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S'ha estimat la mida del genoma mitjancant citometria de flux en 47 poblacions
de 40 especies de la tribu Anthemideae (Asteraceae), principalment en especies del
genere Artemisia, altres generes de la subtribu Artemisiinae i taxons relacionats. S'ha
trobat un rang de variacio des de 3,54 fins a 21,22 pg. La quantitat de DNA per genoma
haploide oscil-la entre 1,77 i 7,70 pg. Es donen les primeres dades sobre mida del
genoma per a una subtribu, 10 géneres, 32 espéecies i dues subespecies. La quantitat de
DNA es correlaciona amb alguns caracters cariologics, fisioldgics i ambientals i es revela

una eina Util en la interpretacio de relacions evolutives dins d’Artemisia i generes afins.



Variation of DNA amount in 47 populations of
the subtribe Artemisiinae and related taxa
(Asteraceae, Anthemideae): karyological,
ecological, and systematic implications

Sonia Garcia, Maria Sanz, Teresa Garnatje, Agnieszka Kreitschitz,

E. Durant McArthur, and Joan Vallés

Abstract: Gepome size has been estimated by flow cytometry in 47 populations of 40 species of the tribe
Anthemideae (Asteraceae), mainly from Arfemisia and other gzepera of the sobtribe Aremisiinae and related taxa, A
range of 2C values from 3.54 to 21.22 pg was found. DNA amoont per basic chromosome set ranged from 1.77 to
T.70 pg. First genome size estimates are provided for one subtribe, 10 genera, 32 species, and two sobspecies. Nuclear
DNA amount comelated well with some Karyological, physiological and environmental characters, and has been demon-
strated as a vseful ool in the interpretation of evelutionary relationships within Artemisia and ils close relatives.

Kev words: Artemisia, C value, ecology, evolution, flow eviometry, genome size, noclear DNA amount variation, phy-

logeny, polyploidy, svstematics

Résumé : La taille do génome de 47 populations de 40 especes de la tribu Anthemideae {Asteraceae), principalement
du genre Arfemisia et d'antres représentanis de Ia sous-tribo Artemisiinag ou de gronpes proches i celle-ci, a éé es-
mée par cytomémie en flux, Les valeurs 2C sonl comprises entre 3,54 et 21,22 pg. La quantité d"ADN par dotation
chromosomique de base est comprise entre 1,77 et 7,70 pg. La taille du génome a éé déterminge pour la premiére fois
dans une sous-tribu, 10 genres, 32 espices et deux sons-espéces. La goantité d"ADN nucléaire est en tigs bonne corré-
lation avec des caractbres carvologiques, physiologiques et écologiques § elle sest avérée aussi utile pour
l'interprétation des relations évolutives chez Arfemisia el ses taxons apparentés,

Mats clés @ Artemisia, cytométrie en flux, écologie, évolution, phylogénie, polyploidie, systématique, faille do génome,

valeur C, variation de la quantité d' ADN nucléaire.

Introduction

The amount of nuclear DNA (C value) is a fundamental
biodiversity character, directly or indirectly related to many
phenotypic traits and other important factors such as repro-
ductive biology, ccology, and plant distribution (Bennett
1998). More than 100 positive or negative correlations with
nuclear DNA amount have been decumented. Measurements
of the amount of nuclear DNA, which initially focused on
cylogenetics, physiology, and ecology, have recently become

more important i systematic and phylogenetic research
iKellogg 1998; Leitch et al. 1998). With the growing recog-
nition of its relevance, there 15 a need for additional DNA C-
value assessments in plants (Bennett and Leitch 1995;
Bennett 1998; Hanson et al. 2001g, 20018). Bennett and col-
leagues have assembled six reference lists of nuclear DNA
amounts since 1976; these data are available through an in-
ternet database (http:/'www . rbgkew.org.ukfeval/homepage.
html; Bennett and Leitch 2003), which facilitates compara-
tive studies and other data-based research. Nevertheless, the

Received 9 Japuary 2004, Accepted 2 June 2004, Published on the NRC Research Press Web site at hitp://genome.nre.ca on

19 November 2004

Corresponding Editor: J.H. de Jong.

