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Fig. 1. Organization of the internal transcribed spacer (ITS) region
of 18-26S nuclear ribosomal DNA. Approximate positions of primers
used for DNA amplification and sequencing are indicated by arrows.
Primer names follow White et al., 1990. Primer sequences (5’ to 3'):
“ITS2” = GCTGCGTTCTTCATCGATGC; “ITS3” = GCATCGAT-
GAAGAACGCAGC; “ITS4” = TCCTCCGCTTATTGATATGC;
“ITS5” = GGAAGTAAAAGTCGTAACAAGG. Modified from Fig.
1 in Baldwin (1992).

diversified, annual tarweeds. Sequence data for this pur-
pose were obtained from the internal transcribed spacer
(ITS) region of 18-26S nuclear ribosomal DNA (nrDNA)
(Fig. 1). Among nuclear gene regions, 18-26S nrDNA is
attractive for phylogeny reconstruction because of its high
copy number (Rogers and Bendich, 1987), rapid concerted
evolution (cf. Arnheim et al., 1980; Zimmer et al., 1980;
Arnheim, 1983), and diverse rates of evolution within
and among component subunits and spacers (Appels and
Dvorak, 1982; reviewed in Jorgansen and Cluster, 1988).
Phylogenetic analysis of ITS region sequences from rep-
resentatives of several genera in the subtribe Madiinae of
Compositae (Baldwin, 1992) yielded results highly con-
cordant with a phylogeny of these same species based on
chloroplast DNA (cpDNA) restriction site mutations
(Baldwin, 1989; Baldwin et al., 1991). In each pairwise
comparison of the Madiinae DNAs, nucleotide sequence
divergence was an order of magnitude higher in the ITS
region than that estimated from cpDNA restriction sites.
Based on these findings, the ITS region appeared to hold
great promise for resolving evolutionary patterns among
more closely related species in Madiinae, e.g., within
Calycadenia.

MATERIALS AND METHODS

Plant samples—Total DNAs from 21 populations in
Arnica, Calycadenia, Hemizonia, and Osmadenia were
isolated from fresh leaves of pooled individuals (see Table
1) and purified on cesium chloride gradients, using the
methods described by Palmer (1986) without separation
of organelles or the methods of Doyle and Doyle (1987).

Sequencing strategy —Single-stranded DNAs from the
ITS region of each sample were generated by asymmetric
polymerase chain reaction (PCR) using the primers “ITS5”
and “ITS4> (yvielding a 526S-3'18S strand) or “ITS3”
and “ITS4” (vielding a 5'26S-3'5.8S strand) (White et al.,
1990; Fig. 1) in a 1:20 ratio. In several cases, the primers
“ITS5” and “ITS2” (White et al., 1990; Fig. 1) were used
as above to amplify single-stranded DNA of the ITS 1
region (5'5.8S-3'18S) for resequencing. PCR reactions,
purification of PCR products, and direct dideoxy se-
quencing of resultant single-stranded DNAs were con-
ducted by the methods detailed in Baldwin (1992).

Arnica mollis Hook.?—BGB¢ 680, 0.25 mile SW of Winnemucca Lake,
Alpine County, California.

Calycadenia ciliosa E. Greene (chromosome race “Corning”)—RLC*
2131, 2 miles NE of Calahan on Gazelle-Calahan Road, Siskiyou
County, California.

Calycadenia ciliosa E. Greene (chromosome race “Lewiston”!)—RLC
2157, 4 miles SW of Lewiston on Lewiston Road, Trinity County,
California.

Calycadenia fremontii A. Gray—BGB 710, ca. 1 mile SW of junction
of Broyles Road and State Highway 99, Butte County, California.
Calycadenia hispida (E. Greene) E. Greene—GDC' 1161, ca. 3 miles

NE of Honcut, Butte County, California.

Calycadenia hooveri G. D. Carr—BGB 682, 4.8 miles SE of junction
with State Highway 120 on Willms Road, Stanislaus County, Cali-
fornia.

Calycadenia multiglandulosa DC. subsp. bicolor (E. Greene) Keck—
BGB 490, 2 miles S of junction with McCourtney Road on Auburn
Road, Nevada County, California.

Calycadenia multiglandulosa DC. subsp. cephalotes (DC.) Keck—RLC
2138, Bootjack Camp area, Mount Tamalpais, Marin County, Cali-
fornia.

Calycadenia mollis A. Gray— RLC 2213, ca. 2.3 miles W of State High-
way 41 on State Highway 49, Madera County, California; RLC 2215,
0.3 mile S of State Highway 168 on Tollhouse Road, Fresno County,
California.

