemosa (L. ) Link 46.6 --

SmilgQing trifQlig 22.2 --

Reioeckia caroea (Andr. ) 47.7 --

Kunth. [M09027601 

AS;£2idist:t:a elatiQ:t: Blume. 
35.8 3.4 

rM08944101 

l;i.J:iQ~e S~iQgtg Lour. 
25.6 4.9 

rM07828541 

Q;£2biQ;£2QgQO ja;£2QoicYs (Thunb. ) 
21.0 2.4 

Ker-Gawl. [M08972711 

LILIALES 

Alstroemeriacea Alst:t:Qeme:t:ia Ca:t:~Q;£2b~llacea 
51.2 --

Jacq. rGB1261 
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TABLE 3.2 (continued) 

Uvulariaceae I;r;:iQ~;r;:ti5 maQ;t:Q]2QQa Miq. 
8.5 6.1 

[M0871341] 

Il~lllal:ia J;2~l:fQliata L. 
25.9 --

[M07 60713] 

Il~lllal:ia :;j~:;j5ilifQlia L. 
15.3 7.0 

[GBl13 ] 

ClintQnia l:!Q;r;:~ali5 (Ait.) Raf. 
37.7 --

[GB109] 

J:li5J;2Ql:llm 5~55il~ (Thunb. ) 
37.2 5.6 

D.Don. rM07607201 

Calochortaceae CalQQhQ;t:t1l5 sp. [GB104 ] 10.7 --
MELANTHIALES 

Melanthiaceae V~:!:atrlJm QalifQrni!:;lJm Durand 
5.4 --

IQfi~J.Qia gllJtinQ5a (Michx) 
3.0 --

Pers. rGB1051 

ALISMATALES 

Butomaceae BlltQmlJ5 11mb~11atlJ5 L. [GB127] 12.2 3.4 

Alismataceae EQilinQQQ:!:lJ5 Q5i;r;:i5 Rataj. 
28.5 4.0 

[M08972211 

Sagitta rig lanQifQlig L. 
26.5 3.5 

rM08938001 
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TABLE 3.2 (continued) 

Limnocharitacea H~Q;r;:Q~l~~s D~m12hQiQ~s 
22.7 4.2 

(Willd. ) Buchenau [M0897237] 

ARALES 

Acoraceae A~Ql:u.s ~alamu.s L. [M0790444] 1.3 --

A~Ql:u.s gl:amioell.s Ait. 
0.8 --

[M0902084 ] 

Araceae S12gthi12h~ll!.1m sp. 'Mauna Loa' 7.1 4.5 

ARECALES 

Arecaceae Rhapi.s excel.sa (Thunb. ) 9.6 

A.Henry 

CYCLANTHALES 

Cyclanthaceae Cal:ludQyica dl:udeii Masters 1.9 --

[M0891181] 

C~~lgDth!.1S bi12g r tit!.1S Poit. 
1.9 2.5 

[MO. HAMMEL161 

LuQ.Qyia lao~ifQlia Brongn. 
2.6 4.5 

rM08317301 

PANDANALES 

Pandanaceae Fl:e~cioetia multiflQl:a 0.8 --
Merrill. [M0811323] 
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TABLE 3 2 (continued) • 

Pandanus yeitchii Hort.Veitch 

ex M.T.Mast & T.Moore 

[M0903392] 1.7 6.2 

ZINGIBERALES Monocostus uniflorus (Poeppig 

Costaceae ex. O.G.Petersen) Maas 
2.0 --

[M0902394] 

Lowiaceae Q:r:~llidantba maxilla:r:Qides 
7.1 5.9 

(Ridl. ) K.Schum. [M0894177] 

Marantaceae Maranta lelJ~QDe).n;:g E.Morr. 
1.1 3.1 

1GBl15] 

Musaceae ~ sp. 'Jamaican Red' 
1.2 --

[M08919451 

Zingiberaceae AlI;2inia sI;2e~iQsa Zemburet 
(Pers. ) B.L.Burtt & R.M. Sm. 

[M0822020] 5.5 4.1 

~lJt:~lJmg ~gDthQrt:hi~g Roxb. 
2.6 6.0 

[M08 93 630] 

COMMELINALES 

Commelinaceae I:r:ades~antia Qlliensis Raf. 
77.8 1.1 

[GB1021 

POALES 

Poaceae ~ll~llQsta~ll~s al.1:r:ea Riv. 
4.6 2.6 

[GB106] 
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VARIATION IN GENOME SIZES IN MONOCOTS AND OUTGROUPS 

Genome sizes determined from the presesnt and 

previous studies are summarized in Table 3.3. Families may 

be classed into two groups based on range in genome size, 

with one class exhibiting little variation and the other 

exhibiting a wide range. Most of the families (35/40) are 

of the first type and may be characterized as having 

either small or large genomes and showing a two to four 

fold between-species variation. The second group, 

containing families such as Araceae and Cyperaceae, 

exhibit between-species variation in genome sizes of up to 

20-fold. In Iridaceae it is as great as 56-fold. 

