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ABSTRACT. Phylogenetic relationships among 25 representatives of the Caryophyllales and three
outgroup taxa from Polygonaceae and Plumbaginaceae were assessed using structural variation in
the chloroplast genome and restriction site variation in the highly conserved inverted repeat region
of the chloroplast genome. In addition to the previously reported loss of the chloroplast rpl2 intron
in the common ancestor of the Caryophyllales, observed structural mutations include: 1) the loss
of the rpl16 intron in the chloroplast genome of Limonium (Plumbaginaceae); 2) three large, phy-
logenetically informative deletions within the gene ORF2280, and 3) parallel, 6-kb inversions in
the large single-copy region of the chloroplast genomes in Pereskia (Cactaceae) and in Atriplex and
Chenopodium (Chenopodiaceae). Sixty-two of the 161 restriction sites scored were phylogenetically
informative. Parsimony analyses of the structural and restriction site characters indicate that: 1)
the Caryophyllales consist of two major clades, one comprising Amaranthaceae and Chenopodiaceae,
and the other all remaining families; 2) two families, Phytolaccaceae and Portulacaceae (Portulaca
and Claytonia), are polyphyletic, with elements of the former (Phytolacca and Rivina) strongly linked
with Nyctaginaceae; 3) Pereskia (the only examined representative of Cactaceae) is, surprisingly,
strongly linked to Portulaca, and 4) Caryophyllaceae and Molluginaceae, the only anthocyanin-
producing taxa in the order, occur in the same portion of the trees and are not basal to the group.

Relationships among several families are poorly resolved.

Although the Caryophyllales (or Centrosper-
mae) are clearly monophyletic (Cronquist 1981;
Eckardt 1976; Hershkovitz 1989; Rodman et al.
1984), phylogenetic relationships within the or-
der are quite uncertain. This is surprising con-
sidering that perhaps no other order of flow-
ering plants of its size has been as thoroughly
investigated morphologically, ultrastructural-
ly, and chemically (Mabry 1977). The delimi-
tation of clades within the order and their re-
lationships have been largely influenced by the
choice of character(s) examined, with little con-
sensus of relationships among the varying lines
of taxonomic evidence (e.g., compare Behnke
1994; Cronquist 1981; Mabry 1976; Rettig et al.
1992;Rodman et al. 1984; Takhtajan 1980; Thorne
1992).

Beginning with Rodman et al.’s (1984) work
on the familial relationships within the Cary-
ophyllales, much attention during the past de-
cade has focused on understanding relation-
ships using explicit cladistic approaches to
classification and/or detailed analyses of spe-
cific characters (e.g., Behnke 1994; Brown and
Varadarajan 1985; Carolin 1987; Hershkovitz
1991a, 1991b; Nowicke 1994; Rettig et al. 1992;
Rodman 1994). However, despite these and oth-

er analyses, several major points of contention
remain within the Caryophyllales and involve,
but are not limited to: 1) the relationship be-
tween the anthocyanin- and betalain-produc-
ing plants; 2) the alleged primitiveness of
Phytolaccaceae within the order; 3) the nat-
uralness of several families [e.g., Caryophylla-
ceae, Chenopodiaceae, Phytolaccaceae s.1., and
Portulacaceae may each be paraphyletic (Rod-
man 1990)]; and 4) the placement of problem-
atic genera, such as Stegnosperma and Corrigiola.

We have chosen to reassess phylogenetic re-
lationships within the Caryophyllales using
several classes of molecular characters from the
chloroplast genome. Mutations in chloroplast
DNA (cpDNA) are fundamentally of two kinds:
point mutations (single nucleotide pair substi-
tutions) and structural rearrangements. Point
mutations can be detected either indirectly,
through restriction site mapping (as in this
study), or directly, by DNA sequencing [as in
the recent study by Rettig et al. (1992) of rbcL
sequence variation within the Caryophyllales].
Analyses of restriction site polymorphisms in
cpDNA have almost invariably been limited to
studies at the rank of family or below. Recently,
however, we have shown that by focusing ex-
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clusively on the highly conserved inverted re-
peat (IR) region, where rates of nucleotide sub-
stitution at silent (synonymous) sites are about
4-5 times lower than in single-copy regions
(Wolfe et al. 1987), comparative restriction site
mapping can be extended to greater evolution-
ary depths than those to which it has been ap-
plied previously when the whole genome was
taken into consideration (Downie and Palmer
1992a). Structural rearrangements of the chlo-
roplast genome (such as inversions and gene
deletions) are relatively infrequent events
among photosynthetic land plants and usually
can provide strong evidence of monophyly for
a particular group (reviewed in Downie and
Palmer 1992b). Previous studies have demon-
strated the utility of cpDNA rearrangements as
molecular characters for elucidating evolution-
ary relationships among taxa at a variety of tax-
onomic levels (Bruneau et al. 1990; Downie et
al. 1991; Jansen and Palmer 1987; Lavin et al.
1990; Palmer et al. 1988; Raubeson and Jansen
1992; Stein et al. 1992).

We undertook this study of Caryophyllales
phylogeny with three goals in mind: 1) to in-
vestigate chloroplast genome structure within
the Caryophyllales and related Plumbaginaceae
and Polygonaceae; 2) to demonstrate the po-
tential of comparative restriction site mapping
of the highly conserved IR region of the chlo-
roplast genome for resolving phylogenetic re-
lationships within the group, and 3) to for-
mulate more precise hypotheses about
relationships among the diverse clades of the
Caryophyllales, and, in so doing, to assess the
relationships of taxa whose phylogenetic po-
sition is questionable.

MATERIALS AND METHODS

Plant Material and Analysis of cpDNA'’s.
Fresh leaf material from 25 species representing
11 families (sensu Cronquist 1981) of Cary-
ophyllales, two species of Polygonaceae, and
one species of Plumbaginaceae, was obtained
from various sources (Table 1). The isolation of
cpDNA or total cellular DNA, restriction en-
donuclease digestion, agarose gel electropho-
resis, bidirectional transfer of DNA fragments
from agarose gels to nylon filters, labeling of
recombinant plasmids with **P by nick-trans-
lation or random priming, filter hybridization,
and autoradiography were conducted follow-
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ing the methods of Palmer (1986) and Downie
and Palmer (1992b).