8. Garcia, M. Sanz, and J. Vallés.! Laboratori de Botinica, Facultat de Farmacia, Universitat de Barcelona, Av, Joan XXIIT s/,

08028 Barcelona, Cataloma, Spain,

T. Garnatje. Institut Bothnic de Barcelona (CSIC-Ajuntament de Barcelona), Passeig del Migdia s, Pare de Montjuie, 08038

Barcelona, Catalonia, Spain.

A. Kreitschitz. Division of Plant Morphology and Development, Institute of Plant Biology, University of Wroclaw, ul. Kanonia

&8, 30-328 Wroclaw, Poland.

E.In MeArthor. Shrub Sciences Laboratory, Rocky Moontain Research Station, Forest Service, United States Departiment of

Agriculture, Provo, UT 84606, USA.

'Corresponding author (e-mail: joanvalles@ub.edn),

Genome 47: 1004-1014 (2004)

doi: 10.113WG04-06 1

© 2004 NRC Canada



Garcia et al,

existing data scarcely represent the global angiosperm flora
(Bennett and Leitch 1995): fewer than 2% of angiosperm
species have a known C value and more than 30% of angio-
sperm families lack even a single estimate of nuclear DNA
amount for any species.

Artemisia (Asteraceae, Anthemideae), the principal focus
of the present study, is the largest of the tribe Anthemideae
and among the largest genera in the family Asteraceae. It
comprises from 200 to more than 500 taxa at the specific or
subspecific level, according to various authors (see Vallés
and McArthur 2001 and references therein). Five large
groups (Absinthinm, Artemisia, Dracunculus, Seriphidium,
and Tridentatae) are classically considered within Arfemisia,
al sectional or subgeneric levels (Torrell et al. 1999), How-
ever, the present infrageneric classification does not repre-
sent natural groups (Persson 1974, McArthur et al. 1981,
Vallés and McArthur 2001) and there is still no agreement
about the global treatment of the genus. Several genera have
been segregated from Arfemisia (Vallés et al. 2003 and refer-
ences therein)k big ones, such as Seriphidium, and small, of-
ten monotypic ones, such as Mausolea. In addition, other
genera, such as Ajania, are systematically close to Artemisia
or in taxonomic conflict with it. They are the basis for the
subtribe Artemisiinae (Bremer and Humphries 1993}, and
have close relationships with genera belonging to the
subtribes Handeliinae, Tanacetinae, Leucantheminae and
Chrysantheminae. Molecular biology can shed light on the
real structure of this pool of genera and siudies based on
DNA sequences have been and are being carried out to clar-
ify its systematics (Watson et al. 2002; Vallés et al. 2003),
which indicate the need of rearrangements to achieve a
phylogenetically based organization of the Artemisiinae.

Artemisia 15 a widely distributed genus in the northem
hemisphere, mainly in temperate areas, (Bremer 1994) and
is rather scarce in the southem hemisphere. It is better repre-
sented in Eurasia than in North America. Central Asia con-
stitutes its main centre of speciation and diversification
{(McArthur and Plummer 1978; Vallés and MeArthur 2001).
The species of the genus can be found from sea level to high
mountains, frequently colonizing semiarid environments.
Some Artemisia species oceur in isolation, but more com-
monly they form extensive, landscape-dominant populations.
Most of the species are perennial, only around 15 are annual
or biennial. Polyploidy is a frequent phenomenon in the ge-
nus, which also has dysploidy, with two basic chromosome
numbers (x = & and x = 9). Many Artemisia species have a
high economic value, in that thay have medical, food, for-
age, or ornamental uses; on the other hand, some taxa are in-
vasive weeds that can adversely affect agronomic harvests
(Valles and MeArthur 2001 and references therein; Wright
2002}

The present study also includes six additional Artemisiinac
and four genera belonging to three other Anthemideae subtribes,
as detailed in the Materials and methods. These taxa, particularly
those belonging to the Artemisiinae, are phylogenetically
close to Artemisia, up to the point that some of them had
been previously classified as members of Artemisia (the
proximity to this genus can be deduced from the complex
synonymy of many of these species presented in Table 1),
but alternatively these taxa are placed in other genera.

