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POTENTIAL UTILITY OF CHLOROPLAST tmL (UAA) GENE INTRON SEQUENCES FOR 
INFERRING PHYLOGENY IN SCROPHULARIACEAE' 

C. E DWARD FREEMAN 1 

Department of Biological Sciences, University of Texas at El Paso 
El Paso, Texas 79968-0519 
e-mail: freeman@utep.edll 

AND 

R ON SCOGIN 

Department of Biology, University of La Verne 
La Verne, Calif. 91750 

AOS"ffiACf 

Whereas chloroplast DNA-derived sequence data from protein coding regions have been ut ililed 
successfully at many taxonomic levels in recent years, sequence s which are variable enough to 
allow for efficient phylogenetic inference (maximum information wit h re latively low sequencing 
costs and effort) at Ihe subfu mi liul level huve been few. Seque nce dnta were obtained in th is study 
fro m a noncoding region. the trnL (UAA) gene intron. fro m a se lec tion of taxa fro m the Scrophu­
lar iaceae and closely related families (rcpreseluing 41 species in 26 genera). Groups o f species from 
commonly recognized tribes and subtribes we re included to determine if these taxa were grouped 
toge ther by analyses of this sequence. These included seven species fro m the tribe C heloneae. 14 
species of the tribe Antirrhineae, and four from the tribe Euphr.lseae or Pcdiculareac, Also included 
are representatives of Bignoniaceae (four species, each in a different gen us). and the o mgroup 
Ani,fl/camirus lllllrlJeri of the Acanthaeeae . TIlese tlrxa were exami ned to est imate the potential uti lity 
of thi s sequence dataset fo r subfami li31 phylogenetic reconstruction. In the majority ru le consensus 
tree, laxa of the tribe Chelo neae (the North American represcnt3tives) form a monophyle tic clade 
and generally conform to previous sys tematic hypothcses from the litera ture. Sampled taxa o f the 
tribe Anti rrhineac (wit h thc ciltception of Linaria) also appear as a potenti311y monophyletic clade. 
wi th suppon for the sublribes Ant irrhinae and Maurand ynae. Based on these sequence data wc 
recommend reassessmcnt o f some generic placement.~ al the Irib:rl level. The genera Verbascltm and 
Scrophu/(jria appear on the same. well-supported clade and Veronictl and Digiwlis occur together 
on another welJ-suppon ed clade. The trilL int ron sequence comparisons indicate that this re latively 
short region (about 500 bp) may be usefu l in s tudies of phylogeny within Scrophulariaccae and 
a llied taxa at the suprageneric le vel. 

Key words: Ant irrhineae. Cheloneae. chloroplast DNA. phylogeny. Scrophulariaeeae. trilL intron. 

INTRODUCTION 

Chloroplast DNA sequences have been widely used 
recently as a source of information on plant phylog­
eny at various systematic levels. Earlier literature re­
ported the restriction-site variation of the entire chlo­
roplast genome (hybridi zation studies) or within spe­
cific PCR-amplifi ed parts of the chloroplast genome. 
Wolfe et al. (1 997) have recently summarized this lit­
erature. Whil e thi s type of data has proven helpfu l. it 
has shortcomings. Because the rate of evo lution in the 
cpDNA genome is thought to be slow and because 
the portion of variabil ity detected by thi s technique 
is rather low, Ihis approach is relatively ineffic ienl. A 
great deal of work (of len using a very large number 

, Author for correspondence. 

of restriction enzymes and several regions of the 
cpDNA genome) is required to generate a database 
large enough 10 allow phylogenetic reconstruction at 
lower taxonomic levels (Dowling et al. 1996). Fur­
ther. small differences in fragment size may go un­
detected. There is even doubt as to whether RFLP 
data are suitable for phylogenetic analysis (Swofford 
e t a1. 1996). All of thi s leads to the conclusion that 
DNA primary sequence data are the characters of 
choice in phy logenetic reconstruction. 

Recent technological advances in the ease of DNA 
sequencing mean that sequence data are more com­
monly used in the recent literature because of their 
greater effi ciency in detection of variation . These se­
quences have generally been from coding cpDNA of 
a relatively few genes, including rbcL (e.g., Kim and 
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Jansen 1996; Doyle et al. 1997 ; Morton et al. 1997; 
Pax et al. 1997; Soltis and Solti s 1997; Wagstaff and 
O lmstead, 1997), IldhF (e.g., Terry et al. 1997), and 
matK (e.g., Plunkett et al. 1996; Hilu and Liang 1997; 
Kron 1997; Sang et al. 1997). More recently, noncod­
ing sequences of both chloroplast and nuclear DNA 
have been used in phylogeneti c reconstruction . These 
include intron and intergenic spacer regions in cpDNA 
and intergenic transcribed spacers of nuclear ribosomal 
DNA. 

Noncoding sequences are not as subject to selec­
tive constraints as coding sequences a nd , there fore, 
are more variable. Gielly and Taberlet (1994) have 
estimated that the intron of the chloroplast trilL 
(UAA ) gene evo lves 2.7 times faster, on the average. 
than does the rbcL sequence. In the genera Hordeum, 
Triticum, and Aegelops (Poaceae). it was determined 
th at the trilL intron evolved 3.74 times faster than 
rbcL. In addition, noncoding regions tend to accu­
mulate insertions/deletions ( indels) at rates compa­
rable to nucleotide substitutions (e.g., Wolfe e t al. 
1987; Zurawski and Clegg 1987; C legg and Zu­
rawski 199 1). These indeJs can sometimes be suc­
cessfully used in differe ntiating be tween species 
within a genus (Gielly and Taberlet 1994). Analysis 
of noncoding chloroplast DNA could, then, be ex­
pected to extend the utility of sequ ence data to lower 
taxo nomic levels than is genera ll y possible with cod­
ing regions and require the sequencing of consider­
ably fewer bases. 

A few chloroplast introns and intergenic spacers 
have been used to infer relationships at the inte rfa­
milial level and below (e.g., Taberlet et al. 1991 ; 
Morton and Clegg 1993; Ba hle et al. 1994; Ham et 
al. 1994; Maner et al. 1994; Mes and Hart 1994). 
Further, unlike many nuclear DNA genes, cpDNA has 
the advantage of being a haploid , nonrecombining ge­
no me. We chose, therefore, to evaluate the utility of 
the trilL (UAA) intron in reconstructing phylogeny 
with in the Scrophulariaceae and closely related fam­
ilies. 

The trilL (UAA) intro n is a group I (self-splic ing) 
intron composed of seven regions: four conserved in 
sequence among all trilL introns and three nonconser­
ved. It averages about 500 bp in length in most angio­
sperm s (ranging from 350 bp in Avella to 600 bp in 
Ellphorbia). The nearly two-fold size range of this in­
tron is due mainly to length mutations located in the 
P8 loop (Giell y and Taberlet 1994). The conserved 
portions are responsible for the formation of secondary 
structure which controls folding during the editing pro­
cess and its catalytic properties (Kuhsel et al. 1990; 
Gielly and Taberlet 1994). 

The Scrophulariaceae are a large, cosmopolitan. 
principally temperate family composed of approxi ­
mately 3000 species. Both Pennell (1935) and Thieret 

(1967) noted that the phylogeny of the family is poorl y 
understood. Based o n morphological characters, the re 
have been numerous interpretations of the subfamilial 
organization, including the recognition of various 
suites of subfamilies and tribes. Van Tieghem (1903) 
divided the family into groups determined by staminal 
number. Bellini (1907) proposed a subfamily classifi­
cation based on nectary characteristics. After studying 
New World taxa, Pennell ( 1935) attempted to reclas­
sify the family o n what he believed was a phylogenetic 
basis. He recognized two subfamilies, Antirrhinoideae 
(six tribes) and Rhinanthoideae (four tribes) but, due 
to geographic restrictions, his work was limited in 
scope. Thieret ( 1967) recognized six tribes for this 
family , including one (Selag ineae) restricted to the 
mountains of tropical Africa and Madagascar. Pennell 
( J 935) and Thieret ( 1967) al so recognized different 
tribal circumscriptions. In summary, this " we ll ­
known" famil y is far from being well known , and a 
satisfactory tribal class ification has not yet been at­
tained. Even the limits of the family itself are not 
agreed upon (Thieret 1967). The taxonomic history of 
the fami ly clearly reflects the problem of defining nat­
ural groups (Olmstead and Reeves 1995), and our un­
derstanding of relationships within this family is im­
perfect at present. 

Since morphological characters have not yielded a 
consensus phylogeny, the use of DNA data (both re­
striction fragment length polymorphisms and base se­
quence) may be of use in the further refinement of our 
understanding of phylogeny withi n Scrophulariaceae 
and between it and closely aHied families. Olmstead 
and Reeves (1995). using data from coding chloroplast 
DNA sequences (the rbcL and ndhF genes), hypo the­
sized that the family is polyphyletic. being composed 
of a "Scroph }" lineage including Verbascum and 
Scrophularia and a "Scroph U" lineage including An­
tirrhillllm, Digitalis, and Veronica. While the phylog­
eny within the Scrophul ariaceae has not been exten­
sively investigated using DNA sequence data, Wolfe 
et al. (1997) used RFLP data to infe r relationships es­
pecially within the Tribe C he loneae. Their conclusion 
was that the North American clade of Cheloneae is 
monophyletic and includes Ole/one, Chionophila, 
Keckiella, Nothochelol/e, Penstemofl, and possibly the 
two genera currently recognized as the Tribe Collin ­
seae (Collillsia and TOllella). 

The major questi on addressed in this pilot investi ­
gation was whether the variability contained in the 
trilL intron sequence is appropriate to phylogenetic in­
vestigations within Scrophulariaceae and, if so, at what 
taxonomic leve l(s). 

The taxa included in this study began as an eclectic 
sample of 22 species of Scrophu lariaceae and later ex­
panded to 41 species. The sampled taxa included at 
least one represen tative from most putative tribes of 
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Scrophulariaceae, but emphasized the New World gen­
era of the tribe Cheloneae (seven species in five gen­
era), the tribe Antirrhineae (!4 species in 6 genera), 
and four species (four species of three genera) of the 
tribe Euphraseae (e.g .. Pennell 1935) so me times 
placed in the tribe Pediculareae (e.g., Chuang and 
Heckard 1991). Also included were four species of 
Bignoniaceae and Anisacanthus tlmrberi (Acantha­
ceae) as the outgroup. The sample was, then, intended 
to determine if the sequence was capable of clustering 
recogni zed tribes as monophyletic clades and would 
be capable of yielding infonnation as to the tribal 
placement of some problematic taxa. Problematic taxa 
include the genus Pau/owll ia, which has been ass igned 
to the Bignoniaceae by some authors and the Scro­
phulariaceae by others (e.g., Thieret 1967 and Arm­
strong 1985), three Verba.l"(;um species, and three Scro­
phlliaria species . Verbascum and Scrophularia have 
sometimes been treated both as members of the same 
tribe (Verbasceae) or separately (Scrophularia being 
placed in the tribe Cheloneae). 