The structure of the entire chloroplast ge-
nome was investigated in 14 species of Cary-
ophyllidae (Table 1). All DNA’s were digested
singly with two restriction enzymes (BamHI and
HindIIl), with the exception of Limonium gme-
linii, which was digested singly with four re-
striction enzymes (BamHI, EcoRV, Bglll, and
HindIII). Filter-bound digests were probed with
109 subclones, ranging in size from 0.1 to 3.5
kb, which together represent virtually the en-
tire chloroplast genome of Nicotiana tabacum L.
The positions of seven of these subclones, used
to diagnose the presence of the 6-kb inversion
described below, are shown in Fig. 1.

To investigate restriction site and structural
variation within the IR, DNA’s of 24 species
from the Caryophyllidae (Table 1) were digest-
ed singly with each of the 10 restriction en-
zymes shown in Fig. 2. Filter blots of these
digests were hybridized with 19 subclones (Fig.
2) from the cpDNA IR region of Nicotiana ta-
bacum. Unambiguous restriction site maps for
each of the ten enzymes were constructed for
the N. tabacum IR (Fig. 2) by computer analysis
of its completely known cpDNA sequence (Shi-
nozaki et al. 1986). Because many restriction
sites and fragment sizes among the taxa ex-
amined coincided with those known in N. ta-
bacum, mapping efforts were greatly facilitated
by scoring our data against these maps.

Phylogenetic Analysis. All phylogenetic
reconstructions were performed using PAUP
version 3.0s (Swofford 1990) on a Macintosh
Quadra 700 computer. All analyses were rep-
licated 10 times with RANDOM addition se-
quence using the HEURISTICS, TREE BISEC-
TION-RECONNECTION, MULPARS, and
COLLAPSE opticns with the ACCTRAN opti-
mization. Wagner parsimony (which weights
site gains and site losses equally) was invoked
by assigning each restriction site character OR-
DERED status. Additionally, the character-state
weighting method of Albert et al. (1992) was
used with a range of weight ratios from 1.1:1.0
to 1.5:1.0 for gains over losses. Character-state
weighting was accomplished using the USER-
TYPE STEPMATRIX option of PAUP. Ancestral
states (ANCSTATES) were either not specified
(i.e., coded as ?’s) or coded as site absences (0’s),
and ingroup monophyly was forced by imple-
menting the command “enforcing topological
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TABLE 1. Species of Caryophyllidae (sensu Cronquist 1981) examined for cpDNA variation. Species without
asterisks indicate those taxa surveyed for both structural variation throughout the entire chloroplast genome
and IR restriction site mutations. Single asterisks indicate those taxa used only in the structural rearrangement
study of the entire chloroplast genome. Double asterisks indicate those taxa used only in the IR comparative
restriction site mapping study (and in assessing major structural variation within this region). Voucher

specimens, unless otherwise indicated, have been deposited at ILL.

Taxon

Source and voucher

Caryophyllales
Aizoaceae
Tetragonia tetragonioides (Pallas) Kuntze**

Amaranthaceae
Alternanthera dentata (Moench) Scheygrond
Celosia argentea L.**

Basellaceae
Anredera cordifolia (Ten.) Steenis

Cactaceae
Pereskia grandiflora Haw.

Caryophyllaceae
Agrostemma githago L.**
Cerastium arvense L.*
Corrigiola littoralis L.**
Silene schafta Gmel.**

Chenopodiaceae

Atriplex hastata L.*

Beta vulgaris L.

Chenopodium murale L.

Kochia sp.*

Spinacia oleracea L.
Didiereaceae

Alluaudia montagnacii Rauh var. ascendens Drake**
Didierea madagascariensis Baillon**

Molluginaceae
Mollugo verticillata L.**

Nyctaginaceae
Bougainvillea glabra Choisy
Mirabilis nyctaginea (Michx.) MacMillan**
Phytolaccaceae
Phytolacca heteropetala H. Walt.
Rivina humilis L.**
Stegnosperma halimifolium Benth.**
Portulacaceae
Claytonia caroliniana Michx.*
Claytonia perfoliata Donn**
Portulaca oleracea L.**
Polygonales
Polygonaceae

Rheum rhaponticum L.
Polygonum persicaria L.**

W. J. Beal Botanical Garden 89B423, Downie 1070

Matthaei Botanical Garden, Downie 164
Brooklyn Botanical Garden, Downie 1049

Matthaei Botanical Garden 840353, Downie 163

Matthaei Botanical Garden, no voucher

W. J. Beal Botanical Garden 89B659W, Downie 1041
JDP, no voucher

W. J. Beal Botanical Garden, Downie 1035

W. J. Beal Botanical Garden, Downie 1033

JDP, no voucher
JDP, no voucher
JDP, no voucher
JDP, no voucher
JDP, no voucher

Brooklyn Botanical Garden, Downie 1055
Missouri Botanical Garden 821268, Downie 1063

W. J. Beal Botanical Garden, Downie 1068

Matthaei Botanical Garden 22746, Downie 220
W. J. Beal Botanical Garden B87137, Downie 1067

JDP, no voucher
Missouri Botanical Garden 894531, Downie 1062
Missouri Botanical Garden 720287, Downie 1061

Doyle 920 (BH)
W. J. Beal Botanical Garden 90B1242W, Downie 1031
Matthaei Botanical Garden, Downie 282

JDP, no voucher
Indiana University Greenhouse, Downie 1022
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TaBLE 1. Continued.
Taxon Source and voucher
Plumbaginales
Plumbaginaceae