The genome sizes in Table 3.3 were log-transformed 

(Table 3.4). The frequency distribution of these log­

transformed C-values is shown in Figure 3.3. These data 

were used for the reconstruction of ancestral states. 
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TABLE 3,3 Range of variation in genome sizes of some 
angiosperm families. Sources: (a) this study; (b) Bennett 
& Smith, 1976; (c) Bennett et al., 1982; (d) Bennett & 
Smith, 1991; (e) Arumuganathan & Earle 1991. *First 
report for order or family, this study. Superscripts 
indicate taxa included in optimization exercises on 
phylogenetic trees; '1' indicates "small-genome" taxa, 
and '2' indicates "large-genome" taxa excluded in some 
analyses (see Materials and Methods). '3' indicates 
single 2C-value entered for that taxon. This value 
represents either the sole report for that taxon, or a 
mean value from several reports where the difference 
between species is not large. 

REF No. 2C- 2C- Ratio 

FAMILY Spp. Value Value Max 

(min) (max) /Min 

RANUNCULALES 

Ranunculaceae 81 

8gJ.Jil~gia alpina1 c 1.0 

An~mQn~ t~t;t;:as~pala2 b 45.4 45,4 

*Menispermaceae 1 1.4 

Berberidaceae 6 

aet:l:2et:is kot:eana1 d 1.0 

Nandina dQmesti~a2 a 4.4 4.4 

Lardizabalaceae 1 

De~aisnea fat:gesii c 4.0 

Papaveraceae 3 

A;t;:g~mQn~ plat~Q~;r;:asl b 1.2 

Papav~r SQmnif~ra2 b 8.8 3.7 

*ARISTOLOCHIALES 

Aristolochiaceae a 3 0.9 9.3 10.3 

*PIPERALES 

Saururaceae3 a 2 1.6 3.2 2.0 

Piperaceae3 a 3 2.3 4.6 2.0 
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TABLE 3,3 (continued) 

*NYMPHAEALES 

Nvmphaeaceae a 1 1.1 

DIOSCOREALES 

Dioscoreaceae 3 

12iQs!:Qt:ea alata1 e 1.2 

12iQS!:Qrea YillQsa2 a 4,8 3,0 

*Smilacaceae a 1 10,0 

*Taccaceae a 1 2.1 

Trilliaceae 5 

MedeQla virginica1 a 28.5 

!:r::illilJm !:am!:bat!:ense2 d 89.0 3,1 

ASPARAGALES 

Agavaceae3 8 

Yll!:!:a kanabensis d 5.1 

Agave desex:tii d 9.6 1.9 

Alliaceae 27 

AllilJm sibix:i!:lJm a 15,2 

AllilJm lJx:sinlJm d 63.0 11.0 

Amaryllidaceae 7 

Nat:!:isSlJs tazetta a 20,6 

HaemgnthlJS kgtherim!e d 117,7 5,7 

Anthericaceae 2 

AntheriQym syffrytiQQsym b 13,7 

ChlQrQgh~tym sp. a 20.0 1.5 

Asparagaceae 1 

8ggrggys Qffi!:inglis e 2.7 

Asphodelaceae3 4 

ElJl12ine semi12ax:12ata d 14.4 

ElJl12ine calJlescens b 44.8 3.1 
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TABLE 3,3 (continued) 

Convallariaceae 12 

QJ;2biQJ;2QgQD jaJ;2QDicllS 1 a 21.0 

CQD1!allal:ia majalis2 b 49,3 2.3 

Hostaceae 1 

HQst;;!. rectifoli;;!. b 19.8 

HQst;;!. crisoula a 22.7 1.2 

Hyacinthaceae 57 

Scill;;!. albescens c 7.6 

Scilla kQ~nigii d 67.6 8.9 

*Luzuriagaceae3 a 1 2.5 

*Nolinaceae3 a 1 12.4 

*Ruscaceae3 a 1 17.5 

LILIALES 

*Alstroemeriaceae3 a 1 51.2 

*Calochortaceae3 a 1 10.7 

Iridaceae 27 

H~S12~rantha Qachmanii d 1.0 

.I.ti..s. histriQ d 56.0 56.0 

Liliaceae 51 

TlJl i 12a lJrlJmi~nsisl b 39.8 

Fri:t,illaria Qavisii2 b 179.0 4.0 

Orchidaceae 5 

Ebala~DQJ;2sis ;;!.mabilis1 c 2.4 

~;;!'Dill;;!. J;21aDifQlia2 e 15.9 4.5 

*Uvulariaceae3 a 5 8.5 37.7 4.0 

*MELANTHIALES 

*Melanthiaceae a 2 3.0 5.4 2.0 
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TABLE 3,3 (continued) 