Materials and methods

Plant material

Table 1 shows the 47 populations studied, grouped by
subtribe, genus, and subgenus, along with their site of origin
and herbarium voucher information. The study material in-
cludes 27 species and four subspecies from the genus Arfe-
misia, four from Dendranthema (including one subspecies
and one wvariety), and one each from Brachanthemm,
Filifolium, Kaschgaria, Mausolea, and Neopallasia (all from
subtribe Artemisiinae). Other Anthemideae taxa represented
in the study include one species each of Lepidolopsis
{Handeliinae), Nipponanthemum {Leucantheminae),
Hippolytia, and Tanacetopsis (both, Tanacetinae). The cho-
sen populations represent, apart from different taxonomic
groups, distinct geographic areas, life forms, ploidy levels,
and chromosome numbers. Vouchers for most materials are
deposited in the herbarium of the Cenire de Documentacid
de Biodiversitat Vegetal de la Universitat de Barcelona
(BCN. Other vouchers are in the herbaria of the Shrub Sci-
ences Laboratory, Provo, Utah (SSLP), the Botanical Insti-
mte V.L. Komarov of the Russian Academy of Sciences,
Saint Petersburg (LE), and A. Kreitschitz, Wroctaw, Some
species have been obtained from botanical gardens through
Index Seminum (Sapporo Botanic Garden, Hokkaido Uni-
versity, lapan; and Vladivostok Botanical Institute, Russian
Academy of Science, Russia), with known original location.

Young leaves used for flow cytometry assays were taken
from plants cultivated in pots. The achenes or adult plants
were collected in natural populations. Seeds of Pismm
sativim L. ‘Express Long’ and an adult Petunia hybrida
Vilm. “PxPec6’, both used as internal standards for flow cyto-
meiric measurements, were obtained from the Institut des
Sciences du Végétal (CNRS, Gif-sur-Yvette, France).

Flow cytomelry measuremenis

DNA 2C values of the tested species were estimated using
flow cytometry. Pisum sativim L. ‘Express Long' and Pefunia
hybrida Vilm. ‘PxPc6’ (2C = 8.37 and 2.85 pg, respectively;
Marie and Brown 1993) were used as internal standards to
cover the range of 2C values found. In one case, when the
peak of the unknown Artemisia absinthinam and the internal
standard Piswm sativam overlapped, an Arfemisia species
(A, abrotanum, 2C = 11.41 pg) that had previously been as-
sessed with Piswm for nuclear DNA amount estimation, was
used as internal standard (Torrell and Vallgs 20015, this ex-
ceptional case was due to the lack of Pefunia hybrida at that
moment. Young healthy leaf tissues from the species to be
studied and a calibration standard were placed together in a
plastic Petri dish and chopped with a razor blade in
Galbraith’s isolation buffer (Galbraith et al. 1983). The
amount of target species leaf (about 25 mm®) was approxi-
mately twice that of the internal standard. The suspension of
nuclei in the isolation buffer was filtered through a nylon
mesh with a pore size of 70 pm and stained for 20 min with
propidium  iodide (Sigma-Aldrich Quimica, Alcobendas,
Madrid, 60 pg/ml), the chosen fluorochrome standard
iJohnston et al. 1999}, tubes were kept on ice during stain-
ing and then left at room temperature until measurement.
For each population, five individuals were analyzed: two