Limonium gmelinii Kuntze

W. J. Beal Botanical Garden, Downie 465

constraints” (Albert et al. 1992; Holsinger and
Jansen 1993). Bootstrap (Felsenstein 1985) and
decay (Donoghue et al. 1992) analyses were per-
formed using PAUP to evaluate support for par-
ticular branches of the cladograms uncovered
by the Wagner parsimony analysis. The number
of additional steps required to force particular
taxa into a monophyletic group was examined
using the CONSTRAINTS option of PAUP.
The trees computed by PAUP were rooted by

positioning the root along the branches con-
necting the outgroups Polygonum and Rheum
(Polygonaceae) and Limonium (Plumbaginaceae)
to the rest of the network (Maddison et al. 1984).
Among current classification systems, a consen-
sus favors an association between the Cary-
ophyllales and these two families (Cronquist
1981; Dahlgren 1980; Takhtajan 1980). These two
families are clearly excluded from the order,
and several authors have even suggested that

Nicotiana

48 50 52 54 56 58 60 62 64 66
1 2 3 4 5 6 7
I ! I 1 I | I 1 ORF ORF
trnL trnF trnM rbcL accD psal 184 229 petA
11 — I I s B | Y e B s |
ndhJ ndhK ndhC trnV atpE atpB
I |
| | ORF ORF
trnL trnF rbcL trnM ° accD psal 184 229 petA
11 — | — 0 o
- - | S— -y -
ndhJ ndhK ndhC atpB atpE trnV
Atriplex, Chenopodium, Pereskia
FiG. 1. Structural organization of a portion of the large single-copy region showing the location of 6-kb

inversions in cpDNA’s of Atriplex hastata, Chenopodium murale, and Pereskia grandiflora relative to Nicotiana
tabacum cpDNA. The numbered square brackets indicate the seven N. tabacum cpDNA fragments used as
hybridization probes to determine the presence of the inversion. Sequence coordinates in kb (scale on top)
and gene locations for N. tabacum are modified from Shinozaki et al. (1986). Gene locations for Atriplex,
Chenopodium and Pereskia are inferred from the hybridization results obtained using as probes the seven
numbered H. tabacum fragments and also flanking fragments.
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L L
FiG. 2. Gene and restriction site maps of the IR and adjacent single-copy regions of Nicotiana tabacum

cpDNA. Cleavage sites, gene locations, and sequence coordinates in kb (scale on top) are from Shinozaki et
al. (1986). Asterisks indicate genes containing introns; for these genes, filled boxes indicate exons and open
boxes indicate introns. Restriction fragment sizes are indicated in kb; fragment sizes less than 400 bp are not

labeled. The subclones used as hybridization probes

are numbered from 1 to 19. The region between probes

12 and 13 has not been subcloned. The boundaries of the N. tabacum IR are indicated by the vertical dashed
lines. The locations of DNA deletions greater than or equal to 200 bp in size are indicated by triangles and

are as follows: A = rpl2 intron deletion in all examined taxa of Caryophyllales;

B = 300 bp deletion in Beta,

Chenopodium and Spinacia; C = 200 bp deletion in Nyctaginaceae and Phytolaccaceae s. str.; and D = 500 bp

deletion in Pereskia and Portulaca.

there is no strong evidence linking Polygona-
ceae and Plumbaginaceae to the Caryophyllales
(e.g., Gilannasi et al. 1992; Rodman et al. 1984).
Although the former study involved an analysis
of sequences of the chloroplast gene rbcL, sub-
sequent analyses involving much more exten-
sive taxonomic sampling of rbcL sequences
strongly support the monophyly of the Cary-
ophyllidae and indicate that the Polygonaceae
and Plumbaginaceae are the most appropriate
outgroup for the Caryophyllales (Chase et al.
1993; Olmstead et al. 1992). The selection of any
single outgroup or combination of the three
outgroup taxa did not affect the ingroup tree

topology.

RESULTS AND DisCUSSION

Structural Variation. An analysis of struc-
tural variation within Caryophyllales cpDNA’s
was carried out at two levels: global (whole ge-
nome) and local (inverted repeat). The global

analysis permitted the diagnosis of four kinds
of structural rearrangements: 1) gene losses (as
49 of the 109 hybridization probes used are gene-
specific); 2) intron losses (intron-specific
probes are available for genes rpl2 and rpl16); 3)
inversions, transpositions and any other gene
order changes; and 4) expansion or contrac-
tion of the IR. Rearrangements were detected
in the global analysis by arranging the auto-
radiograms according to the order in the Nico-
tiana chloroplast genome of the hybridization
probes [Nicotiana cpDNA has the ancestral gene
order for vascular plants (Palmer 1991; Palmer
and Stein 1986)] and by observing both frag-
ment number and size as one “walks” along the
chloroplast chromosome from one hybridiza-
tion probe to the next. Restriction site maps
were not constructed. Any anomaly in the num-
ber of fragments detected, their size, or the in-
tensity or pattern of hybridization would be
suggestive of a rearrangement (see Downie and
Palmer 1992b for a detailed discussion of this
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approach and its limitations). Although this
method allows for the rapid diagnosis of major
structural mutations, the use of only two re-
striction enzymes for all taxa except Limonium
and the lack of restriction site maps make it
possible that not all rearrangements may have
been detected.

The results of the global analysis reveal that
the chloroplast genomes of all examined mem-
bers of Caryophyllidae are, with few excep-
tions, similar in content and structure to that
of Nicotiana tabacum and, thus, to the vast ma-
jority of angiosperms examined to date (Palmer
1991; Palmer and Stein 1986). Differences in
structure that were apparent include inversions
and the loss of introns; these structural muta-
tions are described below.