ALI SMATALE S 

Alismataceae3 3 

Alisma plantago-aquatica d 20.6 

EchinQdQl:llS Qsil:is a 28.5 1.0 

*Butomaceae3 a 1 12.2 

*Limnocharitaceae a 1 22.7 

ARALES 

*Acoraceae3 a 2 0.8 1.3 1.6 

Lemnaceae 

Lemna minQl: b 1 2.4 

Araceae 4 

I:! l:anllD!:::lJ III s Ylllgal:is l b 6.8 

AmQl:pllQPllalllls CQmmlltatlls2 d 23.5 9.8 

ARECALES 

Arecaceae 5 

EllQenix dact~lifel:al d 1.9 

Ellapis excelsa2 a 9.6 5.1 

*CYCLANTHALES 

Cyclanthaceae3 a 3 1.9 2.6 1.4 

*PANDANALES 

Pandanaceae3 a 2 0.8 1.7 2.1 

ZINGIBERALES 

*Costaceae3 a 1 2.0 

*Lowiaceae3 a 1 7.1 

*Marantaceae3 a 1 1.1 

Musaceae3 2 

Ml.1.s.a.. sp. e 1.2 

Ml.1.s.a.. sp. a 1.8 1.5 

*Zingiberaceae3 a 2 2.6 5.5 2.1 
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TABLE 3,3 (continued) 

BROMELIALES 

Bromeliaceae3 3 

Ananas bracteatus e 0.9 

Tillandsia sp, a 2,7 3,0 

TYPHALES 

Typhaceae 1 

T~:gba latifQlia d 0,6 

Sparganiaceae 

S:gargani1!ID ~r~~t1!m d 1 1.2 

COMMELINALES 

Commelinaceae 27 

~iQaSiS venest1!la1 d 10,9 

TraQ~s~antia ~anali~1!lata2 d 78,1 7,2 

POALES 

Poaceae 140 

ClllQJ:is ga~anal b 0,7 

S~~al~ .Q..eral~2 b 18,9 27,0 

CYPERALES 

Cyperaceae 4 

S~iJ:12lJ:2 :2~lyaticlJSl d 0,9 

EleQ~llaJ:is 12allJ:2tJ:i:22 d 11.1 12,3 

Juncaceae 8 

!llJn~lJs 12ilQ:2a1 b 0,6 

LllZlJla 12lJJ:12lJJ:ea2 b 8,5 14,2 
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TABLE 3,4 Log-transformed genome size data used in 
optimizations. "Small genome" taxa marked by '1,' and 
"large genome" taxa marked by '2.' These data were excluded 
in some analyses (see "taxa sampled" under Materials and 
methods) . 