© 2004 NRC Canada
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samples of each individual were extracted and measured in-
dependently. Measurements were made at the Serveis
Cientificotéenics generals de la Universitat de Barcelona us-
ing an Epics XL flow cytometer (Coulter Corporation,
Hialeah, Fla.). The instrument was set up with the standard
configuration: excitation of the sample was done using a
standard 488-nm air-cooled argon-ion laser at 15 mW
power. Forward scatter (FSC), side scatter (S5C), and red
(620 nm) fluorescence for propidium iodide were acquired.
Optical alignment was based on optimized signal from 10-
nm fluorescent beads (Immunocheck, Epics Division, Coul-
ter Corporation). Time was used as a control of the stability
of the instrument. Red fluorescence was projected on 1024
monoparametrical histograms. Gating single cells by their
area versus peak fluorescence signal excluded aggregates.
Acquisition was automatically stopped at 8000 nuclei. The
total nuclear DNA content was calculated by multiplying the
known DNA content in Pisum or Pefunia by the quotient be-
tween the 2C peak positions of the target species and the
chosen internal standard in the histogram of fluorescence in-
tensities for the 10 runs, based on the assumption that there
is a linear correlation between the fluorescence signals from
stained nuclei of the unknown specimen and the known in-
ternal standard and the DNA amount. Mean values and stan-
dard deviations were calculated based on the results for the
five individuals.

Statistical analyses (analysis of variance, means compari-
son by least significant difference test) were carried out to
evaluate the relationships between the studied wvariables
{DNA content, DNA per basic chromosome sef, altitude, and
life eycle, among others). All the analyses were performed
with the program Statgraphics Plus 5.0 (Statistical Graphics
Corp.. Rockville, Md.). In addition to the data obtained in
the present study (Table 2), those from a previcus paper on
Artemisia genome size (Torrell and Vallés 2001) were also
used for the statistical analyses of the present work.

Results and discussion

The results of flow cytomeiric assessment of the nuclear
DNA content of 47 populations of 40 species belonging to
the tribe Anthemideae are presented in Table 2, together
with genome size data in megabase pairs (1 pg = 978 Mbp,
Dolezel et al. 2003), other karyological characters, and in-
formation on life cycle and on the intermal standard used for
each estimation. The analyses were of good quality (mean
half peak coefficient of variation (HPCV) = 3.06%). This
second study of Artemisia DNA by flow cytometry also in-
cludes some related genera. It expands the flow cytometry
database by a factor of three — the earlier work reported 21
Artemisia species (Torrell and Vallés 2001), In addition to
the flow cytometry work, nuclear DNA content had been es-
timated for only seven Arfemisia species by cyto-
densitometry after Feulgen staining (Nagl and Ehrendorfer
1974; Geber and Hasibeder 1980; Greilhuber 1988; Bennett
and Smith 1991; S.R. Band, personal communication;
Dgbrowska 1992).

For the genera Brachanthemum, Dendranihema,
Filifolium, Hippolytia, Kaschgaria, Lepidolopsis, Mausolea,
Neopallasia, Nipponanthemum, and Tanacetopsis the DNA
content values presented in this paper are the first estimates

Genome Vol. 47, 2004

(Bennett and Leitch 2003). Likewise, the DNA content as-
sessment reported here is the first record for the sublribe
Handeliinae, 32 species (13 of the 10 above-cited genera and
19 of Artemisia) and three Artemisia subspecies (Table 2).

When all the Ariemisia species with available genome
size data — those from this paper, those reported by Torrell
and Vallés 2001, and those from the papers cited in the first
paragraph of this section, noted in the Bennett and Leitch
(2003} database — are taken into account, variations are, re-
spectively, 7.33- and 4.40-fold for DNA amount and DNA
amount per basic chromosome set. The variation is 3.0 fold
for 2C value and 3.53 fold for DNA per basic chromosome
set in the other genera studied.

Relationships with karyological characters

As might be expected, 2C value means are significantly
different (p < 0.005) for chromosome number and ploidy
level. Both minor and major differences are even found be-
tween 2n = 16 and 2n = 1§ taxa (Table 2 and Torrell and
Vallés 2001). However, there are exceptions o this positive
relationship; diploid A. abrotannm has only 5.78 pe of nu-
clear DNA amount with 18 chromosomes, whereas A.
feucodes has 15.39 pg with the same chromosome number
and, surprisingly, A. x wurzellii, with 34 chromosomes, has
8.60 pg. Similar results have been seen in other groups of
Asteraceae e.g., Siebera pungens with a 2C value of 16.98
pg and 20 chromesomes and Amphoricarpis netmayeri with
1.73 pg and 24 chromosomes (Gamatje et al. 2004), Never-
theless, the general trend is an increase of nuclear DNA
amount with the increase of chromosome number (Papaver,
Srivastava and Lavania 1991; Achillea, Dabrowska 1992).