The local analysis permitted greater insight
into structural variation within the cpDNA IR.
Although the same IR-specific probes were used
as in the global analysis, 10 enzymes were used
instead of two, and detailed restriction site maps
for all taxa were constructed for each enzyme.
Moreover, these maps could be aligned readily
with the completely sequenced IR of Nicotiana
tabacum owing to the conservative nature of this
region (Wolfe et al. 1987). Consequently, anal-
ysis at this level was more sensitive than the
global analysis in detecting small rearrange-
ment events, such as length mutations and in-
tron losses. For example, although intron-spe-
cific probes were not available for four of the
five intron-containing genes within the IR (Fig.
2), the absence of these introns could be de-
tected readily by the availability of these de-
tailed maps. Thus, altogether, six of the 21 in-
trons known from the entire Nicotiana
chloroplast genome were surveyed (in genes
rpl2, rpll6, 3'rpsl2, trnl, trnA, and ndhB). In ad-
dition to the loss of the rpi2 intron, results from
the local analysis revealed three major length
mutations within the gene ORF2280; these
length variants are described below.

INTRON Losses. Introns are highly stable
components of land plant chloroplast genomes,
with no cases of intron gain and few cases of
intron loss known during land plant evolution
(Palmer 1991). A previous study has shown that
the rpl2 intron is absent from the chloroplast
genomes of all examined members of the Car-
yophyllales but present in the cpDNA’s of Li-
monium gmelinii (Plumbaginaceae) and the three
genera examined of Polygonaceae (Polygonum,
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Rheum, and Rumex) (Downie et al. 1991). This
suggests that the intron was lost in the common
ancestor of the order and supports the order as
monophyletic, a concept in accordance with
nonmolecular evidence (e.g., Cronquist 1981;
Eckardt 1976; Mabry 1977; Rodman et al. 1984).

The chloroplast gene rpl16, encoding the ri-
bosomal protein L16, is interrupted by an intron
in Spinacia (Zhou et al., unpubl. data) and most
other land plants examined (Hiratsuka et al.
1989; McLaughlin and Larrinua 1987; Ohyama
et al. 1986; Shinozaki et al. 1986; Downie and
Palmer, unpubl. data). We report here, how-
ever, that the rpl/16 intron is absent from the
chloroplast genome of Limonium gmelinii (Plum-
baginaceae). A 528 bp EcoRI fragment from Ni-
cotiana tabacum (coordinates 84087-84615 in Shi-
nozaki et al. 1986) was used to test for the
presence or absence of the intron. Adjacent
probes (a 280 bp BamHI-EcoRI fragment, coor-
dinates 83807-84087, and a 635 bp EcoRI-Xbal
fragment, coordinates 84615-85250) were used
to test for the presence of rpl16 exon sequences
and their linkage to flanking genes. Using this
method, the intron was determined to be pres-
ent in all other examined members of Cary-
ophyllidae. Loss of this intron is otherwise
known only from Geraniaceae (Downie, Logs-
don, and Palmer, unpubl. data) and must have
occurred independently in these two distantly
related dicot groups. Additional study should
indicate whether the loss of the rpl16 intron in
Plumbaginaceae cpDNA circumscribes taxa at
familial or infrafamilial levels.

INVERSIONS. Inversions in the chloroplast
genomes of Atriplex hastata and Chenopodium
murale (Chenopodiaceae) and Pereskia grandiflora
(Cactaceae) relative to Nicotiana tabacum were
detected. The locations of these inversion end-
points, as determined by filter hybridizations,
lie in the large single-copy region somewhere
in the intergenic spacers between genes rbcL
and accD and between trnV and ndhC (Fig. 1).
The inversion was revealed by the hybridiza-
tion of probes 2 and 7 (Fig. 1) to the same frag-
ment(s) for many of the restriction enzymes.
Hybridization of these seven small tobacco
probes to BamHI and HindIII digests of Atriplex,
Chenopodium, and Pereskia cpDNA’s and the con-
struction of restriction site maps in this region
for these two enzymes indicate that the inver-
sion is approximately 6 kb in size.

When Chenopodiaceae the inversion was de-
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tected in only two of five genera examined. The
chloroplast genomes of Beta, Kochia, and Spinacia
do not possess the inversion and are colinear
with that of Nicotiana tabacum. Although the
subfamilial taxonomy of Chenopodiaceae is
controversial (Blackwell 1977; Cronquist 1981;
Williams and Ford-Lloyd 1974), Atriplex and Spi-
nacia have been either treated together in the
same subtribe (e.g., Ulbrich 1934) or with Che-
nopodium in the same tribe (e.g., Eckardt 1964).
On the basis of trichome characters, Atriplex,
Spinacia and Chenopodium are closely related
(Carolin 1983). Beta and Kochia, more diverse
anatomically and morphologically, are placed
in separate tribes (Ulbrich 1934; Eckardt 1964).
The common possession of the inversion in
Atriplex and Chenopodium suggests that these two
genera may be more closely related to each oth-
er than either is to Spinacia (or to any of the
other genera examined). The distribution of the
inversion in Cactaceae apparently circum-
scribes the entire family, because the inversion
has recently been detected in representative taxa
from all three subfamilies including all cur-
rently recognized tribes within subfamily Cac-
toideae (R. Wallace, pers. comm.).

Sequencing the regions of the inversion end-
points in Atriplex, Chenopodium and Pereskia
should show whether the two inversions oc-
curred at the same or slightly different break-
points. Phylogenetic analyses of nonmolecular
characters (Rodman 1994; Rodman et al. 1984),
rbcL sequences (Rettig et al. 1992), and cpDNA
IR restriction sites (described below) show that
Chenopodiaceae are monophyletic and are not
closely related to Cactaceae. Therefore, regard-
less of how similar its endpoints are revealed
to be by DNA sequencing, the inversion almost
certainly occurred twice. Since at current levels
of resolution these two inversions appear to be
the same mutation, they are thus homoplastic.
This, along with recent work by Hoot and Palm-
er (1994) on Ranunculaceae, is the first reported
example of homoplasy in a cpDNA inversion.