TAXON 2C- TAXON 2C-

value value 

1 Menispermaceae 0.3365 19 Asphodelaceae2 3.8022 

2 Lardizabalaceae 1. 3863 20 Aqavaceae 2.1518 

3 Berberidaceae 1.1632 21 Asoaraaaceae 0.9933 

4 Ranunculaceae1 0.0000 22 Ruscaceae 2.8622 

5 Ranunculaceae2 3.8155 23 Arecaceae1 0.6418 

6 Papaveraceae1 0.1823 24 Arecaceae2 2.2618 

7 Papaveraceae2 2.1748 25 Cvclanthaceae 0.6931 

8 Aristolochia1 -0.1054 26 Pandanaceae1 -0.2231 

9 Aristolochia2 2.1972 27 Pandanaceae2 0.5306 

10 Saruma 1. 8563 28 Bromeliaceae1 -0.1054 

11 Saururaceae 0.8755 29 Bromeliaceae2 0.9933 

12 Piperaceae 1.1632 30 Marantaceae 0.0953 

13 Nvmphaeaceae 0.0953 31 Costaceae 0.7419 

14 Dioscoreaceae1 0,1823 32 Zinqiberaceae 1. 3987 

15 Dioscoreaceae2 1. 5686 33 Lowiaceae 1. 9601 

16 Taccaceae 0.7419 34 Musaceae 0.6931 

17 Smilacaceae 2.3026 35 Acoraceae 0.0000 

18 Trilliaceae1 3.3499 36 Lemna 0.1823 
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TABLE 3,4 (continued) 

37 Trilliaceae2 4.4886 51 Araceae1 1. 9169 

38 Uvulariaceae1 2.1401 52 Araceae2 3.1570 

39 Uvulariaceae2 3.6109 53 Butomaceae 2.5014 

40 Alstroemeriacea 3.9318 54 Alismataceae 3.2268 

41 Calochortaceae 2.3702 55 Limnocharitace 3.1224 

42 Liliaceae1 3.6889 56 Commelinaceae1 2.3888 

43 Liliaceae2 5.1874 57 Commelinaceae2 4.3580 

44 Orchidaceae1 0.8755 58 Poaceae1 -0.1054 

45 Orchidaceae2 2.7663 59 Poaceae2 2.9444 

46 Melanthiaceae1 1. 0986 60 Cvperaceae1 -0.1054 

47 Melanthiaceae2 1.6864 61 Cvperaceae2 2.4069 

48 Convallariacea1 3.0445 62 Juncaceae1 -0.5108 

49 Convallariacea2 3.8979 63 Juncaceae2 2.1518 

50 Asphodelaceae1 2.6672 64 
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FIGURE 3.3 Distribution of C-values used in 
reconstruction of ancestral states. This distribution was 
used in identifying taxa with large genomes, for applying 
the "concentrated changes" correlation test. 
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ANCESTRAL STATES 

Ancestral states were reconstructed on the two 

topologies shown in Figure 3.2, using data as indicated in 

Table 3.4. In all reconstructions, the ancestral monocot 

was inferred to have had a genome size of 0.7 pg to 1.8 

pg, while the ancestor shared with non-mono cot palaeoherbs 

was inferred to have had a 2C-value of 0.7 pg to 1.7 pg. 

SHIFTS IN GENOME SIZE 

Large shifts in genome size were identified 

according to the criteria outlined above (see Materials 

and Methods). The numbers for genome sizes here refer to 

log-transformed values. Of the total 124 branches, 10%, or 

13 branches at each of the two extremes of the 

distribution were identified as showing significant 

shifts. These represented increases of 0.8 and above 

(= 2.2-fold or more on the non-transformed data), and 

decreases of -0.7 pg and below (= O.S-fold or less on the 

non-transformed data). The two methods of reconstruction 

(squared change, and linear parsimony) identified the same 

set of branches as showing an upward or downward shift on 

the different topologies. Most major changes were found to 

occur in or near terminal branches (Figure 3.4). Major 

clades showing an upward increase in genome size, either 

basally or several times within the clade, were Liliales, 
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FIGURE 3.4 Evolutionary shifts in genome sizes. The 
shifts were inferred from states in internal nodes, 
obtained from optimizations on topologies in Figure 3.2 
(a, b). Asterisks represent uncertainty about branching 
order beyond that point. Numbers represent log­
transformed genome sizes of internal nodes, reconstructed 
using the squared-change parsimony method on MacClade 
(version 3.0, Maddison & Maddison, 1992). Right-pointing 
arrows represent increases, and left-pointing arrows 
decreases in genome size, determined as described in the 
text. The arrows in bold are decreases and increases 
identified on all topologies, using both linear and 
squared-change parsimony for reconstruction. Dashed 
arrows represent increases or decreases identified in 
some, but not all of these exercises. The inferred 
ancestral states are shown for selected internal nodes. 
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Asparagales, Commelinaceae and Alismatiflorae-Arales. The 

transition from dicots to monocots does not appear to have 

been characterized by an upward shift in genome size. In 

some of the reconstructions on the ~L tree, a small 

increase was noted in the branch above Acorus, which may 

be a function of the unusually small genome of Acorus 

(-0.22 pg to 0.26 pg). Similarly, the basal condition in 

Ranunculales may have been 0.7 pg to 1.6 pg, with 

increases occurring within Ranunculaceae. Three taxa were 

identified as having reduced genome sizes -- Calochortus, 

Lemna, and Acorus. Interestingly, the small genomes of 

Cyperales and Poales may not represent major reductions. 

Increases occurred in taxa with a wide range of genome 

sizes, while decreases tended to occur in taxa with small 

genomes (Figure 3.4). Optimization using squared-change 

parsimony showed that the largest increases, above >0.8 

pg, were in ancestors reconstructed as having genome sizes 

ranging from 1.2 pg (Aristolochiaceae) to 4.0 pg 

(Liliaceae). On the other hand, the largest decreases 

(-0.7 pg) were in ancestors with genomes sizes between 1.1 

pg and 1.6 pg (Figure 3.4). The only exception was 

Calochortus, which showed a decrease of -0.9 pg from an 

ancestor with a genome size of 3.3 pg. 
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(reconstructed or observed) at adjacent nodes gives the 
branch length of the internode, Most branch lengths (80%) 
were between -0,06 Loge pg and 0,7 Loge pg , Those above 
or below these values were taken to represent "major 
shifts" in genome size, Branch lengths above 0,7 Loge pg 
represent a 2.2 or more times increase in (untransformed) 
genome size. Branch lengths below -0,6 Loge pg represent a 
decrease of 0.5X or less. 
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FIGURE 3.6 Evolution of genome size, and the origin of 
bisporic and tetrasporic embryo-sacs. The "concentrated­
changes" test of Maddison (1990) applied to these 
characters, with genome size as the independent character 
and embryo-sac the dependent character, suggests that the 
probability of obtaining eight or more gains of bi­
/tetrasporic embryo sac in clades with large genomes (2.9 
and over), p, is less than 0.003. From this low 
probability it is concluded that bisporic and tetrasporic 
types of embryo-sac development tend to evolve in taxa 
that have large genomes. 
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EMBRYO-SAC DEVELOPMENT AND GENOME SIZE 