Although genome size and ploidy level are highly corre-
lated, nuclear DNA amount per basic chromosome set de-
creases with polyploidy. Analysis of variance (ANOVA)
shows a significant difference (p < 0.05) in nuclear DNA
amount mean values between diploids and tetraploids, the
latter having less nuclear DNA amount per basic chromo-
some set than the former; we did not perform analyses with
other ploidy levels, because we had only minimal represen-
tation of each one. This supports the Grant's (1969) hypoth-
esis that there is a decrease in nuclear DNA amount in
polyploids associated to an adaptive response for the stabili-
zation of the higher polyploids (dodecaploids) in Betnla. Nu-
clear DNA loss per basic chromosome set in polyploids has
also been reported in many other taxa (Bennett 1972;
Murray et al. 1992; Ohri 1996; Dimitrova and Greilhuber
2000 Friedlender et al. 2002).

Aneusomaly may be another source of genome size varia-
tion. Some of the highest standard deviation values in the
plants studied, such as those of Artemisia campestris subsp.
sericea (Table 23 or A. dracuncuius (Torrell and Vallés 2001)
correspond to aneusomatic populations (Kreitschitz 2003,
Kreitschitz and Vallés 2003). Similar variations have been
reported in aneusomatic Helianthus annuns (Cavalling and
Cremonini 1985; Michaelson et al. 1991),

Systematic implications: intraspecific and interspecific
variation

Nuclear DNA amount can be useful in the interpretation
of evolutionary relationships. C value may increase or de-
crease with evolution and comparisons between the different

© 2004 NRC Canada



1007

Garcia et al,

06211 NOod

LLOST NIV 47158
(6L V2N 47188
(0RLT NIV 47188
(BELT NIV 47155
(CLLT MUY 7188
(BLLT INMIy2N) J7ISS
(OLLT NIV 7158

LESTT NOE

82911 NOS

(PRLT INIVIW) dTTSS
AmsIAY Vi
WAL VY qH
7SRy Vi
(LLLT 10QIII) dTISS
(A03qOION) ']

LDl NOd
065TT NO|
nRpsnAay Y e
TSR Y qH
DEGLT NOE

€18-5 NDH 'GEN J0m0aIpelA S 1
FOO1T NOH

clg-5 NOH

OLETT NOE
Zpsiary Y qH
TSR Y qH

TH91T NOod

G611 N

COR-S NDH "gCN HOBOAIPEIA 'S ]
SOl NOd

BOETT NOd

usiary Y qH

£691T NOd

sy Y qH

uesgyEze Y sy Aeapy oy

el Amney qenp
el “Amno] qenp
e tSunoesy S1euy
“Adp Aoy akn
eI AInoy [MESEM
el ‘Amno]y Asurg
e *Aunol prejiy

UEISEAGE] “qeZE(]

uestyage nmsyedieyey sunnunop Sepzmueing
FUY AN S EGON

puEfo ] “Huegqpues eysia)] oy

PUEjO ] ‘noiFay eysnqQn eMUATy ‘nedey

puejog ‘ooday exspodoyiaty ‘dowouoy

quif] ‘Annod AR

HSS[ ‘prlodjon

W ‘nopoo] ‘gl puepsgquno

wmpy jo angndayg s adoad aquL ‘eser]
pusjod ‘BISly I2m07] TMOZSIEY

puviod 'BISIIS IamoT ‘BN variskzI)
sty ‘uesyedpdeny

HESN "BHACHTEID

HEjsHEzey oS NIy Caadasal aamen fEegen s -nysy
vedep ‘oaoddes ‘neiaqs ymed sa00) ooddoy
eIy Mnog ‘uedeyey ‘[eemsue],