RESTRICTION FRAGMENT LENGTH VARI-
ANTS. Three major length variants (other than
the loss of the rpl2 intron discussed above),
ranging in size from 200 to 500 bp, were de-
tected in the IR sequences of nine taxa. These
variants were repeatedly seen in the restriction
fragment arrays produced by different restric-
tion enzymes, and can be classified as deletions
based on outgroup comparisons. All deletions
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occur within the region identified as ORF2280
in Fig. 2. This gene is known to be absent from
Oryza sativa cpDNA (Hiratsuka et al. 1989), and
major deletions within the gene are known in
several other taxa (Downie and Palmer 1992b;
Downie et al. 1994; Kellogg 1992; Manos et al.
1993; Zhou et al. 1988). Because length variants
less than 200 bp in size could not be detected
on our gel systems, we have greatly underes-
timated the actual extent of restriction fragment
length variation in the species examined. The
absence of any other detectable length variant
elsewhere in the IR, particularly in the inter-
genic spacer regions that account for 23% of
this region in Nicotiana tabacum (Shinozaki et
al. 1986), is surprising and similar to what we
observed in Asteridae cpDNA (Downie and
Palmer 1992b).

Each of the three ORF2280 deletions was
shared by two or more taxa and, thus, are phy-
logenetically informative. A 200 bp deletion
unites Nyctaginaceae with Phytolaccaceae s. str.
The consensus is that these two taxa are closely
allied (Cronquist 1981; Manhart and Rettig 1994;
Rodman et al. 1984). A 300 bp deletion serves
as a synapomorphy uniting all three examined
genera of Chenopodiaceae (Atriplex and Kochia
were used in the structural rearrangement sur-
vey only). A 500 bp deletion unites Pereskia
(Cactaceae) with Portulaca but not Claytonia;
phylogenetic implications of this deletion are
discussed below.

Restriction Site Variation. A total of 161
different restriction sites was identified using
ten endonucleases and 24 taxa. This represents
sequence information for 966 nucleotides, or
about 3.8% of the entire IR and approximately
0.6% of the entire chloroplast genome. Anre-
dera and Tetragonia cpDNA’s were not cut with
the endonuclease Clal; restriction sites for this
endonuclease were scored as missing data. Six-
ty-two (39%) restriction sites were shared by
two or more taxa and were potentially infor-
mative for phylogenetic analysis; 60 (37%) of
the remaining sites were unvarying, and 39
(24%) were unique to individual taxa and, there-
fore, provided no phylogenetic information.
Altogether, 3.8% of the 62 informative charac-
ters were scored as missing data among the 24
taxa (the complete data matrix is available upon
request from SRD).

Alignment of all available Spinacia oleracea
nucleotide sequences contained within the IR
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ORF2280
Nicotiana
rpi2* rpl23 trnl
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length 434 391 282 74 6888 81 72
(bp)
Percent
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168 23S 4.5 5SS
rDNA tmi* tmA*

tmvV rDNA rDNA rDNA

tmL  ndhB* rps7 3'rpsi2*

= | ——— ] —
tml tml trnl trnA  trmA  tmA 458 58
S'ex in 3'ex S'ex In 3'ex rDNA rDNA

37 732 35 38 825 35 103 121

100 96 100 97 96 100 97 100

FiG. 3. Results of a nucleotide sequence alignment of Nicotiana tabacum (Shinozaki et al. 1986) and Spinacia
oleracea (Audren and Mache 1986; Audren et al. 1987; Briat et al. 1982; Massenet et al. 1987; Zhou et al. 1987;
Zurawski et al. 1984) cpDNA IR homologous sequences. The four regions being compared are indicated.
Nucleotide sequence identities and the lengths of the sequences being compared are provided for 15 genes
or gene portions, open reading frames of unknown function (ORFs), or introns. Percentage sequence identities
for each of these regions were calculated manually by direct pairwise comparisons. Gaps were excluded from
these calculations. Chloroplast DNA sequences were aligned using CLUSTAL (Higgins and Sharp 1988) and

adjusted by eye.

(Audren and Mache 1986; Audren et al. 1987;
Briat et al. 1982; Massenet et al. 1987; Thomas
et al. 1988; Zhou et al. 1987, 1988; Zurawski et
al. 1984) with homologous sequences from the
IR of Nicotiana tabacum (Shinozaki et al. 1986)
reveals that many regions are highly conserved
between the two taxa (Fig. 3). Overall, a total
of 14,268 base pairs or about 56% of the total
length of the N. tabacum cpDNA IR was com-
pared. Nucleotide sequence identities (with gaps
excluded) for the various exons and introns
shown in Fig. 3 ranged between 95% and 100%.
Relative to N. tabacum, three within-gene length
variants greater than 200 bp are seen in the
Spinacia IR and correspond to: 1) the loss of
the rpl2 intron (666 bp); 2) a 297 bp deletion
near the 5 end of ORF2131 (the Spinacia ho-
molog of tobacco ORF2280); and 3) an inser-
tion of 253 bp in the spacer region between
genes ORF2131 and truL. The first two length
variants were detected in our comparative re-
striction site study and were described above;
the third length variant was not detected. In
the vicinity of the third length variant, an in-
sertion ranging between 200 and 300 bp in size
was seen in the restriction fragment arrays pro-
duced by the enzymes Clal, Hincll, BgIII and
EcoRV. For these enzymes, our maps suggest
that the presence of this mutation might cir-
cumscribe all caryophyllalean taxa. This muta-

tion was not seen, however, in the fragment
arrays produced by the other six enzymes be-
cause of the occurrence in this region of large
fragments for several of these enzymes. Addi-
tional analysis is therefore warranted to ascer-
tain the distribution of this 253-bp length mu-
tation in the Caryophyllales.

The alignment also reveals high conservation
in restriction endonuclease cleavage sites. For
example, 35 of the 49 sampled restriction sites
for 10 enzymes in the Spinacia oleracea homo-
log of ORF2280 (i.e., ORF2131) are shared with
those found in Nicotiana tabacum ORF2280. This
conservation increases confidence in our ability
to score the shared presence of a restriction site
as a homologous character and in ascertaining
homologous length variants. Approximately
half of the 101 variable restriction sites sampled
in this investigation were contained within
ORF2131, a region that encompasses only 28%
of the length of the IR.