The "concentrated-changes" test was performed to 

detect whether tetrasporic or bisporic embryo-sacs tend to 

evolve in clades characterized by large genomes. Large 

genomes were defined in two ways, based on apparent breaks 

in the distribution of genome sizes used in the 

optimization (Figure 3.3). The first criterion for a large 

genome was a C-value of size 2.9 Loge pg (= Loge 18 pg/2N) 

or larger. However, the break in the distribution 

represented by this criterion may be considered an 

indistinct one. Therefore, 3.6 Loge pg (= Loge 36 pg/2N) 

was used as another criterion for large size, since there 

appeared to be a clearer break in the distribution, 

between 3.3 Loge pg and 3.6 Loge pg. 

Nine clades were identified that had genomes of 2.9 

pg and over (Figure 3.6), and six clades that had genomes 

of 3.6 pg and over. There were eight instances of the 

evolution of the bisporic or tetrasporic mode of 

development, "gains," and no reversals of this condition, 

"losses". Of these, five cases were in clades which had 

large genomes, of 2.9 and more. The probability of having 

as many as eight gains and no losses, was p < 0.006, if 

gains and losses were distributed at random on the tree 

(Figure 6). This probability was much lower than the 

probability, p = 0.01, when a genome was defined to be 
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large if it was 3.6 and over. A similar result, p = 0.034, 

was obtained when increase in genome size, rather than a 

particular size of genome, was taken to be the condition 

that predisposes the evolution of variable embryo-sac 

development. It may be concluded, from all analyses, that 

there does appear to be a tendency for bisporic and 

tetrasporic embryo sacs to evolve in taxa with large 

genomes. 
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DISCUSSION 

SAMPLING 

It is an underlying assumption of this study 

that the species sampled are representative of families or 

other taxa. One concern may be that the species chosen are 

not representative of their family, especially given that 

genome size is known to vary widely within some families 

(Rothfels et al., 1966), some genera (Narayan, 1987), and 

even some species (Price et al., 1981). However, taxonomic 

categories are not directly comparable, and some species, 

genera or families are more variable than others. This 

variability has to be determined empirically since there 

is no consistency within taxonomic categories, which are 

themselves arbitrary constructs. In this study most 

families, whether sampled extensively or not, exhibited 

only a two- to four-fold variation in genome size. This 

suggests that the phylogenetic patterns of variation 

detected at higher levels are not due to sampling error. 

This suggestion is supported by the taxa with wide ranges 

in genome size that were detected with limited sampling. 

For instance, a ten-fold variation was noted in 

Aristolochiaceae where only three species were sampled, 

while there was only a four-fold variation in Liliaceae, 



which have previously been sampled extensively (51 

species) . 

TOPOLOGY 
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uncertainties regarding the basal relationships 

among the primary monocot lineages do not affect the major 

conclusions about trends of change in the data. This is 

not surprising, since the different hypotheses mostly 

agree about the composition of these major clades, and all 

major changes noted in genome size are within these clades 

or at their base (e.g., Liliales). 

DIRECTIONS OF CHANGE 

The ratio of genome size of the descendant node 

to that of ancestral node was chosen as the index of 

change. It takes into account the fact that the absolute 

amount of change appears to depend upon the starting size, 

since larger genomes increase by larger C-value 

increments. In other words, the use of this ratio down­

weighted changes in large genomes and gave more weight to 

the same amount of change occurring in small genomes. This 

does not appear to have distorted the results as far as 

detecting trends of increase was concerned, since 

increases were seen in ancestors inferred to have a wide 

range of genome size, from 1.2 to 4.0 (= 3.3 to 57 pg/2C) . 
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Decreases, on the other hand, were noted mostly in 

small genomes (3-5 pg/2C). This may mean that large 

genomes tend to increase, rather than decrease in size. It 

may also imply that decreases occur in smaller increments 

that are not dependent on the total genome size, 

preventing an exponential decrease in genome size. 

Decreases that do occur in large genomes will not be 

detected using the ratio as a criterion, and the numbers 

of decreases are probably underestimated in this study. 