Calycadenia oppositifolia (E. Greene) E. Greene—RLC 2026, 0.5 mile
S of Chico Airport on Cohasset Road, Butte County, California; RLC
2032, 4.6 miles from Quincy-Oroville Highway on Bloomer Lookout
Road, Butte County, California.

Calycadenia pauciflora A. Gray (chromosome race “Elegans”s)—RLC
2120, ca. 5 miles NW of Middletown on State Highway 175, Lake
County, California.

Calycadenia pauciflora A. Gray (chromosome race “Pauciflora”®)—RLC

2153, 3.7 miles W of Colusa County line on State Highway 20, Lake
County, California.

Calycadenia spicata (E. Greene) E. Greene—RLC 2217, ca. 5 miles S
of Knights Ferry on Knights Ferry-La Grange Road, Stanislaus Coun-
ty, California.

Calycadenia truncata DC. subsp. scabrella (E. Drew) Keck—BGB 605,
1.5 miles E of junction with Plum Creek Road on Paynes Creek Loop,
Tehama County, California.

Calycadenia truncata DC. subsp. truncata—BGB 619, ca. 0.1 mile SE
of junction with Comings Camp Trail on Devils Peak Trail, Santa
Lucia Mountains, Monterey County, California.

Calycadenia villosa DC. (“Erecta”)—GDC 1163, 1.4 miles SE of Jolon,
Monterey County, California; (“Depressa™) GDC 1164, 0.1 mile S
of State Highway 58 on road to Navajo Campground, San Luis Obis-
po County, California.

®Hemizonia perennis Keck—D. W. Kyhos s.n., midway between Colonet
and San Antonio del Mar, Baja California, Mexico.

Osmadenia tenella Nutt.—GDC 1365, 2.1 miles S of junction with State
Highway 76 on Pala to Lilac Road, San Diego County, California.

a DNA analyzed from each population was from two to 15 pooled
individuals. Vouchers are at DAV (B. G. Baldwin, G. D. Carr, and D.
W. Kyhos collections) or the Eastern Washington University herbarium
(R. L. Carr collections).

b Qutgroup species.

¢ The author.

4 See Carr and Carr, 1983.

* Robert L. Carr.

fGerald D. Carr.

e See Carr, 1975b.

& See Carr, 1977.

Sequence analysis—DNA sequences were aligned man-
ually by sequential pairwise comparisons (cf. Swofford
and Olsen, 1990). Subunit and spacer boundaries of these
DNA sequences were determined by comparison to the
corresponding boundaries in Daucus carota and Vicia
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faba, which have been defined by S1 nuclease mapping
(Yokota et al., 1989).

Numbers and proportions of nucleotide sites with dif-
ferent nucleotide states were calculated for all possible
pairwise comparisons of combined ITS 1 and ITS 2 se-
quences from the study species. Only those sites with fixed
nucleotide character states in all sequences were com-
pared, i.e., those sites without gaps or polymorphisms in
any of the aligned sequences.

Phylogenetic analysis— Aligned nucleotide sites with
‘potential phylogenetic information, i.e., with each of at
least two nucleotide states in two or more sequences, were
included in a data matrix. Sequences that were identical
at all potentially informative sites were merged for the
phylogenetic analyses. Gaps were treated as missing data.
The matrix included sequence data from representatives
of 19 populations of all Calycadenia species, including
the monotypic Osmadenia (C.) tenella. ITS sequences
from the extrasubtribal species Arnica mollis and the tar-
weed Hemizonia perennis served as outgroups. Arnica
mollis was chosen for this purpose because of its high ITS
sequence similarity to members of Madiinae (Baldwin,
1992). Hemizonia perennis was chosen as an outgroup
because of the high alignability of its ITS sequences with
those of Calycadenia and Osmadenia species and the close
ITS relationship between Hemizonia and Calycadenia/
Osmadenia (Baldwin, unpublished data).

The data matrix was analyzed by Wagner parsimony
using the “branch-and-bound™ option of PAUP (version
3.0L, D. L. Swofford, Illinois Natural History Survey),
with collapse of zero-length branches, to find the maxi-
mally parsimonious trees.

The decay index for individual clades, i.e., the number
of additional evolutionary steps required before at least
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sequences required gaps at 1.2% of nucleotide sites, none
of which were adjacent positions. Alignment of Calyca-
denia and Osmadenia ITS 2 sequences necessitated gaps
at 2.7% of nucleotide sites. There was a need for gaps
at adjacent ITS 2 sites in two instances: 1) an identical
deletion of three base pairs in both C. mollis accessions,
21-23 positions from the 5.8S/ITS 2 boundary and 2) a
deletion of two base pairs in Osmadenia tenella, 31-32
positions from the 5.8S/ITS 2 boundary. No gaps were
needed to align the Calycadenia 5.8S sequences (Table 2).