METHODS AND MATERIALS 

Leaf material for total DNA extraction was ob­
tained from several sources (Table I). Fresh leaf ma­
terial was collected by CEF from the field. These ma­
terials were vouchered at UTEP. Fresh leaf material 
was also obtained by RS from the Los Angeles State 
and County Arboretum and Rancho Santa Ana Bo­
tanic Garden. Other leaf samples were obtained from 
the University of California Botanical Garden, Berke­
ley. Some total DNAs were obtained from herbarium 
material at UTEP. Additional dried leaf materials of 
European species of Verbascum and Scrophularia 
were obtained from the Canton of Geneva in Swit­
zerland. 

Leaf samples (both fresh and dried) were ground 
in a lysi s buffer (e.g., Elu-quiIc@ lysis buffer, Schlei­
cher and Schuell, Keene, NH) or DNAzol@lES for 
plant DNA isolation (DN-l2S, Molecular Research 
Center, Inc., Cincinnati, OH). The DNA was then pre­
cipitated by addition of ethanol and chilling (- 70"C 
for 30 min) and pelleted by centrifugation. After dry­
ing, the pellet was dissolved in TE buffer and the 
DNA purifi e d using the Geneclean@l protocol 
(Biola! Corp., San Diego, CA) or by reprecipitation 
as needed. This DNA purification procedure was also 
generally effective in removing sufficient phenolics 
from the total DNA preparation to allow PCR ampli­
fication. When this was not the case, repeated repre­
cipitations with ethanol gradually reduced phenolics 
to levels which allowed PCR amplification. When it 
was diffi cult to obtain amplifiable DNA (especi ally 
from dried leaf material) due to contamination with 
prote ins, an overnight digestion at room temperature 

with Proteinase K was almost always sufficient. 
When not, the DNA was precipitated and retreated 
with Proteinase K. 

PCR prime rs which amplified both the trnL 
(UAA) intron and trnL-trnF intergeni c spacer re­
gions were synthesized. These were primers "c" and 
'T' from Taberlet et al. (1991). The resulting PCR 
product , consistently about 1050 bp in length in the 
taxa scudied here, was then gel-purified in 0.8% 
HMP agarose. The excised agarose plug containing 
the initial PCR product was placed in a O.S ml mi ­
crofuge tube with 10 /-11 of TE. Thi s product was 
used as the template for obtaining additional PCR 
product for sequencing. The sequencing of the trilL 

intron was performed using primers "c" and "d" 
from Taberl et et al. ( 1991) and an internal sequenc­
ing primer "g" des igned by CEF when necessary. 
The sequence of g primer is S'-GTGCAGAGACT­
CAATGGAAGC-3'. PCR products (double-strand­
ed) were sequenced directly by dideoxy techniques 
using the Sequenase@ PCR product sequencing kit 
(U.S. Biochemical, Cleveland, OH) and labeled in­
ternally with 3~S-labeled dATP. 

All sequence data for analysis began 13 bp down­
stream from the 5' end of the intron based on the 
tobacco sequence. Sequences were aligned using the 
program MAP (Baylor College of Medicine) via the 
internet (Pedro's Molec ular Biology Tools). Minor 
alignment adjustments were then made manually. 
The data were subjected to Wagner parsimony and 
neighbor-joinin g analysis using PAUP 4.0* Beta 
(Swofford 1998) using the "gapmode = missing" 
option. While the maximum parsimony method is 
the most widely used of the discrete character tree­
building methods, it is not always a consistent esti­
mator of the true tree (Kumar et al. 1993). Therefore, 
a distance method was also used. We chose the 
neighbor-joining method as an alternative distance­
based tree building method (Saitou and Nei 1987) . 
Computer simulations (Nei 1991) have indicated that 
it is one of the most effici ent distance methods in 
recovering the correct topology . To use the infor­
mation in the gaps for phylogenetic reconstruction 
and yet reduce their significance in parsimony anal­
ysis, as many gaps (1-26 bp) as possible were re­
moved from the seque nce dataset as units. These 
gaps were inserted into the data set as presence or 
absence data (" I " or "0"). When an indel was only 
a sing le bp, the bases were coded as a (gap), 1 (A), 
2 (C), 3 (G), or 4 (T). A gap was recorded only once, 
regardless of the number of bases it contained. The 
sequences have been deposited in GenBank (Acces­
sion numbers AF034S62 through AF034890 and 
AFI18786 through AFI18806). 
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T:lble I. Sources o f m.ueria ls s.1 Illp]cd in this study. UTEP .. Univ. ofTcxas at EI Paso (voucher numbers). UCBC = Univ.of California 
BOlanic G arden (accession numbers ). LASCA = Los A ngeles S lale:: and County Arboretum (acccs..'iion numbers). R$A ,. Rancho 5 :111111 

A mi Botanic G arde n. 

Fami ly and .pe<:i~. 

A can thaccac: 

Anisa<;(ll!llws IllIIrberi (TOrT.) A. Gray 

Bignon i(lceae: 

Clr ilopsil" line(J ri.~ (Cav.) Swcct 
Kigelia pinna/a (Jacq.) DC. 
7l,bebuill chr),smridlll (Mart. ex IX .) Standi. 
TeCQl1Il.I sums (L ) Juss. 

Scrophuluriaccae: 

Subfamily Antirrho ideac 

Tribe A ntirrhincac 

Anlirrhinum c"u/leritlllwll Senth. 
Amirrilirmm (")'Im /hilerllm Senth. 
A lllirrilinullljilipn A. Gray 
Antirrilinlllll w{/I.wnii Vastly & Rose 
Antirrhin llm kelloggii Gn.:cne 
Amirrhinllm majlls L. 
GlIlI'ezia specioJ(l (NUll .) A. G r.lY 
Linaria canadensis (L.) D um. C OUTS. 

Mllbrya (Icu ifolia (Pennell) Eliscns 
M(m r(w<iya (IIItirrhifiortl Wil1 d. 
Mau fflndya wisliu n; Engclrll . 
Moha vea brel'ifIora Cov. 
MohaW'(1 elJllferrifolia (Bcnlh .) A. A. Heller 

Tri be C hclonell<! 

Che/one ohliqua L. 
ClliO/ lOp/li/a j ame.fi; Se lUh. 
Keckiella (mtirrhi,lOide.,· (S clUh.) SI r-ow 
Not/welle/one nemorosa (Lind ley) Slmw 
PenSlemon cellfm mhifolill.f (Bc nth.) Senth. 
Pel/SIemon pillmer i A. G ray 
Penslemoll ... hipplecJII lIs A. Gray 
Scrop /millrill mllCrWI//UI G reene e~ Sliefe lh. 
Scropilu/arill nodom L. 

Scmp/",/ar;" californil:(1 C hamb. & Schld l. 

Tr ibe Co ll in iseae 

Col/illsia he/erophyl/(/ Buist 

Tribe Digi ta lieae 

Digillilis purpure" L. 
Mimll/'ls lewisii Pursh 
Pm/ fownia /omento.w (Thunb.) Steud. 

Tribe Leueopylleae 

u llcophyll1l1ll minllS A. G ray 

Subfamily Rh inanthoidcae 

Tribe Euphrasieae 

Custifleju ungllstifoliu (NUlL) G. Don 
Castilleja integra A. Gray 
Cordy/lUl/hus k;'lgi; S. Wals. 
/Jedicli /llris gray; A. Nels. 

Tribe Vcrbasccac 

Verhl,.f'·I1111 n igrwI/ L. 
Verhl'J'£'lI m ph/oil/ollie.,· L. 
Verhasc lIlII p lI /ver ellflllll L. 

Tribe Vcroniccac 

Verollica Cllsickii A. G m y 

., 
an"l y>.c<l 

489 

476 
468 
487 
476 

476 
474 
473 
413 
476 
472 

'" 464 
47' 
485 
484 
474 
474 

471 
481 
472 
471 
476 
477 
483 
480 
479 

477 

476 

478 
46' 
475 

481 

472 
470 
465 
46' 

47' 
472 
480 

461 

V"""hc:rl..,c~"ion 
number Ori gin 

UT EP 56099 cull. 

UTEP 56100 TX. EI Paso Co. 
LASCA 50- 1303-5 cul t. 
LASCA 79- 1276-5 c u lt. 
lITEP 56101 TX, El Paso Co. 

UTEP 34904 CA, Ri vers idc Co. 
UTEP 563 11 Mell. Baja Calif. 
UTEP 57520 AZ, Mohave Co. 
UTEP 563 15 Mell , Baja Calif. 
UTEP 50629 CA, San Diego Co. 
UTEP 56 104 cult. 
RSA 498102 cult .. RSA 
UTEP 5299 1 NM. Luna Co. 
UTEP 56309 AZ, Maricopa Co. 
UTEP 56105 TX, EI P'"so Co. 
UT EP 56828 TX. EI Paso Co. 
UTEP 57521 AZ, Mohave Co. 
UT EP 57522 AZ, Mohave Co. 

UTEP 56 102 cull., MBG 
UTEP 44223 CO. EI Paso Co. 
UTEP 5 1241 AZ, MaricoPlI Co. 
UTEP 54188 WA, Cowlitz Co. 
UC BG 87~ 1 278 C A, Monterey Co. 
UTEP 53282 N V. C lark Co. 
UT EP 44272 NM , Otero Co. 
UTEP 54 192 NM, Grant Co. 
UTEP 57503 S witzerland 
RSA 637 104 

cull., RSA 

UTEP 5354 1 CA, Thlare Co. 

UTEP 54185 OR, Clatsop Co. 
UTEP 54186 WA. Yakima Co. 
LASC A 64- 144 1-5 cult. 

UTEP 51523 TX, Culberson Co. 

UTEP 55472 WY. Lincoln Co. 
UTEP 51 729 TX, Presid io Co. 
UTEP 53576 NY, Clark Co. 
UTEP 539 17 AZ, Graham Co . 

UTEP 5750 1 Switzerland 
UTEP 57499 Switzerland 
UTEP 57497 Switzerland 

UTEP 54 179 WA. Pierce Co. 
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RESULTS AND DISCUSSION 

The a lignment oblained from the MAP alignment 
algorithm (with very mino r manua l adjustments) is 
shown in Appendi x I. The consensus length of the 
aligned sequences was 563 bp. Eighty~four gaps 
were contai ned w ith in the sequence alignment used 
in analysis. The length of ind iv idua l sequences in 
the taxa co nsidered is shown in Appendix I but was 
genera ll y about 480 bp. Numerous gaps were, then , 
identifi ed in the intron sequence and ranged in size 
from one to 26 base pairs in length. The largest in~ 
se rti o n was found in Galvezia (Gambelia) speciosa, 
making the rmL intron sequence of this species the 
lo ngest of the samp le at 506 bp. Most indels were 
concentrated in the non conserved regions of the in~ 

tron (Fa ngan et a l. 1994), especia ll y in the noncon­
served region VI. Gaps were, however, found in oth­
er regions as well . 

The purpose of thi s study was to determine the util­
ity of this chloroplast DNA sequence in studying phy­
logeny in the Scrophulariaceae. A total of 190 parsi­
mony infonnative sites was discovered in the aligned 
sequences and these were used in an analysis. T hi s 
analysis of the data generated presented a number of 
interesting observations. 