Overall, there appears to be a bias toward increase 

in genome size. However, apart from criteria used to 

detect decreases, this bias may also reflect the level of 

sampling, and the fact that the early ancestral condition 

was to have small genomes. This apparent bias toward 

increase is consistent with most views on the dynamics of 

genomic processes, such as "selfish DNA" (see below in 

discussion of modes of change) . 

EMBRYO-SAC DEVELOPMENT 

A correlation has been established here between 

genome size and pattern of megasporogenesis (Figure 3.7). 

Bisporic or tetrasporic embryo-sacs in monocots and 

outgroups have the tendency to evolve in clades that have 

large genomes (over 18 pg/2C). It is possible that this 

pattern is more general, and may apply to angiosperms as a 
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FIGURE~ Megasporogenesis and embryo-sac development. A 
single megaspore mother cell undergoes meiotic division of 
the nucleus, accompanied by formation of both homeotypic 
and heterotypic cell walls (monosporic), homeotypic cell 
wall alone (bisporic) or no cell walls at all 
(tetrasporic). This leads to fewer mitoses required to 
form the complete embryo sac. The larger starting cell 
size accompanied by the elimination of one or both cell 
walls in are suggested to allow an earlier transition to 
maturation into the eight nucleate embryo-sac. 
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whole, since the statistical correlation, mentioned in the 

introduction, between genome size and embryo sac 

development had been established for 31 dicot families and 

16 monocot families. While dicots have a mean genome size 

of 4.6 pg, Loranthaceae and Adoxa with tetrasporic embryo 

sac development have genome sizes of over 14 pg (based on 

Bennett et al., 1976; 1982). 

Kin-selection arguments have been put forth to 

explain the evolution of different types of embryo sacs in 

angiosperms, but the arguments do not explain the origin 

of this variation (Queller, 1983, 1989; Haig 1990; 

Donoghue & Scheiner, 1992). It has been noted that 

variation in embryo sac development tends to occur under 

unusual or stressful conditions, such as in parasitic 

plants (Loranthaceae) and aquatic plants (Podostemaceae, 

Alismataceae). It was suggested that in these 

circumstances the advantage of a large genome may lie in 

the reduced time required for development (Donoghue & 

Scheiner, 1992). However, it is unknown whether the 

developmental process is more rapid in these plants. 

GENOME SIZE AND DEVELOPMENT 

The common features of bisporic and tetrasporic 

embryo sac development are that cell wall formation during 

meiosis is curtailed, and that the number of post-meiotic 

mitoses is reduced. These features may provide insights 
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into factors that might underlie the correlation detected 

in this study. Both mitotic and meiotic cell cycles will 

be discussed in turn. 

Genome size and cell size are strongly correlated 

with each other, and with the rate of mitosis and meiosis 

-- large genome/cell sizes are associated with longer cell 

cycles (Sparrow et al., 1965; Bennett, 1973; Cavalier­

Smith, 1985). The longer cell cycle is usually ascribed to 

the time needed for replication of the increased amount of 

DNA (Van't Hof, 1974). Another argument advanced is that 

cell size itself is the parameter that is associated with 

the length of the cell cycle (Cavalier-Smith, 1985). The 

causal explanation for the correlation is unclear. What is 

known is that nuclear and cytoplasmic processes are 

coordinated at various control points during the mitotic 

cycle (Hartwell & Weinert, 1989), and that mutations of 

genes acting at the control point are known to lead to 

altered cell size (Nurse & Thuriaux, 1980), and genomic 

instability (Hartwell, 1992). Thus it is possible that 

genome size, like cell size, may be genically controlled, 

and therefore subject to selection. 

The meiotic cell cycle is not as well characterized 

as the mitotic cycle, although our understanding of the 

meiotic process itself is improving (Hawley & Arbel, 



1993). Some features of meiosis that may be relevant to 

this discussion are summarized here. 
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(1) Meiosis is a canalized process that is remarkably 

similar across most major lineages of organisms (Bennett, 

1973). " .. . Abnormalities in meiotic behavior, for 

instance, failure to pair at zygotene or failure of wall 

formation isolating the products of meiotic division, are 

not corrected before the process proceeds to later stages" 

(Bennett, 1973). In other words, unlike mitosis, when 

nuclear and cellular cycles become asynchronous during 

meiosis no corrective mechanisms come into play. 

(2) The most variable feature in meiosis is duration, 

which varies with nuclear DNA content, ploidy level and 

temperature. Meiosis is a slow process: premeiotic mitoses 

are prolonged and successive cell cycles gradually 

lengthen as meiosis approaches (Bennett, 1973). Almost 

certainly as a consequence, the final pre-meiotic product 

is an extremely large cell, larger than surrounding 

somatic cells. An increase in genome size is likely to 

affect the duration of these pre-meiotic mitoses. 