Estimates of nucleotide sequence divergence
(Nei and Li 1979) between selected cpDNA’s
are presented in Table 2. Interfamilial compar-
isons range from 0.3% (between Mollugo and
Alluaudia) to 3.2% (between Polygonum and Pe-
reskia), with an average of 1.9%. This range of
nucleotide sequence divergence among species
belonging to at least seven families of Cary-
ophyllidae is similar to those values reported
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TaBLE2. Estimated nucleotide sequence divergence of the cpDNA IR among Polygonum and selected species
of Caryophyllales. Complete names of species and their familial placement are presented in Table 1. The
upper right portion of the matrix indicates the number of IR restriction site differences between two taxa as
determined by direct pairwise comparisons. Pairwise nucleotide sequence divergence estimates (Nei and Li
1979) are expressed as 100 X p in the lower left portion of the matrix. The number of restriction sites examined

for each species ranged from 111 to 120.

Species Pol Spt Phy Sil Ste Mol All Per
Polygonum — 29 25 30 25 27 27 27
Spinacia 2.9 — 24 25 18 16 16 28
Phytolacca 2.6 2.1 — 23 12 14 15 23
Silene 3.0 2.1 2.0 — 16 16 17 26
Stegnosperma 2.6 1.5 0.9 1.5 — 6 7 15
Mollugo 2.7 14 1.1 14 0.5 — 5 17
Alluaudia 29 14 1.2 1.5 0.5 0.3 — 15
Pereskia 3.2 27 2.4 2.9 1.7 1.8 1.7 —

for several inter- and intrageneric studies in
which the entire chloroplast genome or most
of it was examined (e.g., Duvall and Doebley
1990; Jansen and Palmer 1988; Palmer et al. 1983;
Wallace and Jansen 1990). Overall, comparative
restriction site mapping of the chloroplast DNA
IR region, with its low levels of molecular di-
vergence both in restriction site and length mu-
tations, offers much potential for resolving
phylogenetic relationships within the Cary-
ophyllales.

Phylogenetic Analysis of Structural and In-
verted Repeat Restriction Site Muta-
tions. Cladistic analysis using Wagner parsi-
mony and the restriction site data resulted in
79 equally most parsimonious topologies re-
quiring 163 steps (consistency index including
autapomorphies = 0.62, excluding autapomor-
phies = 0.50; retention index = 0.68). From these,
a strict consensus tree was derived (Fig. 4). A
bootstrap analysis was conducted with 100 rep-
lications to provide a measure of internal sup-
port for the clades identified in the consensus
tree (Fig. 4). A decay analysis, in which trees
longer than the most parsimonious ones were
examined, was also performed to assess the ro-
bustness of the monophyletic groups. A total of
2252 trees resulted when trees one step longer
than the most parsimonious trees (i.e., 164 steps)
were saved; branches in Fig. 4 that collapse at
this level are indicated with asterisks. For anal-
yses with tree lengths equal to or greater than
165 steps, more than 25,000 trees were found
before the computer run was aborted due to
overflow of the tree buffer. Adding the struc-

tural rearrangement data resulted in the same
topology as with the restriction site data alone
but with stronger (bootstrap) support for many
of the clades (Fig. 4). This combined analysis
produced 79 shortest trees of 170 steps, a con-
sistency index (including autapomorphies) of
0.63, and a retention index of 0.69. Because not
all species used in the IR restriction site study
were surveyed for the presence of the 6-kb in-
version, these taxa were subsequently exam-
ined using the seven probes illustrated in Fig. 1.

Figure 5 shows one randomly chosen most
parsimonious tree to illustrate the distribution
of character support (unique mutations, and ho-
moplastic losses, gains, and reversals) for
branches on the tree. Of the 105 homoplastic
character-state changes required in the depicted
tree, 44 (42%) involve homoplastic losses, 43
(41%) involve homoplastic gains, and 18 (17%)
involve reversals.

The same four equally most parsimonious to-
pologies resulted from character-state weight-
ing in which gain :loss weight ratios were ei-
ther 1.1:1.0, 1.2:1.0, or 1.3:1.0 (results not shown)
and ANCSTATES were coded as site absences.
These four trees represent a subset of the 79
most parsimonious Wagner trees. A strict con-
sensus of these four trees, however, differs only
slightly from the topology exhibited by the
Wagner strict consensus tree in presenting Clay-
tonia and Anredera as sister taxa. Ten trees each
resulted when gain/loss weight ratios were 1.4:
1.0 or 1.5:1.0. The strict consensus trees at each
of these weights differed from the Wagner con-
sensus tree only in the collapse of the clade
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FIG. 4. Strict consensus of equally most parsimonious Wagner trees based on structural and IR restriction
site variation. Numbers above the nodes indicate the number of times a monophyletic group occurred in 100
bootstrap replicates when only the restriction site data were used in the analysis. This analysis produced 79
shortest trees of length 163 steps, a consistency index (including autapomorphies) of 0.62, and a retention
index of 0.68. Branches that collapsed at a tree length one step longer than these most parsimonious trees
are indicated by asterisks. Decay analyses with tree lengths equal to or greater than 165 steps could not be
done because of computational constraints. Numbers below the nodes indicate the number of times a mono-
phyletic group occurred in 100 bootstrap replicates when both restriction site and structural rearrangement
data were included in the analysis. This analysis produced 79 shortest trees of 170 steps, a consistency index
(including autapomorphies) of 0.63 and a retention index of 0.69. Major cpDNA structural mutations are as
follows: 6-kb inversion = solid bars; intron losses = triangles; deletions in ORF2280 = open bars. Single (1)
and double () daggers indicate the polyphyly of Portulacaceae and Phytolaccaceae, respectively.

consisting of Stegnosperma, Claytonia, Didierea- as 1.3:1.0 for gain:loss, eleven most parsimo-
ceae, Anredera, Mollugo, and Caryophyllaceae. nious treesresulted. The strict consensus of these
When ANCSTATES were not specified (i.e., trees was similar to that presented in Fig. 4
coded as ?’s) and character-states were weighted  except that Chenopodiaceae were nested within
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Stegnosperma - PHYTOLACCACEAE
- MOLLUGINACEAE
Agrostemma
Silene CARYOPHYLLACEAE
Corrigiola