Wagner parsimo ny yie lded 234 most parsi mo nious 
trees. The results o f the parsimony analysis is shown 
in Fig. I (strict conse nsus tree) and Fig. 2 (bootstrap 
50% majority ru le co nsensus tree). In additi on, the 
cladogram generated by the neighbor joining algo­
rithm (a clustering procedure) is shown in Fig. 3. This 
body of data suggests several conc lusions concerning 
phylogeny in Scrophu lariaceae and the allied Bignon­
iaceae. Using the proportions obtained by bootstrap­
ping as estimates of the degree of support of individ­
ual clades, we follow the convention of Hilli s and 
Bu ll (1 993) that bootstrap proportions above 70% 
represe nt true clades of 95% of the time. 

SLlbfamilies of ScrophLllariaceae 

The family Scrophu lariaceae has someti mes been 
divided into two subfamil ies, Antirrhinoideae and 
Rhinanthoideae, based on the relative positions of co­
roll a lobes in aestivation (Penne ll 1935). Alternatively, 
Diels (1897), Hallier ( 1903), and Hartl ( 1957) believe 
that this character is a feature of little importance in 
establishing relatio nships. The cladograms generated 
in thi s study fail to support two distinctive clades rec­
ognizable as subfamilies of Scrophulariaceae. The rep­
resentative genera of two tribes of the Rhinanthoideae 
(Digjtali.~: Digitaleae and Veronica: Veroniceae) do 
seem closely relnted. However, Pediculari,\' (Subfamily 
Rhinanthoideae, tribe Euphasieae) and LeLlcophyllunI 
(Subfamily Antirrhinoideae, tribe Leucophylleae) also 
appear closely related. These data, therefore , support 

the view that the positio n of corolla lobes in bud are 
of little value in understanding phylogeny in this fam­
ily. 

Circilmscription of SeropJllIlariaceae alld PLacemel!( 
of Paulownia 

The cladograms presented here can be interpreted as 
support in g the recent hypothesis that Scrophulari ­
aceae, as currently circumscribed , may be polyphy­
letic af> suggested by Olmstead and Reeves ( 1996) 
and Wolfe et al. ( 1997). However, with thi s li mited 
array of taxa, two scroph clades, as suggested by 
O lmstead and Reeves (1996), are not readily appar­
ent. 

Int erestin g ly, the representatives of the Big noni­
ace ae appear as a clade imbedded deeply within the 
Scrophu lariaceae. The delimitation of Bignoni aceae 
and Scrophul ari aceae hi storicall y has bee n trou ble­
some (e.g ., Armstrong 1985) as exemplified by "in­
termediate" genera suc h as Palliownia. The family 
Big no niaceae has been seg regated fro m the Scro­
phulariaceae large ly o n the basis of its greater wood­
iness, seed c haracters (e.g., the lack of endosperm in 
the seeds), and place ntation. Pall/own ia, an arbores­
ce nt genus native to eastern China, has been as­
sig ned variously to both the Scrophulariaceae and 
B ignoniaceae since the first half o f the nineteenth 
ce ntury. Palliownia tomentosa was origi nall y de­
scribed as Big floflia tomenfosa Tbunb. in 1784 
(Campbell 1930) and pl aced in the Bignoniaceae by 
HaJlie r (1 903) and by Li ( 1947). It was subsequentl y 
transferred to the Scrophulariaceae because of its 
s li ghtl y endospermou f> (two or three ce ll layers) 
seeds (M ill saps 1936). This character, according to 
Campbe ll ( 1930), is the o nly one by which the fam­
ilies can be separated. It was included in th e Sc ro­
phu lariaceae by Wettste in (1891), Steenis (1 949), 
and G leaso n ( 1952). More recently A rmstrong 
( 1985) p laced Palllowl/ia among the Scrophulari ­
aceae based on its floral anatomy. O lmstead and 
Reeves (1995). using seque nce data from the chlo­
rop last rbcL and IIdhF genes, concluded that Pal/ ­
lowllia is iso lated near the base of the order Scro­
phulariules in Big no niaceae (rbeL data) or near Lam­
iaceae (ndhF data) . In both cases, bootstrap values 
were very low, providing litt le support for e ither sce­
nario. They co nclude that PaLllownia does no t be­
long to li neages containing other members of the 
Scrophu lariaceae . The tmL sequence data presented 
here also do not ind icate a clear placement for Pal/ ­
lownia. Palliownia does appear as a basal. weakly 
supported taxon on the Bignoniaceae clade in both 
the parsimony stric t conse nsus tree (Fig. I) and the 
ne ig hbor joining tree (Fig. 3). However, it is not al ­
li ed to Bignoniaceae in the bootstrap tree (Fig. 2) . 
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Fig. I. Pars imony strict consensus tree of 234 trees s3vcd (tree length = 747: CI = 0.6787; Rl = 0.7460. RC = 0.5063) b3sed on 
seq uence dat3 of the intron of the chloropl3st /mL gene. 

Thus, the position of Paulownia as either Bignon or 
Scroph remains unclear based on the sequence of 
this noncoding region, although it seems here to be 
more closely related to the Bignoniaceae than Scro­
phulariaceae. 

Tribal phylogeny oj Cheloneae.- The tribe Chelo­
neae as sampled here includes representative mem­
bers from all North American ge nera of the tribe as 
presented by Straw (1966). Members include ehelon e 
obliqua, Chi01l0phila jamesii, Keckiella alltirrhino­
ides, Nothochelolle nemorosa, Pem·temoJl centraJlthi-

folius, P. palmeri, P. whippfeanus. and Scrophularia 
macrantha, S. cafiJornica. and the European S. no­
dosa. With the exception of Scrophularia species, 
these genera appear in the cladograms generated in 
this study as a highly supported monophyletic assem­
blage . The three Pellstemoll species appear together 
at terminal nodes. 

The seven species of Keckiella were removed from 
Pemtemofl by Straw (1966) on the basis of their shrub­
by habit, nectariferous hypogenous discs. and the lack 
of glandular hairs within their corollas. Keckiefla here 
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F ig. 2. P3rs imony boots trap majority-rule consensus tree based on sequence da ta of the intron of the chloroplas t IrnL gene. Bootstrap 
values arc shown above the line, decay indices below the line. 

appears (0 be the sister taxon to Penstemon with 
Chionophila, Che/one, and Nothochelone being more 
distantly related within the clade. This is surprising 
because Penstemon and Chionophila share the unusual 
character within the Scrophulariaceae of nectaries that 
are epistaminal trichomes. It was reasonab le, then, to 
expect Penstemon and Chionophila to appear as si ster 
taxa . Keckielfa, Chelone. and Nothoche/one have nec­
taries that are hypogenous disks. The placement of 

Keckiella may, therefore, be in error and additional 
studies are needed. 

The cladograms also indicate strongly that Notho­
chelone nemorosa and Chelone obUquQ are close rel­
atives. Straw (1966) noted that no other species of 
Cheloneae has caused more taxonomic problems than 
Nothochelone nemorosa. It has been transferred re­
peatedly between Penstemon and Chelone since its 
original description. Its somewhat galeate upper lip, 
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similarly carnase anthers, winged seeds, and moist for­
est ecology indicate an affinity with Cheione (Nelson 
1995). With Penstemon, especially with subgenus 
Dasanthera, it shares the woolly anthers, a rather open 
inflorescence, and a more open corolla orifice. Ana­
tomical examination, however, has demonstrated that 
there are no glandular hairs in the corolla and the func­
tional nectary is a hypogenous disc (Straw 1966) . The 
cladograms (Fig. 1, 2) suggest that Nothochelone is 
indeed much more closely related to Chelone than to 
Penslemon. 

The topology of our cladograms for tribe Cheloneae 
is very similar to Fig. I of Wolfe et al. (1997) based 
on combined RFLP data from the trnK, rps2, and rbcL 
genes. Both this study and Wolfe et al. (1997) suggest 
that the New World genera of thi s tribe represent a 
monophyletic clade. Wolfe et al. also suggest that Pen­
stemon and Keckiella are most closely related and that 
Chionophila is more closely related to Chelone and 
Nothocheione. 

Bellini (1907) and Pennell ( 1935) independently 
proposed the erection of the tribe Collinseae consist­
ing of Collinsia and Tonella from the Cheloneae 
based on di stinctive nectary characteristics . The in­
tron sequence data from Collinsia heterophylla indi­
cate that Co ll inseae may be closely related to the 
Che loneae but appears basal to it. The Cheloneae 

clade, including Collin~·ja, is weakly supported while 
the traditional Cheloneae genera represent a strongly 
supported clade. This suggests that the Tribe Collin­
seae may te ntatively be considered part of the Tribe 
Cheloneae. The same conclusion was reached by 
Wolfe et al. ( 1997). 

Tribal assignment of Scrophularia.- Scrophularia has 
commonly been placed within the tribe Cheloneae on 
the basi s of most species having staminodes, but the 
genus also has several species in which the staminode 
is completely lacking (Stiefel hagen 19 10). Thi s is in 
contrast to the other genera of the tribe which are char­
acterized by all species having staminodes. Straw 
(1966) was unwilling to accept Scrophu/aria as a 
member of the Cheloneae and cites a personal com­
munication with Dr. Richard J. Shaw who believed the 
genus to be more closely allied to the Tribe Verbas­
ceae. Thieret ( 1967) pointed out that the systematic 
position of Scrophuiaria needs clarification and notes 
that seed characters of Scrophuiaria are almost iden­
tical with those of Verbascl/m. Results from the pre­
sent study distinctly separate Scrophularia from other 
members of the Cheloneae and this topology suggests 
strongly that Scrophularia has been misplaced within 
the tribe Cheloneae. 

Position of Verbascum within Scrophu/ariaceae. ­
Verbascum has long been considered to have, at least 
among the Scrophu lariaceae, similarities with the So­
lanaceae based on its nearly actinomorphic corolla, 
alternate phyllotaxy, and five stamens (Thieret 1967). 
In this view Verbascum has been considered to be a 
primitive member of the Scrophulariaceae "on the 
road to acquiring zygomorphism" (Henslow 1893). 
Robertson (1891) challenged this view based on sta­
men number in other members of the tribe. Robyns 
(1931) stated that the type of zygomorphism present 
is like that of scrophulari aceans and not of the zy­
gomorphic Solanaceae. This idea has not been uni­
versally accepted. Thus, other authorities have be­
lieved that the similarity between Verbascum and the 
Solanaceae is more apparent than real, but that the 
position of the genus remained unanswered (Thieret 
1967). 

Schmid (1906) asserted that Scrophuiaria and Ver­
bascum are obviously more closely related than cur­
rent classification systems indicate, and Scrophu/aria 
could possibly even belong to the Verbasceae. The to­
pology of a cladogram generated in this study (but not 
reported here) included the Nicotiana tabacl/m L. se­
quence for the trnL intron. That c1adogram indicated 
that tobacco is not closely related to Verbascum. This 
suggests that the near acti nomorphy of Verbascum is 
indeed a derived character, not a primitive one, and the 
bootstrap value, both by parsimony and neighbor join­
ing, indicates it is almost certainly closely related to 
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Scrop/l11/aria. The close relationship between ScropJll/­
lario and Verbascum has also been detected in the 
c1adograms of Reeves and Olmstead (1998). The Leu­
cophyllum species included in this analysis appears 
quite distinct from the tribe Verbasceae as suggested 
by Bentham. Wettstein (1891) included Leucophyllum 
in the tribe Verbasceae. 