(3) Within angiosperms one other feature of meiosis 

varies across groups. The formation of the cell wall 

varies both during the development of pollen grains 

(successive vs. simultaneous cell wall formation) and 



embryo sacs (monosporic, bisporic or tetrasporic 

development) . 
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Formation of cell walls in embryo sac development 

appears to be temperature-sensitive. It has been 

demonstrated in Oxybaphus, Mirabilis (Nyctaginaceae), 

Tamarix (Tamaricaceae), and Ulmus (Ulmaceae), that 

abnormally low or high temperature leads to variation in 

the formation of the cell wall (Hjelmqvest & Grazi, 1964). 

Similarly in Capsicum (Solanaceae) which has variable 

embryo sac development, a higher incidence of tetrasporic 

embryo-sacs was observed during the winter months 

(Dharmadhaj & Kumar, 1978). Abnormal temperatures during 

the premeiotic interphase may result in asynchrony between 

nuclear and cytoplasmic processes, leading to the 

suppression of cell-wall formation after the homeotypic 

nuclear division ("abnormal" embryo sac), the heterotypic 

nuclear division (bisporic embryo sac), or both homeo- and 

heterotypic divisions (tetrasporic embryo sac) . 

These properties of the meiotic process suggest how 

the correlation between genome size and embryo sac 

development may corne about. It is possible that in plants 

with large genomes premeiotic processes are similarly 

affected, and the dynamic between the nuclear and cellular 

processes thereby altered. This may result in the 

elimination of one or both cell-walls during 
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megasporogenesis, and a reduction in the number of mitoses 

(Figure 3.7). This alteration in embryo sac development is 

assumed to be largely the consequence of the lack of 

corrective mechanisms in meiosis, as noted above. It is 

suggested that as a result of interaction between the 

effects of various factors, species with large genomes 

that develop under uncertain (parasites, aquatics) or 

variable (temperate taxa) conditions tend to evolve 

bisporic or tetrasporic embryo sacs. 

Obviously, this explanation is a preliminary one and 

its assumptions remain to be tested. A detailed study of 

the correlations will be best done at the level of species 

or genera. For instance Scilla (Hyacinthaceae), Smilacina, 

and Polygonatl1ID (Convallariaceae) show the kind of 

variation in embryo sac development (Svoma & Greilhuber, 

1989; Bjornstad, 1970) that may be amenable to further 

exploration of these patterns. An analysis that 

investigates the cellular phenomena that might underlie 

the phylogenetic patterns noted, must address the 

questions at a cellular level, and may involve study of 

the cell cycle and its determinants (see below, "Modes of 

character evolution"). Further, the above model cannot 

represent a complete explanation for variation in embryo 

sac development, since there are tropical plants, such as 



Peperomia and Pandanus, with very small genomes (1-2 pg) 

that show departures from monosporic development. 

MODES OF CHARACTER EVOLUTION 
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The above discussion was based on the 

assumptions (a) that evolutionary trends of increases and 

decreases have biological significance; (b) that 

correlations noted between genome size and embryo sac 

development have a biological significance, and (c) that 

the phenotypic traits at the organismal level are related 

to variation in cell size. There may be grounds to 

question these suppositions, none of which have been 

directly tested so far. Each of these is discussed below 

in the light of arguments that emerge from discussions of 

the C-value paradox. 

It is possible that the evolution of genome size 

follows a Brownian motion model (Cavalli-Sforza & Edwards, 

1967) and that any trends observed, increases or 

decreases, are simply those detectable in any random walk 

(Bookstein, 1987). According to this, the apparently 

repeated trends of increase in Liliiflorae, Commelinaceae, 

and Alismatiflorae-Ariflorae are no more than what might 

be expected in a random walk. This possibility should be 

examined. However, the problem of testing this hypothesis 

is not a trivial one (e.g., Burt, 1989), although a recent 



method for comparing average phenotypes of species is 

potentially applicable here (Garland et al., 1993). 
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Nevertheless, the correlations noted between 

characters strongly suggests biological significance. The 

"nucleotype" theory (Bennett, 1972), and the "skeletal" 

theory (Cavalier-Smith, 1978) both ascribe a functional 

role to C-value, acting through its correlation with 

traits such as the rate of mitotic and meiotic cell 

cycles. According to both these models, genome size is 

driven by forces of selection acting at the cellular and 

organismal levels. The "selfish DNA" theory posits that 

genome size is driven by forces that tend to increase the 

amount of DNA, but that it is kept within specific upper 

bounds (Charlesworth, 1987; Walsh, 1985). The nature of 

the upper bounds is not clarified. "Selfish" DNA is the 

consequence of genomic processes such as transposition, 

gene conversion, unequal crossing over, and gene 

amplification. The biological significance of phenotypic 

correlates of genome size is not discussed under this 

theory 

Cell size and genome size are correlated (Mirsky & 

Ris, 1951; McLeish & Sunderland, 1961; Price et al., 1973; 