Repeat-unit variation —No evidence of ITS length var-
iants or major sequence variants within DNA accessions
was found. PCR products were resolved in every case as
single, sharp, double-stranded and single-stranded DNA
bands on 3% agarose gels. In addition, individual DNA
sequences exhibited low levels of potential polymorphism
at nucleotide sites, i.e., two bands at a single position that
could indicate multiple ntDNA repeat types.

ITS sequence divergence— Among Calycadenia and Os-
madenia accessions, pairwise sequence comparisons
indicated ITS 1 sequence divergence ranging from 0 to
11.2%. Infraspecific ITS 1 sequence divergence ranging
from O in C. mollis to 4.3% in C. truncata (Table 3). ITS
2 sequence divergence from pairwise comparisons of
Calycadenia and Osmadenia DNAs ranged from 0 to
8.6%. Within-species ITS 2 sequence divergence ranged
from 0 in C. mollis to 3.0% in C. truncata (Table 3).
Complete identity existed among all Calycadenia and
Osmadenia 5.8S sequences except for a single mutation
atsite 397 (Tables 2, 4) that differentiated C. hooveri from
the other species.

ITS nucleotide site variation—A character matrix of

aug nfthe nassihle trees fails fo resolve 2 paticn]an 0t 2 memb A7_rharapters was necessary tn alion Calvendenia _Qcs

group relationship, was calculated by examining the strict maaenia, and outgroup DNAS :Table 2). No alignment :

consensus of all equal-length trees up to six steps longer
than the shortest trees (cf. Donoghue et al., 1992). Boot-
strap values for particular clades were calculated from
100 replicate Wagner parsimony analyses using the PAUP
“heuristics’ option and “closest” addition sequence of
the taxa.

Additional Wagner parsimony analyses of potentially
informative sites from separate I'TS 1 and ITS 2 data were

conducted to assess the relative contribution of each spac- .

er to phylogenetic resolution in Calycadenia. The “branch-
and-bound” option of PAUP was used for the ITS 1
analysis. The “heuristics” option of PAUP with the *“clos-

est” addition sequence of the taxa was used for the ITS:

2 analysis because of limitations imposed by the data set.

RESULTS

ITS length variation—The entire ITS region varied in
length among the Calycadenia and Osmadenia DNAs
from 639 to 642 base pairs (bp) (Table 2). ITS 1 ranged

in length from 254 to 257 bp. ITS 2 varied from 219 to .

223 bn. The outeroup species Hemizonia perennis sliehtlv

ambiguities were encountered. Of these 647 characters,
162 (25.0%) were variable. ITS 1 accounted for most
(58.0%) of this variation compared to 39.5% in ITS 2 and
2.5% in the 5.8S subunit. i

Potentially informative characters accounted for 9.6%
of all ITS region sites and 38.3% of variable sites, ex-
cluding sites where mutations were shared only between
sequences that were identical at all potentially informative
positions (see Table 4). Similar numbers and proportions
of ITS 1 sites (32; 12.3%) and ITS 2 sites (29; 13.0%)
were potentially informative. Among variable positions,
however, the percentage of ITS 2 sites that were potentially
informative (45.3%) was higher than in ITS 1 (34.0%).
One potentially informative character, separating the out-
group from the ingroup, occurred in the 5.8S subunit.

Phylogenetic analyses—FEleven minimum-length trees
were generated from Wagner parsimony analysis of po-
tentially informative sites from Calycadenia, Osmadenia,
and outgroup ITS sequences. These trees each required
127 evolutionary steps. The consistency index of each
tree was 0.61. excluding uninformative sites and com-
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TaBLE 2. Aligned DNA sequences of the ITS region in 18-26S nuclear ribosomal DNA from 19 representatives of Calycadenia and Osmadenia and
Jfrom two outgroup species (see Table 1)

Taxa* Nucleotide sites®
ITS 1
—
1 2 3 4 5 6
0 0 0 0 0 0
1€ TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTAAAGAGGAT

2¢ TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATAAGGAC
3 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGACTCATGAGGAC
4 TCGAATCCTGCATAGCAGAATGACCCGTGAACATGTACAACAACATGGTCTCATAAGGAC
5 TCGAATCCTGCATAGCAGAATGACCCGTGAACATGTACAACAACATGGTCTCATAAGGAC
6 TCGAATCCTGCATAGCAGAAYGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
7 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGTCTCATGAGGAC
8 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
9 TCGAATCCTGCGTAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAT
10 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAT
11 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAT
12 TCGAATCCTGCACAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
13 TCGAATCCTGCACAGCAGAACGACCCGTGAACACGTAAAACAACATGGCCTCATGAGGAC
14 TCGAATCCTGCACAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
15 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCACGAGGAC
16 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCACGAGGAC
17 TCGAAYCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
18 TCGAATCCTGCATAGCAGMACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
19 TCGAACCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC

20 TCGARAYCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
21 TCGAATCCTGCATAGCAGAACGACCCGTGAACACGTACAACAACATGGCCTCATGAGGAC
1 1 1
7 8 9 0 1 2
0 0 0 0 0 0
1 CGGATCA--TCTGTTTCGGTCCTYGTTAAGCCACGTCGACATTGTGTTTATGATCTCCTT
2 CG-ATCA-TTCTTCTTTGGTCCTTGTATGGCCACGTCGAC-CCGTGTTAATGATCTCCTT
3 CG-ATTG-CTTTGCTTCGGGCCTTRTGTGGCCACGTCGAC-CGGCGTTGATGGTCTCCTT
4 AG-TTCA-CTTTGCTTCGGTCCTTGTGTGGCTACGTCGAC-CTGTGTTGATGATCTCCTT
5 AG-TTCA-CTTTGCTTCGGTCCTTGTGTGGCTACGTCGAC-CTGTGTTGATGATCTCCTT
6 TG-ATCA-TTTTGCTTCTGTCCTTGTGTGGCCACGTCGAC-CTCTGTTGATGATCTCCTT
7 CG-ATCA-TTTTGCTTCTGTCCTTGTGTGGCCACGTCGAC-CTGTGCTGATGATCTCCTT
8 CG-ATCA-TTTTGCTTCGGTCCTTGTGCGGCCACGTCGRC-CTGTGTCGATGATCTCCTT
9 CG-ATCCATTTTGCTTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTT
10 CG-ATCAATTTTGCTTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTT
11 CG~ATCAATTTTGCTTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTC
12 CA-ATCAATTTTGGTTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTT
13 CA~-ATCAATTTTGGTTCGGTCCTTGTGCGGTCACGTCAAC-CTGTGTCGATGATCTCCTT -
14 CA-ATCAATTTTGGTTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTT
15 CG-ATCAATTTTGATTCGGTECCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTT
16 CG-ATCAATTTTGATTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGATCTCCTT
17 CG-ATCAATTTTGATTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTTKATGATCTCCTT
18 CG-ATCAATTTTGATTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTTKATGATMTCCTT
19 CG-ATCAATTTTGATTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTTGATGATCTCCTT
20 CG-ATCAATTTTGATTCGGTCCTTGTGYGGTCACGTCGAC-CTGTGTYGATGATYTCCTT
21

TG-ATCAATTTTGATTCGGTCCTTGTGCGGTCACGTCGAC-CTGTGTCGATGACCTCCTT
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TABLE 2. Continued

Taxa* Nucleotide sites®
1 1 1 1 1 1
3 4 5 6 7 8
0 0 0 0 0 0
1 TTTAGGACTCATGGACATCATGCTGGCACAACAACAACCCCC-GGCACAACATGTGCCAA
2 TTCGGGAATCATTAACATCGTGTCGGC---ATAACAACCCCCCGGCACGGCATGTGCCAA
3 TGCGGGAGTCATGGACATCGTGTCGGCACAATAACAACCCCC-GGCACGGCACGTGCCAA
4 GGTGGGACTCATTGACATTGTGTTGGCACAATAACAACCCCCCGGCACGGCATGTGCCAA

i‘—ﬁamr‘r‘ﬁna.mm_mmr‘nm_mmr‘mammr‘nﬁn o BV, TS VYak¥ Yalalalalalalalalak.Valalalak ¥ .Tal,la¥elak W\ ;

r —

J ~GCGGGACTCATCGACATCGCGTTGGCACAATAACAACCCCC-GGCACGGCACGTGCCAA
7 ~GCGGGACTCATCGACATTGTGTTGGCACATTAACAACCCCC-GGCACGGCACGTGCCAA

. o Cm@mﬁr‘!ﬂt [uTulaliTaly Talalalak Yok B Y00 B .Yab B Yalalalfale liValaral Yalelalal Yalalu lalale k I 3
- ?. (L0
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5_ LY e 1 g o et Ja s Ty Poplalat] I el T YR AR IO MR T RECAANSGCARE TN