The tribe Antirrhineae.-Though tentative at this 
poin! because of our limited sample, the tribe ARlir­
rhincac as commonly c ircumscribed mayor may no t 
form a monophyletic branch . The parsimony stric t 
consensus tree (Fig. I ) includes all taxa, except Lin ­
aria canadensis. within a s ingle clade. Linaria can ­
adensis appears on a branch basal to virtually the en­
lire family. The neighbor joining cladogram (Fig. 3), 
however. places Linaria within Ihe same clade but a t 
a basal position. The algorithm RASA v2.2 (Lyons­
Weiler et al. 1996) indicates thai the Linaria is a bor­
derline long branch and. therefore. of uncertain place­
ment. This possibly indicates that Linaria represents 
a primitive me mber of the Anlirrhineae. and our lim­
iled sample did not allow fo r its inclusion in the 
clade. Further, the trilL intron sequence was capable 
o f di stinguishing the subtribes Antirrhinae and Maur­
andynae (Fig. 1, 3). 

Position and composition of the tribe Pediculareae 
(Euphrasineae}.-Taxa of this tribe sampled included 
Pedicularis grayi. Cordyla",hus kingi;, Castilleja an­
gustijolia, and C. integra. The last three species appear 
as a very highly supported clade which is very dis tinct 
from the rest of the scrophs and basal to it. Pedicu­
laris, on the other hand, appears in the Maximum Par­
s imony tree on a clade which includes Veronica, Dig­
italis, M;mulus. and Leucophyllum (Fig. I), far re­
moved from the sampled members of the subtribe Cas­
tillianae. In the neighbor tree (Fig. 3), Pedicularis 
appears as more closely relaled to the tribe Cheloneae . 
Additional sampling needs to be done to determine 
which, if either. of the groupings seen here is substan­
tiated. 

In conclusion. this small region of about 500 bp 
has sufficienl variability to provide some resolution 
within a highly diverse assemblage of genera, and the 
e ntire intron can usually be manually sequenced with 
only two reactions, a forward and a reverse. Further. 
the sequences are variable enough, with numerous 
gaps , so that alignment is sometimes problematic. 
The small number of taxa of the Scro phulariaceae and 
allied taxa sampled in thi s pilol study is clearly in­
suffic ie nt to draw many well-supported conclus ions. 
However, the data do suggest that trnL intron se­
quences might. as a large database of these sequences 
accumu lates, be helpful in understanding phylogeny 
in Scrophulariaceae and allied families, especially at 

the tribal level and above. It might be useful in other 
families as well. 
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Appendix I. Aligned tmL sequences of the taxa included. Miss ing are the firs t 13 bp (5 ' cnd). 

10 20 30 40 50 60 70 
AIJisacantlms Ilmrberi CT'l'GGTATGG AAACCTACTA AGTGATAACT TI'CAAATI'C AGAGAAACCC CGGM T'l' AA T A AAAATGOGCA 

Linariu canadensis CTTGGTATGG AAACCTACCA AGTGATAACT TTCAAAT'l'C AGAGAAACCC CGGMTTAAGA AAAATGOGCA 

MabryD acerijolill CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAMCCC CGGMT'I'MTA AAAATGOGCA 
Maurundya wis/hen; CTTGGTATGG MACCTACTA AGTGATMCT TTCAM'I'TC AGAGAAACCC CGGAA'M'AATT AAAATGOGCA 

Maurandyo lIflli"hijfom CTTGGTATGG AAACCTACTA AGTGATAACT TTCAMTTC AGAGAMCCC CGGAATTMTA AAMTGGGCA 

Anlirrhinum majus CTTGGTATGG AAACCTACTA AGTGATAACN TTCAAA'I'TC AGAGAAACCC CGGAATTAAGA AAMTCGGCA 
Anrirrhinum coulrcriawlIlI CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAAACCC CGGMTTAATA AAAATGGGCA 
Anlirrhillum kello8g!! CTTGGTATGG AAACCTACTA AGTGATAACT T'l'CAAATTC AGAGAAACCC CGGMTTAATA AAAATGGGCA 

A,Jli,,.hinum jilipes C'M'GGTATGG AAACCTACTA AGTGATAACT TI'CAAATTC AGAGAAACCC CGGAATTAATA AAAATGOGCA 

AIII!rrh!nurn willson!! CT'l'GGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATTAAGA AAAATGOGCA 
Anlirrhinum c)'lIlhifenml CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATTAATA AAAATGOGCA 
Anlirrhinum nu/lalfian/lln CT'l'GGTATGG AAACCTACTA AGTGATAACT TI'CMATTC AGAGAAACCC CGGAATTAATA AAAATGOGCA 

Mohavea brevifloro CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGMACCC CGGMTTAATA AAMTGGGeA 
Mohavea carrferlifolill CTTCGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGMACCC CGGAATTAATA AAAATGGGCA 
Calve~ia "pee/a,1'lI CTTGGTATGG AAACCTACTA AGTGATAACT TTCMA'ITC AGAGAAACCC GGGAA TT AA T A AAAATGGOCA 
Veronica cusickii CTTGGTl'ITGG AAACCTACCA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATTAATC AAAATGGGCA 
Mimulus lewisii CTTGGTATGG AAACCTACCA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATTAAGA AAAACGGGCA 
Digitalis purpurea CT'l'GGTATGG AAACCTACCA AGTGATMCT TTCAAATTC ATAGAAACCC CGGMTTAATA AAAATGOGCA 
Pedicullln's g rayi CTTGGTATGG AAACCTACTA AGTGATAACT TI'CAAATTC AGAGAAACCC CGGAATTMTA AAAATGOGCA 
Leucophylfum m ilUl,f CTTGGTATGG AAACCTACTA AGTGATAACT TI'CMATTC AGAGAAACCC CGGAATTAATA AAAATGOGCA 
Coflinsia heferophyllll CTTGGTATGG AAACCTACCA AGTGATMCT TTCAAATTC AGAGAAACCC CGGAATTMTA AAMTGGGCA 
e he/one obliqua CT1'GGTATGG AAACCTACCA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATGAATA AAMTGGGCA 
No/hoehe/one nenwrosa CTTGGTATGG AAACCTACCA AGTGATAACT TTCAAA'ITC AGAGAAACCC CGGAATGAATA AAAATGGGCA 
Cilionophiia jurne~'ii CTTGGTl'ITGG AAACCTACCA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATGAATA AAAATGGGCA 
Kediella lllllirrhiflora CTTGGTATGG AAACCTACCA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAA TGAA T A AAAATGOGCA 
Pel/sternol/ centrwuhifoliu$ C'M'GGTATGG AAACCTACCA AGTGATAACT TI'CMATTC AGAGAAACCC CGGMTGMTA AAAATGGGCA 
Pensfeman palmeri CTTGGTATGG AAACCTACCA AGTGATAACT TI'CAAATI'C AGAGAAACCC CGGMTGMTA MAATGGGCA 
PenSlemon whipl,leolUls CTTGGTATGG AAACCTACCA AGTGATAACT TI'CMATTC AGAGAMCCC CGGAATGAATA AAAA'l'GGGCA 
Puu/owniu tomenta$(! CTTGGTATGG AAACCTACTA AGTGATMCT TTCAAATTC AGAGMCCCC CGGAATTAAGA AAAATGGGCA 
Kigelia pinnala CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAATI'C AGAGAAACCC CGGAATTAATA AAAATGGGCA 
Tecoma stans CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATTAATA AAAATGGGCA 
Chilopsis linellris CTTGGTl'ITGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAA'ITAATA AAAATGGGCA 
Tabebuia chrysotrka CTTGGTATGG AAACCTACTA AGTGATAACT TTCAAA'ITC AGAGAAACCC CGGAATTAAGA AAAATGGGCA 
Castilleja illtegrrr CTTAGTATGG AAACCTACTA AGTGATAACT TTCAAATTC AGAGAAACCC TGGAATTMTA AAAAAGGOCA 
Cuslilleja angustifoliu CTTAGTATGG AAACCTACTA AGTGATMCT TTCAAATTC AGAGAAACCC 1'GGMTTAATA AAAAAOCGCA 
Cardylanthus kingii CTTGGTATGG AAACCTACTA AGTCATAACT TI'CMATTC AGAGAMCCC TGGMTTMGA AAAAAGGGCA 
Verbascum ph/amai(les CTTGGTATGG AAACCTACCA AGTGATMCT TTCAAATTC AGAGAAACCC CGGMTTAATA AAAATGGGCA 
Verbascum pul,'erellfum CTTGGTATGG AAACCTACCA AGTGATAACT TTCAMT1'C AGAGAAACCC CGGMTTAATA AAAATGGGCA 
Verbascum nigrum CTTGGTATGG AAACCTACCA AGTGATAACT TTCAAATTC AGAGAAACCC CGGAATTAATA AAAATGGGCA 
ScropJrularia IIodosa CTTGGTATGGA AACCTACTA AGTGATAACT TTCAAA'ITC AGAGAAACCC CGGMTTAATA AAAATGGGCA 
ScralJhularia californicu CTTGGTATGGA AACCTACTA AGTGATAACT T'I'CAAA'ITC AGAGAAACCC CGGM'ITAATA AAAATGGGCA 
Scraplrularill nll/Crtll//lra CTTGGTATGGA AACCTACCA AGTGATAACT TI'CAAATI'C AGAGAAACCC CGGMTTMTA AAAATGGGCA 
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80 90 100 110 120 130 140 150 160 
ATCCTG~C AAATCCTGTT TT-CGCAAGA CAAAGGTTCA GAAAACGA-- ----- - ---- AAAGTTGGCT ACATTGGCAT TGGTAGAGGA 
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAAGC---- -------AAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGGTTCA GAAAGCGA-- ----AAAAAA AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGGTTCA GAAAGCGAAA AGGGAAAAAA AAAAGGATAG GTGCATATAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGGTTCA GAAATCTAAA AGCG -- AAAA AAAAGGA'rAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAAGCGA-- - --- ----AA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCT(;TC TT-CTCAAM CAAAGGTTCA GAAAGC---- ----AAAAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGGTTCA GAAAGC---- ------AAl\A AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGA~C AAATCCTGTC 'M'-CTCAAAA CAAAGA'M'CA GAAAGA---- ------AAAA AAAGGGATAG GTGCAGAGAC TCGATGGAAG 
ATCCTGAGCC AAATCCTGTC 'M'-CTCAAAA CAAAGG'M'CA GAAAGC---- -------AAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC 'M'-CTCAAAA CAAAGG'M'CA GAAAGC---- ----- -AAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC 'M'-CTCAAAA CAAAGG'M'CA GAAAGC---- ------AAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGATCC AAATCCTGTC 'M'-C'rCAAAA CAAAGGTTCA GAAAGC---- -- - - --AAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGG'M'CA GAAATC----- -----AAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGGTTCA GAAAGC----- -----AAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTC TT-CTAAAAA CAAAGGTTCA GAAAGTG- --­
ATCCTGAGCC AAATCCTCGT TTT-TCAAAA GAAAGGTTTA GAAAACGA--­
ATCCTGAGCC AAATCCTGTC TT-CTCAAAA CAAAGGTTCA GGAAGCTA--­
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAAGCGA--­
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAAGCGA---