Claytonia - PORTULACACEAE
Anredera - BASELLACEAE

:| DIDIEREACEAE

Portulaca - PORTULACACEAE
Pereskia - CACTACEAE

] PHYTOLACCACEAE

Mirabilis
NYCTAGINACEAE

Tetragonia - Aizoaceae
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CHENOPODIACEAE
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FIG.5. One of 79 equally most parsimonious Wagner trees based on restriction site mutations in the cpDNA
inverted repeat. The tree has a length of 163 steps, a consistency index of 0.62, and a retention index of 0.68.
Branch lengths are proportional to the number of supporting character states. Nonhomoplastic gains = solid
bars; nonhomoplastic losses = lightly shaded bars; homoplastic gains = open bars; homoplastic losses = darkly

shaded bars; reversals = bars with diagonal stripes.

a paraphyletic Amaranthaceae. Character-state
weighting of 1.1:1.0 or 1.2:1.0 each resulted in
the same single tree that represents one of the
79 most parsimonious Wagner trees.
Phylogenetic Relationships within the Car-
yophyllales. Several lineages closely corre-
spond with historical generic groupings (Cron-
quist 1981; Takhtajan 1980) or with relationships
proposed on the basis of previous phenetic and
cladistic analyses (Rodman et al. 1984), but in
many cases the branching patterns among them
remain unresolved. Moreover, the results pre-
sented here are generally consistent with those
obtained from a recent phylogenetic analysis of

rbcL sequence data (Fig. 6; Rettig et al. 1992).
With the exception of Caryophyllaceae, the two
molecularly-derived trees are quite congruent.
The rbcL tree, however, is more fully resolved
and more robust (as ascertained by the gener-
ally higher bootstrap values) than the tree con-
structed from structural rearrangements and re-
striction site mutations. This higher resolution
in the rbcL tree is likely due to the greater num-
ber of informative characters examined. A total
of 230 informative sites was obtained for 1407
bp of rbcL sequence compared to 62 informative
sites for 966 bp of sequence sampled in this
study. The consistency index (autapomorphies
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(Phytolaccaceae) 84%

96% Mirabilis
(Nyctaginaceae) 70%

87%

e Rivina —
(Nyctaginaceae)

Aizoaceae

— Chenopodiaceae ——
74% 85%

L Amaranthaceae —

—— Polygonaceae ——

—— Plumbaginaceae ——
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Restriction Site Mutations
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FIG. 6. Caryophyllales phylogeny based on cpDNA structural rearrangements and IR restriction site mu-
tations (this study) compared with that of Rettig et al. (1992) based on rbcL sequences. Numbers above branches
indicate the percentage of bootstrap replicates in which each grouping occurred. Claytonia was not examined
in the Rettig et al. analysis.

excluded) and retention index calculated for this  comm.). The CI is highly correlated with the
study were 0.50 and 0.68, respectively, and for  number of taxa (Sanderson and Donoghue 1989).
the rbcL analysis were 0.52 and 0.61, respec-  Although the number of taxa differed (21 taxa
tively (Rettig et al. 1992; J. Manhart, pers. in the rbcL study versus the 24 taxa examined
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here), both of these figures are close to the ex-
pected estimated CI’s calculated from the equa-
tion provided in Sanderson and Donoghue
(1989).

Both the Wagner (Fig. 4) and weighted con-
sensus trees provide support for two major
clades, a basal one consisting of Chenopodia-
ceae and Amaranthaceae, and another consist-
ing of all other families. The close relationship
between Chenopodiaceae and Amaranthaceae
has been expressed by many on the basis of
several characters, including floral morpholo-
gy, a unique sieve-element plastid type, DNA-
RNA hybridization data, and the common pos-
session of pantoporate pollen (Behnke 1976;
Cronquist 1981; Mabry 1976, Rodman et al. 1984;
Skvarla and Nowicke 1976; Takhtajan 1980).
These two families are also supported as mono-
phyletic in the comparative rbcL sequence anal-
yses of Rettig et al. (1992; Fig. 6) and Manhart
and Rettig (1994); however, only in the former
analysis do these families occur as basal ele-
ments of the order. The basal position of this
clade is essentially the reverse of traditionally-
held concepts of relationships within the order,
although there is some support for their early
emergence in the recent phylogenetic analysis
by Rodman (1994).

All three examined members of Chenopodi-
aceae possess a 300-bp deletion in their cpDNA
IR’s; no such deletion is apparent in Amaran-
thaceae cpDNA. The possibility that Amaran-
thaceae may be nesied within a paraphyletic
Chenopodiaceae has been postulated by Rod-
man (1990) and illustrated by Carolin (1983).
These molecular data, however, provide no ev-
idence for paraphyly of the Chenopodiaceae.
Nevertheless, the inclusion of additional ge-
neric representatives from these families is war-
ranted in order to best estimate phylogenetic
relationships between and within each family.

Phytolacca and Rivina (Phytolaccaceae) and
Mirabilis and Bougainvillea (Nyctaginaceae) are
supported as a distinct clade in the IR restriction
site analysis and by the shared loss of a 200-bp
sequence. These taxa are also closely allied in
the rbcL analyses of Manhart and Rettig (1994),
Chase et al. (1993), and Rettig et al. (1992), and
in the cladistic analyses of Rodman et al. (1984)
and Rodman (1994) using chemical, chromo-
somal, morphological, phytochemical, and an-
atomical data. Althcugh the close association
among these taxa is well known, most authors
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(e.g., Behnke 1976; Cronquist 1981; Takhtajan
1980) agree that the Nyctaginaceae are probably
derived from the Phytolaccaceae. This is reflect-
ed in the rbcL-based phylogeny of Manhart and
Rettig (1994) where Nyctaginaceae (i.e., Mirab-
ilis and Bougainvillea) are nested within a para-
phyletic Phytolaccaceae (i.e., Phytolacca and
Rivina). Although Phytolaccaceae have been
generally regarded as a primitive or ‘basic’ fam-
ily within the order (Cronquist 1981, 1988;
Nowicke 1975; Takhtajan 1980), cladistic anal-
yses of molecular characters (this study and Ret-
tig et al. 1992) indicate that at least Phytolacca
and Rivina are likely derived.