11 TGCGGGACTCATGGACATTGTGTTGGCACAATAACAACCCCCCGGCACGGCACGTGCCAA
19 MO RANT AT AR PTMEMMECENACNARATMA AR ACACCC —(CCCACCCODACCTOOC R A
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Taxa*

ouniN
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GCGTGGCTTCTTTCAAATCTTAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
TCGTGGCTTCTTTCTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
CCGTGACTTCTTTCTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
TCATGGCTTCTTTTTAATCATAARACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
TCATGGCTTCTTTTTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
TCGTGGCTTCTTTGTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
TCGTGGCTTCTTTGTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
TCGTGGCTTCTTTGTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG

|
|
:
|

11 ACGTGGCTTCTTTGTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG

12 TCGTGGCTTCTTTGTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG
13 TCGTGGCTTCTTTGTAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCG

1 a p\ﬁﬁmf*cﬂmmhmmmr‘mn TMABMAD BT IMAMAC/MB RSO MR MM AMATR QR MAN
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TaBLE 2. Continued

Taxa* Nucleotide sites®
3 3 3 4 4 4
7 8 9 0 1 2
0 0 0 0 0 0 .
1 GTTTTTGAACGCAAGTTGCGCCTGAAGCCTTCTGGTTGAGGGCACGTCTGCCTGGGCGTC

——— e A . 4 v =S SR A SF R Y fuls Tabh NalalaTar Valal, . lal) alalal:I'ala’a’~Tel ol

3 GTTTTTGAACGCAAGTTGCGCCCGAAGCCTTCTGGCTGAGGGCACGTCTGCCTGGGCGTC
4 GTTTTTGAACGCAAGTTGCGCCCGAAGCCTTCTGGCTGAGGGCACGTCTGCCTGGGCGTC

L |

GTTTTTGAACGCAAGTTGCGCCCGAAGCCTTCTGGCTGAGGGCACGTCTGCCTGGGCGTC
GTTTTTGAACGCAAGTTGCGCCCGAAGCCTTCTGGCTGAGGGCACGTCTGCCTGGGCGTC
GTTTTTGAACGCAAGTTGCGCCCGAAGCCTTCTGGCCGAGGGCACGTCTGCCTGGGCGTC

AMMMMMAR 2 OIS A SMMAAISNAAS TR B OOAMMAMASOMAA SOOI S MOMSSOAMACSromn

Boodo
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TaABLE 2. Continued

Taxa* Nucleotide sites®

4 5 5 5 5 5

9 0 1 2 3 4

0 0 0 0 0 0

1 TGGTCTCCCGTGGTAATGACGCGGTTGGCCTAAATATGAGTCCCATCAAGAGGGACGCAC
2 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAACACGAGTCCTGTCGAGATGGACGCAC
3 TGGTCTCCCGTGTCCATGACGCGGTTGGCCTAAATATGAGTCCCGTCAAGATGGACGCAT
4 TGGTCTCCCGTGTCCATGATGTGGTTGGCCTAAATATGAGT TCCATTGAGATGGACGCAC
5 TGGTCTCCCGTGTCCATGATGTGGTTGGCCTAAATATGAGT TCCATTGAGATGGACGCAC
6 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATGCGAGTCCCGTCGAGATGGACGCAC
7 TGGTCTCCCGTGTCTATGATGCGGTTGGCCTAAATACGAGTCCCATCGAGATGGACGCAC
8 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATACGGGTCCCGTCGAGATGGACGCAC
9 TGGTCTCCYGTGTCYATGATGCGGTTGGCCTAAATACGAGTCCCGTCGAGATGGACGCAC
10 TGGTCTCCCGTGTCCATGATGTGGTTGGCCTAAATACGAGTCCCRTCGAGATGGACGCAC
11 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATACGAGTCCTGTCGAGATGGACGCAC
12 TGGTCTCCCGTGTCCATGATGCGGCTGGCCTAARATGCGAGTCCCGTCGAGATGGACGCAC
13 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATGCGAGTCCCGTCGAGATGGACGCAC
14 TGGTCTCCCGTGTCCATGATGCGGCTGGCCTAARATGCGAGTCCCGTCGAGATGGACGCAC
15 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATACGAGTCCCGTCGAGATGGACGCAC
16 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAARATACGAGTCCCGTCGAGATGGACGCAC
17 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTARATACGAGTCCCGTCGAGATGGACGCAC