--- - AAAAA AAAAGGATAG GTGCAGAGAC TCGATGGAAG 

------AAA AAAAGGATAG 
--------A AAAAGGATAG 

GTGCAGAGAC 
GTGCAGAGAC 

TCAATGGAAG 
TCAATGGAAG 

----- ---1'. AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
-------AA AAAAGGATAG GTGCAGAGAC TCGATGGAAG 

ATCCTGAGCC AAATCCTATC TTT-TCAAAA CAGGGGTTCA GAAAGCGA--- -------AA AAGGGGATAG GTGCAGAGAC T-AATGGAAG 
ATCCTGAGCC AAATCCTATC 'M'-CTCAAAA CAAAGGTTCA GAAAGCGA--- -------AA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTATC 'M'-CTCAAAA CAAAGGTTCA GAAAGCCA--- -------M AAAGGGATAG GTGCAGAGAC TCMTGGMG 
ATCCTGAGCC 
ATCCTGAGCC 
ATCCTGAGCC 
ATCCTGAGCC 

AAATCCTATC 
AAATCCTATC 
AAATCCTATC 
AMTCCTATG 

TT-CTCAAAA CAAAGGTTCA GAAAGCGA--- ------ -AA ACAGGGATAG GTGCAGAGAC TCAATGGAAG 
TT-CTCAAAA CAAAGGTTCA GAAAGCGA--- ------AAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
TTT-TCAAAA CAAAGGTTCA GAAAGCGA--- ------AAA AAAGGGATAG GTCCAGAGAC TCAATGGMG 
CTTCTCAAAA TAAAGGTTCA AAAAGCGA--- --- ---AAA 

ATCCTGAGCC AAATCCTATG CTTCTCAAAA TAAAGGTTCA AAAAGCGA--- ------AAA 
TMGGGATAG 
TAAGGGATAG 

GTGCAGAGAC TCAATGGAAG 
GTGCAGAGAC TCAATGGAAG 

ATCCTGAGCC 
ATCCTGAGCC 
ATCCTGAGCC 
ATCCTGAGCC 

AAATCCTGTT 
AAATCCTTTT 
AAATCCTTTT 
AAATCCTTTT 

TT-CTCAAAA CAAAGGTTCA GAAAACGA--- ---AAAAAA AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
TT-CTCAAAA CAAAGGTTCA GAAAACGA--- ----AAAAA AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
TT-CTCAAAA CAAAGGTTCA GAAAACGA--- ----AAAAA AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
TT-CTCAAAA ---- -AAAA 

ATCCTGAGCC AAATCCTTTT TTTCTCMM 
CAAAGGTTCA GAAAACGA--­
CAAAGGTTCA GAAAACGA--- -----AAAA 

AAAAGGATAG G'I'GCAGAGAC TCAATGGAAG 
AAAAGGATAG GTGCAGAGAC TCMTGGAAG 

ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAAACGA--- ---- - AAAA MMGGATAG G'I'GCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTG'M' 'M'-CTCMM CAAAGG'M'CA GAAAACGA--- ---AAAAAA AAAGGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTT 'M'-CTCAAAA CAAAGGTTCA GAAAACGA--- -------AA AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTA'I'! 'M'-CTCAAAA CAAAGGTTCA GAAGGCGA--- -- - --- --A AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTA'M' TT-CTCAAAA CAMGGTTCA GAAGGCGA--- --------1'. AAAAGGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTATT TT-CTCAAAA CAAAGGTTCA GAAGGCCA--- --------A AAAAGGATAG GTGCAGAGAC TCAATGGMG 
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAACGCCA--- -- -- ---- - AAAACGATAG GTGCAGAGAC TCAATGGAAG 
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAGGCGA--- --------- AAAAGGATAG GTGCAGAGAC TCMTGGAAG 
ATCCTGAGCC AAATCCTGTT TT-CTCAAAA CAAAGGTTCA GAAGGCGA--- ----- - - - A AAAAGGATAG GTGCAGAGAC TCAATCGAAC 
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Appendix J. Continued. 

Anisacanthus {hurberi 
Linuria ,'""udenJ-is 
Mabrya (Ice rifo/io 
Maurandya wislizeni 
Maurandya unlirrl,iflora 
Amirrhinum maj us 
Alllirrhinum coulteriunum 
Antirrhinum kellogg!! 
Amirrhinum jilipes 
Antirrhinum wal,wnii 
Amirrhinum cyathiferum 
Alllirrhinum nUl/aWonam 
M olwvea brevi/fo ra 

Mohavea conferrifolia 
Galvez;a specioso 
Veronica cusick!! 
MimI/Ius lewisii 
Digitulis purpureu 
Pedicular;J' gray; 
Leucophyllum minus 
Co l/in."ia heterophy ll" 
ehe/one obliqua 
NOlhochelone nemorosa 
Chionophila jame;'i; 
Keckiella amirrhijiora 
Penslemon centmlllhifolius 
Penslemon palmeri 
Pens/emoll whipp/eana .• 
Pauio wnia IOmentosa 
Kigelia pinno la 

Tecoma stuns 
Chi/apsis linearls 
Tahebuia chrysOlrica 
Casl illeja integ ra 
Castilleja (lngu~,tifolia 

Cordy lantlms killgii 
Verbascum ph/omoides 
Verbascum pU/llerentum 
VerbasculI! lI igrunl 
Scropi1u/aria nodos<I 
Seropi1ularia califomica 
Scrophu/uria nlacrantlw 

Freeman and Scogin ALISO 

1 80 190 200 21 0 220 2)0 

ATGGTTCCCC CGAAATTTAC GAAA---- - - GG - ATAAACG TATCTAT'l'GA ATACTATA-- ---- AGGGTA 
CT - GT'l'CTAA CAAATGGAGT TGACTATGT - -----TGGTA GATGAATCT'l' TTCATCAAAA CTTCAGAAAG 
CT - GTTCTAA CAAATGGAGT TGACTATGT - -----TGGTA GAGGAATCTT TCCATCGAAA CTTCAGAAAG 
CT - GTTCTAA CAAATGTAAT TGACTGTGT - ----- TGGTA GAGGAATCTT TCCATCGAAA CT'l'CAGAMG 
CT - GT'l'CTM CAAATGGAGT TGACTGTGT- --- --TGGTA GAGGAATCTT TCCATCGAAA CTTCAGAAAG 
CT - GTTCTAA CAAATGGAGT TGACTGTGT - -----TGGTA GAGGAATCTT TCCATCAAAA CT'l'CAGAAAA 
CT-GT'l'CTAA CAAATGGAGT TGACTGTGT - ----- TGGTA GAGGAATCTT TCGATTAAAA CTTCAGAAAA 
CT - GTTCTAA CAAATGGAGT TGACTGTGT- -- - - -TGGTA GAGGAATCTT TCGATTAAAA CTTCAGAAAA 

TCGAT'l'AAAA CT'l'CAGAAAA CT - GTTCTAA CAAATGGAGT 
CT- GT'l'CTAA CAMTGGAGT 

TGACTGTGT­
TGACTGTGT-

CT- GTTCTAA CAAATGGAGT TGACTGTGT-
TGACTGTGT-

----- TGGTA GAGGAATCTT 
-----TGGTA GAGGAATCTT TCGATTAAAA CTTCAGAAAA 
- -- -- TGGTA 
-----TGGTA 

GAGGAATCTT 
GAGGAATCT'l' CT- GTTCTAA 

CT- GT'l'CTAA 
CT- GTTCTAA 
CT-GTTCTAA 

CAAATGGAGT 
CAAATGGAGT 
CAAATGGAGT 
CAAATGGAGT 

TGACTGTGT- -----TGGTA GAGGAATCTT 

TCGATTAAAA 
TCGA'I'T hAM 
TCGATTAAAA 
TCGAT'l'AAAA 

CTTCAGAAAA 
CTTCAGAAAA 
CTTCAGAAAA 
CT'l'CAGAAAA 

CT- GTTCTAA CAAATGGAGT 
CAAATGGAGT 

TGACTGTGT­
TGACTGTAT­
TGACTGCGT­
TGACTGCGT-

----- TGGTA GAGGAATCT'l' 
----- TGGTA GAGGAATCTT TCGATTAAAA CTTCAGAAAA 
---- - CGGTA 
-----CGGTA 

GATGAATCT'l' T'l'CATCGAAA 
GATGMTCTT TTCATCGAAA CT- ATTCTAA 

CT- GTTCTAA CAAATGGAGT TGACTGCGT- - ---- TGGTA GAGGAATCTT TCCATCGAAA 
TCCATCGAAA 

CTTCAGAAAG 
CTTCAGAAAG 
CTTCAGAAAA 
CTTCAGAMG CT- GTTCTAA CAAATGGAGT 

CAAATGGAGT 
TGACTGCGT­
TGACTGCGT-

CAAATGGAGT TGACTGCAT-
TGACTGCATT 

----- TGGTA 
-----TGATA 
-----TGGTA 
GGTATTGGTA 

GAGGMTCT'l' 
GAGGMTCTT 
AATGAATCTT 
GATGM TCT'l' 

TCCATCGAAA CTTCAGAAAA 
TTCATCGAi\A 
TTCATCGAAA 

CT- GTTCTAA 
CT- GTTCGAA 
CT- GTTCTAA 
CT-GTTCTAA 

CAAATGGAGT 
CAAATGGAGT TGACTGCAT- -----TGGTA GATGAATCTT TTCATCGAAA 

CGTCAGAAAG 
CTTCAGAAAG 
CTTCAGAAAG 
CT'l'CAGAMG CT- GTTCTAA CAAATGGAGT 

CAAATGGAGT 
TGACTGCAT­
TGACTGCAT-

- - ---TGGTA GATGAATCTT TTCATCGAAA 
-----TGGTA GATGAATCTT TTCATCGAAA CTTCACAAAG CT- GTTCTAA 

CT-GTTCTAA 
CT- GTTCTAA 
CT- GTTCTAA 

CAAATGGAGT TGACTGCAT- --- - -TGGTA GATGAATCTT 
GATGMTCT'l' 

TTCATCGAAA 
TTCATCGAAA 

CTTCAGCAAG 
CTTCAGAMG CAAATGGAGT 

CAMTGGAGT 
CT-GTTCTAA CAAATGGAGT 
CT-GTTCTAA 
CT- GT'l'CTM 

CAAAGGGAGT 
CAAATGGAGT 

CT- GTTCTAA CAAATGGAGT 
CAAATGGAGT 

TGACTGCAT­
TGACTGCAT­
TGACTGCGT­
TGGCTGCGT-

-----TGGTA 
-----TGGTA GATGAATCTT TTCATCGAAA CTTCAGAAAG 
--- - - TGGTA GAGGAATCTT 
---- - TGGTA GAGGAATCT'l' 