Olmo, 1983). The "nucleotype" theory suggests that large 

genomes directly cause the formation of large cells. The 

"skeletal" theory suggests that variation in cell size 
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(caused by mutations in cell-cycling genes) causes 

variation in genome size. According to the theory, if the 

cell becomes larger it needs a larger nucleus. According 

to this theory, DNA is supposed to provide scaffolding for 

the nucleus, therefore an increase in genome size is 

expected to follow. According to both theories, cell and 

genome size are directly related to phenotypic features 

such as cell-division rate, developmental rate, and 

phenology, regardless of which way the causality is 

supposed to go. As mentioned above, the correlation of 

genome size with cell size is not explained by the selfish 

DNA theory. 

There have been two recent studies of genome size 

variation in salamanders, both phylogenetically based. 

Sessions & Larson (1987) established a negative 

correlation between genome size and developmental rate. 

They suggested that an investigation of cellular-level 

processes, including cell size, might reveal the causes 

for the observed correlations. They went on to suggest, 

without postulating a mechanism, that "evolutionary 

reduction of differentiation rate" (longer developmental 

time) might raise the upper boundary within which 

"selfish" DNA increases. In a study of the same group of 

organisms, Pagel & Johnstone (1992) showed that genome 

size is correlated with developmental rate independent of 



the effects of cytoplasmic volume. They concluded that 

their results support the view that junk DNA accumulates 

until the costs of replicating get too high, and that 

there was no support for an association of genome size 

with cytoplasmic volume. 
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Experiments in which highly repeated sequences were 

introduced into Drosophila had no effect on developmental 

time, and this was interpreted to mean that the 

correlations between developmental time and genome size 

noted in other systems are not causally related (Miklos, 

1982; John & Miklos, 1988). However, there are two 

problems with this interpretation. First, the experiment 

used highly repeated tandem sequences to increase genome 

size, but most species varying in genome size differ in 

the amount of middle-repetitive DNA (Narayan, 1983; 

Sessions & Larson, 1987). It is possible that this 

difference is important for the functioning of the cell. 

Second, if there is genic control over genome size that 

acts through cell-cycling genes (Nurse, 1985), then the 

mere addition of extra DNA into the system may not be the 

appropriate experiment to address the questions raised. 

Correlations between genome size and cell volume 

have been demonstrated for mitotic cells in plants. 

Studies of dividing cells suggest that cell size is 

regulated during the cell cycle (Nurse, 1985), and that 
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the genome is kept stable by checkpoints at different 

phases of the cell cycle (Hartwell, 1992). It is possible 

that processes of the cell cycle control both cell size 

and genomic stability, and that explanations for the 

correlations observed may come from studies of the cell 

cycle. It may be that genome size tends to increase within 

the confines of limits set by the cell, perhaps through 

the cell cycle. 

There may be functional implications of cell size, 

other than growth rate. For instance, in Microseris 

(Asteraceae) species with small mesophyll cells (and small 

genome size) were found to be more drought resistant than 

species with large mesophyll cells (Castro-Jimenez et al., 

1989). Selection of cell/genome size has also been 

postulated in the mosquito, Aedes (Ferrari & Rai, 1989). 

Each of the explanations for variation in cell and 

genome size appears to be inadequate in its own way. The 

theory of "selfish DNA" does not explain the correlation 

between cell and genome size, and the mechanistic 

explanations for both "nucleotype" and "skeletal" theories 

are unsatisfactory. Clearly, there is much that remains to 

be done. In particular, it would be of interest to 

investigate the possibility that variation in both cell 

size and genome size is regulated by cell-cycle 

controlling factors. Regardless of the details of the 



mechanism, however, there is a need to keep in mind the 

cellular and organismal factors in genome size evolution. 

These are at least as important, and perhaps more 

important, than genomic processes that have received the 

most attention in recent years. 
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CONCLUSIONS 

Despite observations that monocots have, on average, 

larger genomes than dicots, the evolution of monocots does 

not appear to have been marked by a major increase in 

genome size. Monocots with large genomes may be 

predisposed towards evolving bisporic and tetrasporic 

embryo-sac development. These conclusions can be made with 

a greater degree of confidence owing to the larger 

sampling of critical taxa such as non-monocot palaeoherbs, 

and Dioscoreales, which allows better reconstructions of 

ancestral states. Broad patterns of variation can be 

detected in a study of this scale. However, questions 

about underlying mechanisms are best addressed at the 

cellular level complemented by appropriate comparative 

studies. 
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