-‘ n {qﬁnﬂemwmﬂmmnmn mnf\mﬁmﬁ.ﬂﬁr‘?ﬂf‘n fak 1. Talak Yalala b Ve HS———essssss _

19 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATACGAGTCCCGTCGAGATGGACGCAC
20 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATACGAGTCCCGTCGAGATGGACGCAC
21 TGGTCTCCCGTGTCCATGATGCGGTTGGCCTAAATACGAGTCCTGTCGAGATGGACGCAC

(=20, 5]
oonn
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GACTARTGGTGGTTGATTACACAGTCGTCTCGTGTCGTGCGTCTTGATTCTTGAGGSGTA
GACTAGTGGTGGTTGATTACACAGTCGTCTCGTGTCGTGCGTTTTGATTCTTGAATTGGA
GACTAGTGGTGGTTGATAACACAGTCGTCTCGTGTTGTGCGTTTTGATTCTTGARGGGRA
GATTAGTGGTGGTTGATTACACAGTCGTCTCGTGTCGTGCGTTTTGAT TCTTGAAGGGGG
GATTAGTGGTGGTTGATTACACAGTCGTCTCGTGTCGTGCGTTTTGATTCTTGRAAGGGGG
GACTAGTGGTGGTTGATTACACAGTCGTCTCGTGTCGTGCGTTTTGATTCTTGAAGGGTG
GACTAGTGGTGGTTGATTACACAGTCGTCTCGTGTCGTGCGTTTTTATTCTTGARGGGTG
GACTAGTGGTGGTTGATTACACAGTCGTCTCGTGCCGTGCGTTTTGATTCTTGAAGGGTG
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species (164 bp) is one of two reported sizes of this highly .
conserved region in angiosperms (163 to 164 bp).

ITS evolution—The ITS region in Calycadenia and Os-
madenia has evolved primarily by point mutations, judg-
ing from the moderately high levels of ITS sequence di-
vergence between and even within species (Table 3), the
minor proportion of sites that required gaps for sequence
alignment (Table 2), and the absence of evident ITS length
variants within DNA accessions. Such structural conser-
vatism of ITS sequences has been attributed to their role
in the production of mature rRNAs from primary tran-
scripts, i.e., in forming secondary RNA structures that
bring the ends of the 188, 5.8S, and 26S regions into close
proximity for processing (Gonzalez et al., 1990; Thweatt
and Lee, 1990; Venkateswarlu and Nazar, 1991).

ITS phylogenetic resolutions— Cytology—Cytological
investigation has provided abundant data on chromo-

somal relationships at both the infraspecific and inter-

specific level within Calycadenia (Carr, 1975a, b, ¢, 1977;
Carr and Carr, 1983). Meiotic analyses of hybrids and
chromosome number distribution in Madiinae led Carr
(1975b) to conclude that n = 7 was the base chromosome
number in Calycadenia from which other numbers (n =
4, 5, and 6) were derived by dysploidy. In addition, Carr
(1975b) concluded that lack of meiotic chromosomal as-
sociation in F, hybrids between Osmadenia (C.) tenella
and Calycadenia species gave new justification for res-
urrection of Osmadenia for C. tenella. Both of these con-
clusions from cytology are supported by the ITS region
consensus tree (Fig. 2), notwithstanding a possible sec-
ondary origin of n = 7 in C. oppositifolia and an unknown
origin of n = 9 in O. tenella.

The ITS region tree (Fig. 2) further suggests that the n
= 5 and 6 lineage (including C. oppositifolia, n = 7) is
monophyletic and originated from a common ancestor
with a n = 7 genome very similar or identical in structure
to that of C. hooveri or C. villosa. These last two species
are visibly differentiated chromosomally by only one re-
ciprocal translocation and one or more paracentric in-
versions (Carr, 1975a, c).

The ITS region tree (Fig. 2) also suggests that the genome
with the lowest chromosome number in Calycadenia, that
of C. spicata (n = 4), also arose from a n = 7 genome
similar or identical in structure to that of either C. hooveri
(n'=T) or C. villosa (n = 7), but independent of the n =
5 and 6 lineage. This interpretation is congruent with
T-gland distribution data (see “Morphology’). The ab-
sence of genomic entities bridging this chromosome num-
ber gap between n = 7 and n = 4 suggests considerable
extinction or another example of “saltational reorgani-
zation of chromosomes” (Carr, 1975b, ¢, 1980) in Caly-
cadenia, as G. D. Carr previously hypothesized for the
origin of a chromosome race in C. pauciflora. These ex-
amples and a recent report of an amazing shift between
n = 8 and n = 3 in Hymenoxys texana (J. Coulter &
Rose) Cockerell (Strother and Brown, 1988) underscore
the need for caution in interpreting chromosome number
relationships in Compositae.