TCCATCGAAA 
TCCATCGAAA 

TGACTGCGT- -----TGGTA GAGGAATCTT TCCATCGAAA 

CTTCAGAAAG 
CT'fCAGAAAG 
CTTCAGAAAG 
CT'rCAGAAAG TGGCTGCGT ­

TGGCTGCGT-
- ----TGGTA 
-----TGGTA 

GAGGAATCTT TCCATCGAM 
GAGGAATCTT TCCATCGAAA CTTCAGAAAG CT- GTTCTAA 

CT- GT'l'CTAA 
CT - GTTCTAA 
CT - GTTCTAA 

TAAATGGAGT TGATTGCGC - -----TGATA GAGGAATG-­
GAGGAATG- -

----- -- AAA CTTCAGATCA 
CTTCAGATCA 
CTTCAGAT-­
CT'l'CAGAAAG 
CTTCAGAAAG 

TAAATGGAGT 
TAAATGGAGT 

TGATTGCGC ­
TGAT'l'GCGC -

CT - GTTCTAA CAAATGGAGT TGACTGCTT ­
CT - GTTCTAA CAAATGGAGT TGACTGCGT -

-- - --TGATA ------ -AAA 
-----TGATA GAGGAATG-- -------AAA 
--- --TGGTA GAGGAATCT'l' TCCATCGAM 
-----TGGTA GAGGAATCTT TCCATCGAAA 

CT - GTTCTAA CAAATGGAGT TGACTGCGT - -----TGGTA GAGGAATCTT TCCATCGAAA CTTCAGAAAG 
CT- GTTCTAA CAAATGGAGT TGACTGCGT- ----- TGGTA GAGAMTCTT TCCATCGAAA CT'l'CAGAAAG 
CT- GTTCTAA CAAATGGAGT TGACTGCGT- ----- TGGTA GAGAAATCTT TCCATCGAAA CTTCAGAAAG 
CT- ATTCTAA CAAATGGAGT TGACTGCGT- -----TGGTA GAGAAATCTT TCCATCGAM CT'l'CAGAMG 
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240 250 260 270 280 290 300 310 
GGTGCAGAGA CTCAATGGAA GCTGTT-CTA ACAAATGGA- ---------- ---------- ---------- -TCAATAGAT TA----GATG 
GATGAAGCAT AAATGTATCT ATTGAAAACT ATA------- ---------- ----- - ---- ---- - ----- -TCAACTGAT TA----ATGA 
GATGAAGCAT AAATGGATCT ATTTAATACT ATA------- ---------- ---------- ---------- -TCAAATGAT TA----ATGA 
GATGAAGGAT AAATGGATCT ATTTGATACT ATA- ------ ---------- ---------- ---------- -TCAAA'I'GAT TA--- - ATGA 
GATOAAGGAT AAATGGATCT ATTTGATACT ATA- ------ ---------- -- ---- ---- ----- ----- -TCAAATGAT TA ----ATGA 
GATGAAGGAT AAATCTATCT ATTGAATACT ATA- - ----- - - -------- ---------- ---------- -TCAAATTAT TA----ATGA 
GATGAAGGAT AAATCTATCT ATTGAATACT ATA------- ---------- ---------- ---------- -TCAAATTAT TA--- - ATGA 
GATGAAGGAT AAATCTATCT ATTGAATACT ATA------ - ---------- --------- - ----- -- --- -TCAAATTAT TA----ATGA 
GATGAAGGAT AAATCTATCT ATTGMTACT ATA--- --- - ---------- --------- - ---- ------ -TCAAATTAT TA----ATGA 
GATGAAGGAT AAATCTATCT ATTGAATACT ATA------- ---------- ---------- ---------- -TCAAATTAT TA----ATGA 
GATGMGGAT AAATCTATCT ATTGMTACT ATA-- ----­
GATGAAGGAT AAATCTATCT ATTGMTACT ATA------­
GATGAAGGAT AAATCTATCT ATTGMTACT ATA------­
GATGAAGCAT AAATCTATCT ATTGAATACT ATA-------

-TCAAATTAT 
-TCAAATTAT 
-TCAAATGAT 
-TCAAA'M'AT 

GATGAAGCAT AAATCTATCT ATTGAATACT ATAGAAAAGA TGAAGGATAA ATCTATCTAT TGAATACTAT A'rcAAATTAT 

TA----ATGA 
TA----ATGA 
TA----ATGA 
TA--- -ATGA 
TA----A'l'GA 

GATGAAGGAT AAACGGATCT ATTGAATACT ATA----- -- ---------- ---------- - - - ------- - TAAAAAAAT G-----ACGG 
GA1~AAGGAT AAACGGATCT ATTGAATACT ATA------- ---------- ------ ---- ------ - - -- -TCAAATGAT TA----ATGA 
GATGAAGGAT AAACGTATCT CTTG-----T ATA------- ---------- ---------- ---------- -TCAAATAAT TC----ACGA 
GATGAAGGAT AAAGGTATAT ATTCAATACT ATA--- ---- -- - ------- -.-------- ---------- -TCAAATGAT TA- ---ATGA 
GATGAAGGAT AAAGGTATAT ATTGAATACT ATMTACTG- ---------- ------ --- - ---- -- -GAT ATCAAATGAT TA----ATCA 
GATGCAGGAT AAACGTGTAT ATTCMTACA TTAA------ ---------- ---------- ---------- -TAAAATTAT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTeMTACT ATM------ ---------- ---------- ---------- -TCAAATCCT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTGMTACT ATM------ ---------- ---------- ---------- -TCAAATTCT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTGAATACT ATAACTATA- - --------- ---------- -------ATA ATCAAATCCT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTGMTACT ACM------ ---------- --------- - ---- - ----- -TCAAATTCT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTGAATACT AGAA------ ---------- ---------- ---------- -TCAAATTCT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTOAATACT AGAA- ----- -- -------- ---------- ---------- -TCAAATTCT TA----ATGA 
GATGAAGGAT AAACGTATCT ATTGAATACT AGAA------ ---------- ------ - -- - ----- - ---- -TCAAATTCT TA----ATGA 
GATOACGGAT AAACGTATCT ATTGAATACT ATA------­
GATGAAGGAT AAACGTATCT ATTGAATACT ATA-- ----­
GATGAAGGAT AAACGTATCT ATTGAATACT ATA---- --­
GATqAAGGAT AAACGTATCT ATTCAATACT ATA--- ---­
GATGAAGGAT AAACGTATCT ATTGAATACT ATA------­
GA-AAGGATG AA-GGAGAAA CGTATCTATT GAATACT--­
GA-AAGGATG AA- GGAGAAA CGTATCTATT GAATACT- -­
---MGGATG AA-GGATAAA CGTATCGATT GMTACT--­
GGTGACGGAT AAACGTATCT ATTGAATACT ATA---- --­
GGTGACGGAT AAACGTATCT ATTOAATACT ATA------­
GGTGACGGAT AAACGTATCT ATTGAATACT ATA----- - ­
GGTGACCGAT AAACGTATCT ATTOAATACT ATA--- - --­
GGTGACGGAT AAACGTATCT ATTGAATACT ATA-------

---------- -TCAAATGAT TA----ATGA 
---------- -TCAAATOAT TA----ATGA 
---- -- --- - -TCAAATGAT TA----ATGA 
---------- -TCAAATGAT TA----ATGA 
- --------- -TCAAATGAT TA- -- -ATGA 
--------AT ATCAAATGAT TGATTAATGA 
--------AT ATCAAATGAT TGATTAATGA 
------ --AT ATCAAATGAT TGATTAATGA 
---------- -TCAAATGAT TA----ATGA 
---------- -TCAAATGAT TA----ATGA 
----- - - -- - - TCAAATGAT TA--- -ATGA 
---------- - TCAAATGAT TA-- --ATGA 
---------- -TCAAATGAT TA----ATGA 

GGTGACGGAA AAACGTATCT ATTGAATACT ATA------- ---------- ---------- ---------- -TCAAATGAT TA----ATGA 

'" 
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Appendix I. Continued. 

330 340 3 50 360 370 3 80 39 0 

Anisacamhus rllUrberi GCTCACATCT CTMTGGCTC ACATCTATTT TATATTT'ITT ATAAGAAAAA TGGAAGAAT- - TGGTGTGAA 

Linaria canadensis TGGCCCAAAT CTGTATCTGT TTT'M'----- ---------T ATAT Al>AAAA TGGAAGAAT- -TGATGTGM 
MabryQ acerifolia TGGCCCGAAT CTGTATCTGT ATTTTTTT -- -------- AT ATGAAAAA-- TGGAATAAT - - TGATGTGAA 

Maurandya wislizeni TGGCCCGAAT CTGT ATCT GT A 1"T"I'TTT'T - - ------ -- A'1' ATGAAAAA- - TGGMTAAT- - TGATGTGM 
Maurandya antirrhijlora TGGCCCGAAT CTGTATCTGT ATTTTTTT -- -------- A'1' A'I'GAAAAA.-- TGGAATAAT- -TGATGTGM 
Anlirrhinum majus TGGCCCAAAT CTGTATCTGT A T'ITTTCT - - - -- -----AT ATGAAAAA-- TGGAATAAT ~ - TGATGTGAA 
Antirrhinum coulterianum TGGCCCGAAT CTGTATCTGT ATTTTTTT-- -------- 1'.'1' ATTAAAAA.-- TGGMGAAT- -TGGTGTGAA 
AflIirrhinum kellog8ii TGGCCCGAAT CTGTATCTGT ATTTTTTT -- -------- AT ATGAAAAA-- TGGAAGAAT - -TGGTGTGAA 

Antirrhinum jilipes TGGCCCGAAT CTGT1'.TCTGT A 'l'T'M'TT'T - - --------1'.T 1'.TGAAAAA-- TGGAAGAAT - - TGGTGTGAA 

Antirrhinllm IVa/mnii TGGCCCGAAT CTGTATCT GT A TT'TT TT'T - - -------- AT ATGAAAAA-- TGGAAGAAT- -TGGTGTGAA 

Antirrhinum eYa/hiferum TGGCCCGAAT CTGT1'.TCTGT A TT'TTTT'T - - -- - -----AT 1'.TGAAAAA-- TGGAAGAAT- - TGGTGTGAA 

Antirrhinum nUllallianum TGGCCCGAAT CTGT ATCT GT A 'l'T'M'T'M' - - -- - -----1'.T 1'.TGAAAAA-- TGGAAG1'.1'.T - - TGGTGTGAA 

Mohavea brevijfora TGGCCCGAAT CTGTATCT GT A T'I'TTTTT- - --------1'.T ATGAAAAA-- TGGAAGAAT - - TGGTGTGAA 

Mohavea ermfertifolia TGGCCCGAAT CTGT1'.TCT GT 1'.'l'T'M'T'M'- - --------1'.T 1'.TGAAAAA-- TGGAAGAAT - - TGGTGTGAA 

Galvezia speciom TGGCCCGAAT CTGT1'.TCTGT 1'.'l'T'M'T'M' - - -------- AT ATGAAAAA-- TGGAAGAAT- -TGGTGTGAA 

Veronica cusickii TGGGCCAAGT CTGT1'.TCTGT 1'.TTTTTTT-- ---------T TAG1'.TGAAAA AATACAAGAC TTGGTGGAAA 