The three examined genera of Caryophylla-
ceae also constitute a monophyletic group. Ow-
ing to the large size of Caryophyllaceae, how-
ever, it is premature to use these data to support
the monophyly of the entire family. Corrigiola,
included in either Caryophyllaceae or Mollu-
ginaceae (discussed in Gilbert 1987), falls along-
side Caryophyllaceae in Fig. 4, but with very
weak bootstrap support. The placement of Cor-
rigiola in the Caryophyllaceae is favored by
Behnke (1993) on the basis of sieve-element
plastid characteristics. Caryophyllaceae and
Molluginaceae, the only anthocyanin-produc-
ing taxa in the order, occur in the same portion
of the consensus tree (along with several other
taxa) and are not basal to the group, a position
suggested by several authors (e.g., Cronquist
1981, 1988; Ehrendorfer 1976, Rodman 1990;
Rodman et al. 1984). Forcing Caryophyllaceae
and Molluginaceae together at the base of the
Caryophyllales would involve generating trees
five steps longer than the most parsimonious
ones. These anthocyanin-producing taxa have
generally been considered to form a distinct
clade within the order (Cronquist 1981; Mabry
1977; Rodman 1990). These two families are sis-
ter groups in 28 of the 79 equally most parsi-
monious Wagner trees. Consequently, as few as
one coupled reversal (i.e., loss of betalain syn-
thesis and regain of anthocyanin synthesis) may
be necessary to generate anthocyanin produc-
tion in Molluginaceae and Caryophyllaceae
from a betalain-producing ancestor. It has been
suggested that the process leading to the ab-
sence of anthocyanins and presence of betalains
may represent one interrelated step (likely a
blockage at a terminal step in flavonoid biosyn-
thesis), with the loss of one character influenc-
ing the appearance of another (Giannasi 1978;
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Giannasi and Crawford 1986); however, the cir-
cumstances responsible for the loss of betalain
synthesis and the regain of anthocyanin pro-
duction are not altogether clear.

Stegnosperma, long associated with Phytolac-
caceae (e.g., Cronquist 1981; Heimerl 1934), is
recognized by many as belonging to its own
family (Bedell 1980; Brown and Varadarajan
1985; Dahlgren 1980; Hutchinson 1973; Takh-
tajan 1980; Thorne 1992). In our results, Steg-
nosperma is excluded from the Phytolaccaceae-
Nyctaginaceae clade. This lack of relationship
is also illustrated by rbcL sequence data (Man-
hart and Rettig 1994; Rettig et al. 1992, and Fig.
6). Six additional steps are necessary to force
the monophyly of Stegnosperma, Phytolacca and
Rivina. Stegnosperma shares numerous similari-
ties with Caryophyllaceae (Bedell 1980; Behnke
1976; Narayanaand Narayana 1986). Our results
place, but with very weak bootstrap support,
Stegnosperma in the same derived portion of the
consensus tree as Caryophyllaceae (and several
other taxa) but are equivocal in determining
sister group relationships. Stegnosperma, Mol-
lugo, and the three examined members of Car-
yophyllaceae constitute a monophyletic group
in 11 of the 79 shortest Wagner trees.

A recent survey of foliar structure, particu-
larly vasculature and epidermal patterning, in
the Caryophyllales (Hershkovitz 1991b, and
unpubl. data) has indicated that the families
Basellaceae, Cactaceae, and Didieriaceae are in-
ternested among eastern American/African
Portulacaceae. The possible paraphyly of Por-
tulacaceae has also been suggested by Rodman
(1990). While our sample size is too small to
adequately address this issue of paraphyly and
the relationships among these succulent cen-
trospermous families, it does indicate that Por-
tulacaceae are not monophyletic. Claytonia and
Portulaca fall out in different portions of the
consensus tree, with the latter allied with Pe-
reskia (Cactaceae). A tree of four more steps than
the most parsimonious trees was needed to force
the monophyly of Portulacaceae. Pereskia and
Portulaca share a 500-bp deletion that is absent
in Claytonia. The common possession of this de-
letion and the moderately high bootstrap value
supporting the clade obtained from the restric-
tion site data suggest that these two taxa are
more closely related to each other than either
is to any of the other genera examined. Cladistic
analyses of rbcL sequences treat Portulaca and
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Schlumbergera (Cactaceae) as sister taxa (Rettig
et al. 1992) or Portulaca and a clade consisting
of Pereskia and Schlumbergera as sister taxa (Man-
hart and Rettig 1994). A rbcL sequence for Clay-
tonia is not yet available. Moreover, a cladistic
analysis of Portulacaceae foliar data (Hershko-
vitz 1991b, and unpubl. data) reveals that Cac-
taceae (and Basellaceae and Didiereaceae) are
nested among eastern American and southern
African Portulacaceae (which includes Portulaca
but not Claytonia). The shared presence of pan-
tocolpate pollen in Portulaca and Pereskia (No-
wicke 1994) also supports this relationship, al-
though this character can be found in several
other centrospermous families. Pending the in-
clusion of additional taxa and a more compre-
hensive sampling of restriction sites, the posi-
tions of Portulaca, Claytonia, Pereskia, and related
families will remain uncertain.

The results presented here represent an ini-
tial attempt to formulate more precise hypoth-
eses about relationships within the Caryophyl-
lales. The phylogenetic results presented here,
however, are best regarded as preliminary in
the sense that the number of taxa sampled is
small and does not best represent the diversity
found within the order. Nevertheless, they do
provide a set of explicit hypotheses about re-
lationships in the Caryophyllales that can be
tested as the data set is enlarged and more ev-
idence, both molecular and nonmolecular, be-
come available for comparative analysis.
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