Morphology—No explicit phylogenetic treatment of
Calycadenia morphological data has been attempted. The

TaBLE 3. Pairwise divergence between combined ITS 1 and ITS 2 nucleotide sequences from 21 Calycadenia, Osmadenia, and outgroup DNAs*
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TABLE 4. Matrix of ITS nucleotide positions with potential phylogenetic information from 21 Calycadenia, Osmadenia, and outgroup species

Taxa* Nucleotide sites®

11111111111222222222344444444444555555555555666666
14566667778902233345679001222235944555555566001122277999012233
39501291488182335949039470134834646023457917026745856249090238

1¢ TCGTCG-CTGACTTTGACTCCTAYGATTCTCCTTATGCCAGTCACCATCAATCTATATGTCG
2¢ - PCACCGTCCGTCTTCTACCCCTACGTTTCTTCTCACTAGTGTCATCACTGGTCTAGATGTCG
3 TAGCCGCTCGTCTGCGACCCCCACTTTTCCTCCCTTTAT-GGCACCATCGATTTARACATTG ,
4,5 TTACAGCTCGTCTGTTATTCCTTTGTTTCTTTCC-TCATTGGTATTATCAGTCTAGGTGTCG

C OO AMmMAMMAMmAM OO O™ AImoss mm

‘ am(‘ 'Ahrrn\.ﬁr mirﬂ(;ﬂg[icqmm.n ~rc

2

7 TTGCCGTTCTTCTGCCATTCCCTCGATTCCCGCATTCACTAGTATCACCAGTCTATGTACTG

8 TCGCCGTTCGCCCGCGATCCCCTCGCTTCCCGCATTYACCAGCATCACCGGCCTATGCGCCG

9 TCGTCGTTCGCTCGCGGTTCCCTCGCTTTCCGCATTCAYTAGTGTCACCGGTCCAGGYGCTG

10 TCGTCGTTCGCTCGCGGTTCCTTCGCTTTCCGCATYCACTAGCGTTACCRGTCYAGGCGCTG

11 TCGTCGTTCGCTCGCGATTCCCTCGCTTTTCGCATTCACTAGCGTCACTGGTCCATGCGCCG

12,14 CCGCCATTGGCTCGCGATTACCTCGTCTTCCGCATTCCATAGCGTCGCCGGTTCATGTGCCG

13 CCGCCATTGGCTCACGATTACCTTGTCTTCCGCATTCACTAGCGTCGCCGGTTCATGTGCCG

15,16 TCGCCGTTAGCTCGCGATTAACTCGCCTTCCGCATCCATCAGCGTCACCGGTCCATGTGCCT

17 TCGCCGTTAGCTTGCGATTAACTCCCCATCCGCATTCAGCAGCGTCACCGGYCCGTGCGCCT
18 TCGCCGTTAGCTTGYGATTAACTCCCCATCCGCATTCAGCAGCGTCACCGGTCCGTGCGCCT x
s m— p— T O I T R G s
- a -

N ———

20 TCGCCGTTAGYTYGCGATTAACTCSCCATCCGCATTCASCAGCGTCACCGGYCCRNGCGCCT
21 TCGCTGTTAGCTCGCGATTAACTCGC-TTCCGCATTCACTAGTGTCACTGGTCYATGTGTCT

a Sample numbers assigned in Table 2. Two-number designations indicate merged sequences that are identical at all potentially informative sites.
® Nucleotide sites designations and sequence symbols defined in Table 2.
¢ Qutgroup species.

phylogenetic distribution of discrete morphological char-
acter-states in the Calycadenia ITS region tree (Fig. 2)
can, however, be assessed by parsimony.

Calycadenia was named for the unique vascularized,
tack-shaped, or T-shaped, glandular appendages that oc-
cur on the leaves surrounding the capitulae in all of the
species (Carlquist, 1959). Osmadenia is unique from Ca-
lycadenia in lacking these glands and for possessing beaked
achenes, a feature found in most other Hemizonia-like
tarweeds (three of four Hemizonia sections and Holo-
carpha). The ITS region tree (Fig. 2) suggests retention of
beaked achenes in Osmadenia and a single origin of
T-glands in Calycadenia following divergence from a
common ancestor with Osmadenia.