Mimulus lewiJii TAGCCTGAAT CTGT1'.TCTGT 1'.'I'T'M'T---- ---------T AAG1'.TGAAAA 1'.TGAAAGMT - TGGTGTGAA 

Digitalis purpurea TGGCCCG1'.GT CTGTATCTGT ATTTTT 'M'AG -------- AT GAAAAAGAGA AGAATT AGTA - TGATATGAA 

Pedicularis gray! TGGCCCTAAT CTGT1'.TT1'.TT T 'I'T'M' - --- - -- -- -- -- -- 1'.TATGAAAA ATGGAAGAAT - - TGGTATGAA 

uU"opllyllum minus TGGCCCTMT CTGTATCTGT A T'T'ITT'M' - - ---------- -- ATGMM GTGGAAGAAT- -TGGTATGAA 

Collinsia hererophylla TGCCCCGAAT CTGGATCGGT 1'.T'I'TTTT--- --------- T 1'.TCTGAAAA ATGGAAAAAT - - TCGTATGAA 

Chelone oh/iqua TGCCCCGAAT CTGTATCTGT T TTT --- - -- - - ---- - - AT ATGAAAAA- - TGGAAGAAT- - TGGTGTGAA 

Nothoelle/one nemorosa TGCCCCGAAT CTGTATCTGT T TTT ------ -------- AT ATGAAAAA- - TGGAAGAAT - - TGGTGTGAA 

Chionophi/a jamesii TGCCCCGAAT CTGT1'.TCTGT A TTI'TTTT- - -- -- ----1'.T 1'.TGAAAAA- - TGGAAGAAT - - TGGTGTGAA 

Keckiella alltirrhiflora TGCCTCGAAT CTGT1'.TCTGG 1'.TT'M'T TT- - -- -- -- - - AT ATGAAA---- --GAAGAAT - - TGGTGTGAA 

Penskmon centranthifolius TGCCCCGAAT CTGTATCTGT A'I"M'TT CT - - -------- AT ATGAAAAA-- TGGAAGAAT - - TGGTGTCAA 

Pensfemon palmeri TGCCCCGAAT CTGT1'.TCTGT 1'.TTTTTCT-- --- - - - - -1'.T 1'.TGAAAAA-- TGGAAGAAT - - TGGTGTCAA 

Pt!nstt!nlon whippleam .... TGCC - CGAAT CTGTTTCTGT ATTTTT CT-- -------- AT ATGAAAAA-- TGGAAGAAT - - TGGTGT CAA 

Paalownia tomentO~'a TGGCCCGAAT CTGTATCTGT ATTTTTTA-- --------1'.T ATGAAAAAA- TGAAAGAAT - - TGGTGTGAA 
Kige[ja pinna/a TGGCCCGAAT CTGTATCTGT 1'.TTT1'T'M'-- --------1'.T 1'.TGAAAA-- ----------- - TGGAAGGAA 

Tecmna .,'/an." TGGCCCGAAT CTGT1'.TCTGT AT TTTT TT-- -------- AT ATGAAAA--- TGGAAGAAT - - TGGTGTGAA 

Chilopsi~' lil/earis TGGCCCGAAT CTGTATCGTA TTTTTTTT-- - - - - - - - - 1'.T 1'.TGAAAAA-- TGGAAGAAT- - TAGTGTGAA 

TalJebllia ehrysotrica TGGCCCGAAT CTGT1'.TCTGT A T 'l'T'M'TTGT A 'M'T'T'T'I'TA T 1'.TGAAAAA-- TGGAAGAAT - - TAGTGTGAA 

Castilleja integra TGGCCCAAAT CTGTATCTGT ATTTTT---- ------GAAT ACGAAAA--G TGGAAGAAT - - TGGTGTGAA 

Castilleja angustifolia TGGCCCAAAT CTGT1'.TCTGT AT TTTT---- ------GAAT ACGAAAA--G TGGAAGAAT- - TGGTGTGAA 

CordylamlulS kingii TGGCCCAAAT CTGT1'.TCTGT AT TTTT- --- ------GAAT 1'.CGAAAA--G TGGAAGAAT- - TGGTGTGAA 

VerbaU"um ph/omoides TGGCCCGAAT CTGTATCTTT T TTTTTTTTT --------1'.T 1'.TGAAAAA-- ---------- - TG1'.TGTGAA 
VerlJaseulil pu/veremum TGGCCCGAAT CTGT1'.TCTTT TT TTTTTT'IT --------1'.T 1'.TGAAAAA-- TGGAAAAATC - - G1'.TGTGAA 

ValJascum nigrum TGGCCCGAAT CTGT1'.TCTTT TTTTTTTT'T - --------1'.T 1'.TGAAAAA-- TGGAAAAATC - - GATGTGAA 

S' Tophularia lIodoJ-a TGGCCCAAAT CTGTATCTTT AT TTTTTT-- - -------1'.T 1'.TGAAAAA -- TAGAAAAAT- - TG1'.TGTGAA 

Scrophularia eali/orlliea TGGCCCGAAT CTGT1'.TCTTT ATTTTTT T-- --------1'.T 1'.TGAAAAA-- T1'.GAAAAAT- - TG1'.TGTGAA 

Scrop/lIllaria ml/cramhll TGGCCCGAAT CTGT1'.TCTTT ATTTTTT T-- --------AT 1'.TGAAAAA-- TAGAAAAAT- - TG1'.TGTGAA 
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Appendill 1. ElI lended. 

40 0 410 420 430 440 450 460 

TTCATTCCAC ATTGAAGAA- ----AGAGTC GAATATTCAT TCATCAAATC ATTCACTCCA CAGTCCATGT 
47D 

AGTTC - TTTA 
AGTTC-T'l'TT 
AGATC-TTTT 
AGA'l'C-'l'TTT 

480 
ATTTTAAAGA 
A----AAGAA 
A----AAGAA 
A----AAGAA 

TTGAT'l'CTAT ATTGAAGAA­
TTGAT'l'CCAC ATTGAAGAA­
TTGATTCCAC ATTGAAGAA­
TTGATTCCAC ATTGAAGM-

----AGAATC 
----AGAA'l'C 
----AGAATC 
----AGM'l'C 

AAATATTCAT 
GAA'l'ATTCA'l' 

TCATCAAATC 
'l'CA'l'CAAATC 

ATTCACTCC ­
ATTCAC'l'CC -

ACAGTCTGG'l' 
ATAGTCTGGT 

GAATATTCAT TCATCAAATC ATTCACTCC- AAAG'l'CTGG'l' 
ATAGTCTGGT AGTTC-TTTT A---- AAGAA 

TTGATTCCAC ATTGAAGAA- ----AGAA'l'C 
GAA'l'ATTCAT 
GMTA'l'TCA'l' 

'l'CATCAAA'l'C 
TCA'l'CAAATC 

ATTCACTCC ­
ATTCACTCC- ATAGTCTGGT AGTTC- TTTT 

AGATC-T'l'TT 
A--- -AAGAA 
A----AAGAA TTGA'l''l'CCAC A'l'TGAATAA­

TTGAT'l'CCAC A'l''l'GMGAAA 
----AGAATG 
GAAAAGAA'l'G 

GAA'l'ATTCAT TCATTAAA'l'C A'l'TCACTCC- ATAGTCTGG'l' 
GAA'l'ATTCAT AGATC-TTTT A----AAGAA 

TTGATTCCAC ATTGAAGAA- -- --AGAATG GAATA'l'TCA'l' 
TCATCAAA'l'C 
TCATCAAA'l'C 

ATTCACTCC­
ATTCACTCC -

ATAGTCTGGT 
ATAG'l'C'l'GGT AGATC- TTTT A----MGAT 

A---- AAGM 
A- ---AAGAA 
A----AAGAA 

TTGATTCCAC 
TTGAT'l'CCAC 
TTGATTCCAC 
TTGAT'l'CCAC 

A'l'TGAAGAA­
AT'l'GMGAA­
A'l'TGAAGM­
ATTGAAGAA-

T'l'GATTCCAC ATTGAAGM-
ATTGAAGAA­
A'l'TCMGAA-

----AGAATG GAA'l'ATTCAT TCATCAAA'l'C ATTCACTCC - ATAGTCTGGT AGATC -TTTT 
----AGAA'l'G GAA'l'ATTCAT 
----AGAATG GAATATTCAT 
----AGAATG 
----AGAATG 
----AGAATG 
--- - AGAATC 