Within Calycadenia, the distribution of T-glands on
the capitulescence leaves is phylogenetically informative,
based on the ITS region tree (Fig. 2). Calycadenia trun-
cata, C. hooveri, C. villosa, and C. spicata all possess a
single, large, terminal T-gland on their capitulescence
leaves. The remaining species can have bracts with both

tarmvrirnal arnd lataral T olande Tha citiratinn in £ wmwnllic

by a morphological character. The species of this lineage
have smooth ray-achene surfaces, unlike the irregular,
wrinkled ray-achene surfaces of C. mollis and C. truncata.

Biogeography—Two tentative conclusions about the
biogeographic history of Calycadenia are possible based
on the ITS region phylogeny (Fig. 2), despite extensive
and overlapping distributions of several species. Caly-
cadenia and Osmadenia are both endemic to the Cali-
fornia Floristic Province (Raven and Axelrod, 1978). Un-
like the species of Calycadenia, O. tenella occurs in the
southwestern California Floristic Province, from Los An-
geles County to northern Baja California. Calycadenia
species occur from central western California and the
Tehachapi Mountains, i.e., San Luis Obispo and Kern
Counties, north to southern Oregon. The only species
restricted to the northern California Floristic Province are
C. ciliosa, C. fremontii, C. pauciflora, and C. oppositifolia,
which together comprise a highly derived ITS lineage.

The remaining species all occur, wholly or in part, south
Afthe latitiide of San Francicen Rav Raced on thece con-
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*Hemizonia perennis
Osmadenia tenella (n = 9)

Calycadenia ciliosa
"Corning" (n = 6)

Calycadenia ciliosa
"Lewiston" (n = 6)

Calycadenia fremontii (n = 6)
Calycadenia pauciflora
"Pauciflora” (n = 5)

Calycadenia pauciflora
"Elegans” (n = 6)

Calycadenia oppositifolia

(n=7)

Calycadenia multiglandulosa
subsp. cephalotes (n = 6)

C. multiglandulosa subsp.
bicolor; C. hispida (n = 6)

Calycadenia villosa
"Erecta” (n=7)

Calycadenia villosa
"Depressa” (n=7)

Calycadenia spicata (n = 4)
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Calycadenia truncata

subsp. truncata (n=7)

Calycadenia truncata
subsp. scabrella (n=7)

Calycadenia mollis (n = 7)

Fig. 2. Strict consensus of 11 maximally parsimonious Wagner trees from analysis of potentially informative ITS region sequence variation
among Calycadenia, Osmadenia, and outgroup species (Table 4). Percentages above branches are bootstrap values. Numbers below branches are
decay index values, i.e., numbers of additional evolutionary steps required to break the corresponding sister-group relationship in at least one of
the maximally parsimonious trees. n = haploid chromosome number. For each tree: consistency index = 0.61; retention index = 0.71; tree length

= 127 steps.
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C. ciliosa "Corning" [6]

151 6. ciliosa "Lewiston” [6]

35, 3V . .
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C. fremontii [6]

2V

C. paucifiora "Elegans” [6]

C. oppositifolia Bloomer Lookout Road [7]

| L
C. oppositifolia Cohasset Road [7]

C. multiglandulosa
6S subsp. cephalotes [6]

C. hispida [6]
—I C. multiglandulosa
subsp. bicolor [6]
— C. villosa "Erecta" [7]

2S,
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—- C. villosa "Depressa” [7]
C. spicata [4]
C. hooveri[7]

C. truncata subsp. truncata [7]
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D68
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D438 15, 2v
D121

C. truncata subsp. scabrella [7]

| Calycadenia mollis Fresno County [7]

I Calycadenia mollis Madera County [7]

Fig. 3. One ofthe 11 maximally parsitnonicus Wagner trees from analysis of ITS region sequence variation among the Calycadenia, Osmadenia,
and outgroup species. Branch lengths correspond to numbers of mutations, with uninformative variation reincluded, as optimized by ACCTRAN
(PAUP). Numbers of tranisition (S) and transvetsion (V) mutations that define branch-poiits are indicated. Phylogenetically informative deletion
(D) and ifisertion (I) mutations, not included in the analysis, are indicated by sequéence position in Table 2. Only those length mutations whose
branch assignment js unambiguous are shown. Numbers in brackets are haploid ¢hroinosome numbers.
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Fig. 4. Strict consensus of six maximally parsimonious trees from analysis of ITS 1 sequence variation among Calycadenia, Osmadenia, and
outgroup species. For each tree: consistency index = 0.68; retention index = 0.79; tree length = 62.
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Fig. 5. Strict consensus of 90 maximally parsimonious trees from analysis of ITS 2 sequence variation among Calycadenia, Osmadenia, and
outgroup species. For each tree: consistency index = 0.53; reteéntion index = 0.61; tree length = 64.
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