GMTA'l'TCAT 
GM'l'ATTCAT 
GAATATTCAT 
GMTTTTC--

ATTCACTCC ­
ATTCACTCC -

ATAGTCTGGT AGTTC-TTTT 
ACAG'l'C'l'GGT AGTTC- TTTT 

TCATCAAATC 
TCATCAAA'l'C 
TCATCAAATC 
TCATCAAATC 

ATTCACTCC - ATAGTCTGGT AGATC -TTTT A----MGAT 
ATTCACTCC - ATAGTCTGGT 

TCATCAMTC ATTCACTCC - ATAG'l'C'l'GGT 
A--- - AAGAT 
A---MGMT TTGATTCCAC 

TTGATTCCAC 
TTGATTCCAC 
TTGA'M'CCAC 

ATTGAAGAA- ----AGAATG AAA'l'A'l'TCAT 
--ATCAAATC 
TCA'l'CAAA'l'C 

ACCCACTCC ­
ATTTAC'l'CC -

ATAGTCTGAT 
ATAGTCCGAT 

AGATC- TTTT 
AGATC -TTTT 
AGATT ----­
AGATC-TTTT 
AGATC -TTTT 
AGTTC-TTTT 

A----AAGAA 
A----AAGM 
A----AAGAA 

ATTCAAGAA-
GTGATTCCAC ATTGAAGAA-
GTGATTCCAC 
TTGATTCCAC 

ATTGAAGAA­
ATTCAAAAAA 

TTGATTCCAC ATTGAAAAA-
ATTGAAAAA­
ATTGAAAAA-

- - - - AGAATC GAATATTCAT 
AAA'l'AT'l'CCT 

TCATCAAATC ACCCACTCC - ATTGTCTGAT 
----AGMTC 
----AGAATC AAATATTCCT 
GAATCAAATA 
----AGAATC 

AAATATTC- ­
AAA'l'AT'l'CAT 

'l'CATCAAATC 
TCATCAAATC 
--ATCAAATC 
TCA'l'CAAATG 

ATTCACTCC ­
ATTCAC'l'CC ­
ATTCACTCC ­
ATTCACTCC -

- ---AGAATC AAATATTCAT TCATCAAATC ATTCACTCC -
----AGAATC AAA'l'AT'l'CAT 

ACAGTCTGAT 
ACAGTCTGAT AGTTC -TTTT A----AAGAT 
ACAGTCTGAT AATTC -TTTT A----l\AAAA 
ATAGT ----­
ATAGTCTGAT 

- GTTC -TTTT 
AGT'l'C -TTTT 

A-- - -AAGAA 
A----AAGM 

ATAGTCTGAT AGTTC -TTTT A----AAGAA 
TTGATTCCAC 
TTCATTCCAC 
TTGATTCCAC 
TTGATTCCAC 

ATTGAAAAA- ----AGAATC AAATATTCAT 
TCATCAAATC 
TCATCAAATC 

ATTCACTCC­
A'l'TCAC'l'CC - A'l'AGTCTGAT AGTTC-TTTT A----MGM 

A----AAGAA 
A----AAGAA 
A----AAGAA 

ATTGAAAAA- ----AGAATC TCATCAAATC ATTCACTCC - ATAGTCTGAT AGTTC -TTTT 
TTGATTCCAC ATTGAAAAA- ----AGAATC 

GAATATTCAT 
GAA'l'A'l''l'CA'l' TCATCAAATC ATTCACTCC - ATAGTCTGAT 

A'l'AGTCTGAT 
AGTTC-TTTT 
AGTTC -TTTT TTGATTCCAC 

TTGATTCCAC 
ATTGAAAAA­
ATTGAAGAA-

----AGAATC GAATATTCAT TCATCAAATC ATTCAC'l'CC -
--- - AGAATC ATTCACTCC - ATAGTCTGAT AGTTC -TTTT A----AAGAA 

TTGATTCCAC ATTGAAGAA- ----AGMTC 
CMTATTCAT 
GM'l'AT'l'CAT 

TCATCAAACC 
TCA'l'CAAA'I'T A'l'TCACTCCC ATAGTCCGAT AGTTC -TTTT 

AGTTC -TTTT 
A----AAGAA 
A----AAGAA TTGATTCCAC 

TTGATTCCAC 
TTGATTCCAC 
TT- - --CCAT 
TT-- --CCAT 
TTGATTCCAT 
TTTA'l'TCCAC 

A'l'TGAAGAA­
ATTGAAGM-

----AGAATC GAATATTCAT TCATCAAATC 
----AGM'l'C GMTATTCAT 

ATTCACTCC ­
A'ITCACTCC -

ATAGTCCGAT 
ATAGTCCGAT AGTTC-TTTT A----AAGAA 

ATTGAAGAA- ----AGAATC GAA'l'ATTCAT 
TCATCAAATC 
'l'CATCAAA'l'C A'l'TCACTCC - ATAGTCCGAT AGTTC - TTTT A----AAGAA 

ATTGACGM­
A'l'TGACGAA­
ATTGAAGAA­
ATTGMGAAA 

----AGAA-- ---TATTCAT TCATCAAATC A'ITCACTCC - ATAGTCTGAT AGATCCTTTT 
AGATCCTTTT ----AGM--- --TATTCAT TCATCAAATC 

----AGAA--- --TATTCAT TCATCAAA'l'C 
A'ITCACTCC ­
ATTCACTCC -

ATAGTCTGAT 
ATAGTCTGAT AGATCTTTTT A----AAGAT 

TCATCAAATC A'I'TCACTCC - ATAGTCTGAT AGATC- TTTT A----AAGAA 
TTTATTCCAC ATTGMGAM 

GAATCAAATA 
GAATCAAA'l'A 

AAATATTCAT 
AAATATTCA'l' TCATCAAATC A'l'TCACTCC - ATAGTCTGAT 

ATAGTCTGAT 
AGATC - TTTT 
AGATC - TTTT 

A----AAGAA 
A----AAGAA TTTA'ITCCAC 

'l'TTA'l'TCCAC 
ATTGAAGAAA GAATCAAATA 
ATTGMGAAA GMTCAAA'l'A 

TTTA'l'TCCAC ATTGAAGAAA GAATCAAATA 

AAATATTCAT TCATCAAATC 
AAATATTCAT 
AAATATTCAT 

TCATCAAATC 
'l'CATCAAATC 

ATTCACTCC ­
ATCCACTCC- ATAGTCTGAT AGTTC-TTTA A----AAGAA 
ATTCACTCC - ATAGTCTGAT AGTTC - TTTT A----AAGAA 

GTTA'l'TCCAC ATTGAAGAAA GAATCAAATA AAATATTCAT TCATCAAATC ATTCACTCC - ACAGTCTGAT AGT'l'C - TTTT A- ---AAGAA 
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Appcnxix l. Continued. 

Allisacwuhus thurber! 
Linaria c(lrladtm."is 
Mabrya acerifolia 
Maurundya wi.l'lizeni 
Maurundy" (mlirrhijlom 

Anlirrhinum majus 
Antirrhinum coulterianwn 
Anrirrhinum k.ellogg!; 
Alllirrhinum jilipes 
Anlirrhinum wa/soni; 

Antirrhimm! cyarhiferum 
Anlirrhinum nUl/aWol/um 
Mollllv{'u breviflora 
Mohavea cOIifertifoiia 
Cn/vezla !.peciosa 
Veronicu ,'usickii 
Mimulus lewisii 
Digiw/is purpurca 
Pedicularis gray! 
Leucophyllum minu;" 
Collinsia heterophylla 
Cheione obliqua 
NOlllOchelone nemorasa 
Chionophila jomesii 
Keckiello anlirrhij/Qra 
Pens/emon centranthifoiius 
Pens/eman palmeri 
Pens/emoll whippleanus 
Pau/ownia IOmenrosa 
Kigelia pinna/a 
Tecama ,\'tam' 
Chi/opsis /inearis 
Tabebuia chrysOirica 
Castilleja integra 
Castilleja angusllfolia 
Cordy/anthus kingii 
Verbascurn phlomoides 
Verba.lcarn pa!verenlam 
Verba.I'cum nigram 
Scrophu/aria nodosa 
Scmphu/aria cailfomica 
Scrop!wlar;a macranlha 

Freeman and Scogin 

490 500 510 520 530 540 
ATTAAAGAAG CGGACGAGM TAAAGATAGA GTCCCATTCC ACATGT-CAA TA------ - ­
CT-GATTAAT CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT- CM TA-------­
CT-GATTAAT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT- CAA TA-------­
CT-GATTAAT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT- CM TA-------­
CTTGATTAAT CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT- CM TA-------­
CT-GATTMT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGTCCM TA-------­
CT- GATTAAT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT-CM TA-- - - ----
CT-GATTAAT 
CT-GATTAAT 

CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT- CAA TA--------
CGGACGAGM 

CT-GATTAAT CGGACGAGAA 
TAAAGATAGA 
TAAAGATAGA 

GTCCCATTCT 
GTCCCATTCT 

ACATGT- CM 
ACATGT- CM 

TA-------­
TA--------

ALISO 

550 
CTGGCAACAA 
TCGGCMCM 
CCGGCAACAA 
CCGGCAACAA 
CCGGCMCM 
CCGGCAACAA 
CCGGCMCAA 
CCGGCMCM 
CCGGCAACAA 
CCGGCMCM 

CT-GATTAAT 
CT- GATTMT 
CT-GATTAAT 
CT-GATTAAT 

CGGACGAGAA 
CGGACGAGM 

TAAAGATAGA GTCCCATTCT 
TAAAGATAGA GTCCCATTCT 

ACATGT- CAA TA-------- CCGGCAACAA 
ACATGT- CM TA--------

CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT- CM TA--------
CGGACGAGM 

CT-GATTAAT CGGACGAGM 
TAAAGATAGA GTCCCATTCT 
TAAAGATAGA GTCCCATTCT 

ACATGT- CM 
ACATGT- CM 

TA- -------
TA--- - - ---

CCGGCMCM 
CCGGCMCM 
CCGGCAACAA 
CCGGCMCM 

---GATTAAT 
CT- GATTMT 

CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT- CM TA-------- CCGACAAAAA 
CGGACGAGM TAAAGATAGA 

CT- GATTAAT CGGACGAGAA TAAAGATAGA 
GTCCCGTTCT 
GTCCCATTCT 

ACATGT- CM 
ACATGT- CM 

TA--------
TA--------

CCGGCAACAA 
CCGACMCM 

CT-GATTAAT 
CT- GATTAAT 

CGGACAAGAA TAAAGATAGA GTCCCATTCT ACATGT- CM TA-------- TTGGCAACA-
CGGACGAGM TAAAGATAGA GTCCCATTCT 

CT- GATTAAT CGGACAAGM TAAAGATAGA GTCCCATTCT 
ACATGT- CM 
ACATGT- CM 

TA--------
TA--------

CT- GATTAAT CGGACMGM TAAAGATAGA GTCCCATTCT ACATGT-CM TA-------­
CT- GATTMT CGGACMGM TAAAGATATA GTCCCATTCT ACATGT- CM TA--------
CT- GATTAAT 
CT-GATTMT 

CGGACAAGAA TAAAGATAGA GTCCCATTCT ACATGT-CM TA--------
CGGACMGM 

CT- GATTAAT CGGACMGM 
CT-GATTAAT 
CT- GATTMT 

CGGACAAGAA 
CGGACMGM 

TAAAGATAGA GTCCCATTCT 
TAAAGATAGA GTCCCATTCT 
TAAAGATAGA GTCCCATTCT 
TAAAGATAGA GTCCCATTCT 

ACATGT- CM 
ACATGT- CM 

TA--------
TA--------

ACA- GT - CM TA--------
ACATGT- CM TATGTCAATA 

CT- GATTAAT CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT - CAA TA--------
CT- GATTAAG CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT- CM TA-- - -- --­
CT- GATTAAG CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT- CM TA-------­
CT- GATTMG CGGTCGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA-------­
CT- GATTAAG CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA-------­
CT- GATTMT CGGACGAGAA TAAAGATAGA GTCCCATTCT ACATGT - CM TA--------

CCGGCMCM 
CCGGCMCM 
CCGGCAACAA 
CCGGCMCM 
CCGGCMCAA 
GCGGCAACM 
GCGGCMCM 
CCGGCAACAA 
CCGGCMCM 
CCGGCMCM 
CCGGNAACAA 
CCGGCMCM 
CCGGCAACAA 
CCGGCAACAA 
CCGGCMCM 

CT- GATTMT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT-CM TA-------- CCGGCMCAA 
CT-GATTAAT CGGACGAGAA TAAAGATAGA GTC-CATTCT ACATGT-CM TA- ----- - - CCGGCMCAA 
CTTGATTMT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA-------- TCGGCMCAA 
CT-GATTAAT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA-------- TCGGCMCAA 
CT-GATTAAT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA---- - --- TCGGCAACAA 
CT-GATTMT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA------ TA CCGGCMCAA 
CT- GATTMT CGGACGAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA-------- CCGGCMCAA 
CT- GATTAAT CGGACAAGM TAAAGATAGA GTCCCATTCT ACATGT - CM TA-------- CCGGCMCAA 
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560 570 
TGAAATTTAT TGTAAAAGG 
TGAAATTTAT TGTAAGAGG 
TGAAATTTAT TGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
AGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
~GAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAAAGG 
TOAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TOAAATTTAT AGTAAGAGG 
TGAAAT~rAT AGTAAGAGG 
TGAAATTTAT GGTAAGAGG 
'J'GAAATTTAT AGTAAGAGG 
'l'GAAA'T'TTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTMGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAA'M"J'AT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
'l'GAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
GGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTAT AGTAAAAGG 
TGAAATTTAT AGTAAAAGG 
TGAAATTTAT AGTAAGAGG 
TGAAATTTATA GTAAGAGG 
TGAAATTTATA GTAAGAGG 
TGAAATTTATA GTAAGAGG 
TGAAATTTATA GTAAGAGG 
'J'GAAATTTATA GTAAGAGG 
TGAAATTTATA GTMGAGG 
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