pue[o ‘BISA IS am0T] MOUBZOY ) MEROIM
puepog ‘eEang amo f(lefonm ) mepoim

R REey amsg ey depeenegy

UEISIYEZE Y “I0IOSIp [NQUIy ‘adiasal amiun |Eejgenys-nysy
HES ) NENO0I BARIEMIS

ArEl] “Aafiva BISOY CASINOUIEA

o[e]y pooty

PURID ] ‘BISAIG 12007 ‘ENAZIEIEY EI2IAE

ORISEZEY 1I2INSIP (DU ‘MmIasal aInen [IeqeiZ-nqsy
PUEIO "BISA[LS 12M07] "MQIsar])

DAISEY H NI R Dy
O HDORLg SN0y
apaag (qpiy) pundasoa dsqus uny prpuapLl
mpuapLy desqns NNy PIoIapLg
ARIDY % mapnidad -
UOSTaN] Dol
Mpag (INOIAE) pepes dsqos simg pees
fe1ny y paopasq -
TNN BpSNgI
FEpapL ] snnadgng
UG Sapoona] Y
wnpydL Ay snuadqng
WY 3 Pl Puedoss oy
famo ], oyafiid v
WY ¥ aana (1) veouas dsqos ] susadie v
1 susadmes Ty
1 supsadis
T susadwns "y
DN PN Y
FRIEIUMINT SNOAEqng

b e el i e R

WS W (SN S W D 1) 2SSO W D) NEInM % Y

T SLBEMA ¥
“1 sLwdEmn Y
"] SUBE[A ¥
quatparay pupiafanana) Y
13882 PUDLIAJAIE Y
UAAPSEIY | X2 Fam |, onofiuforims
wedune sdacnd
‘boer e
Iﬁ LLLL R R ¥
1 WRUROLGe W

ps ALy snnadgng
PITLAL OF T PRpisiaaas 'y
‘sslog porssad oy
o] (IS xa 1asL]) mpeydaode) v
| sypons Y
Pl vauf v
‘bovep wowLysnn vy
AU A, D alganose oy
T RIS ge Y

gy snoadqng

DISHUALY sniany

SEUNSTALY aqLuqns

IBIN0A TINUBGISE]

S[BLIAE JO UIFe

EXE],

patpmis aespuuapuy jo suonendod sy jo ssurnasold T e,

© 2004 NRC Canada



Genome Vol. 47, 2004

1008

WIURUSE XapH] ue YEnon|) PAUTEIG UaS SAEL S0M[SE I WYL SHMAPUL §] (R[S} ZIENAY
W IO WU ) 61 a0 () Smqumag WiES 200315 Jo AWSpEay URISSNY] AL Jo ACTEWOY T A SIMISU] [RNUENG A1 o WnUeqia| M) U {ISE) YUN] 0AGK] NONES Amasay umunopy
Aqo0y] M1 30 WINUEGIM] SY) UL ArE IS0 MU0 (NI PUOJRNEY 3P iarsatnp] TS RIS poty op B0 2P AnuaT) M) jo WnLegEs) My ur papsodap ane SEsnoA M1 J0 B 0N

S6911 NDd|

8085 NOd

178-5 NOH

L0858 NOd

g1

62911 N

16911 NO4d

D08-S NOH 'OLN JOISDAIPELA 'S

£18-5 NOH otoddesg (g
0185 NOH "0LN HOIS0APELA 8]
608-S NOH “osoddeg "5
S18-5 Nof osoddes ‘57

UBISIEZEY “IDLOSIP [MGUIZ ‘2415521 AINIBN [3RqRZ-14sY

UEISIp{EZEY IoWsTp Ay ‘sumnnop nadoes

uedep “EmmsorrH-nsedy

UEISIEEEY PSP UANWAL) aqnisog
vung) jo angndag s 2qdoag ‘mdin
-teldury jo sqqnday Cues-uat], uimses jo ados wispnos

TSR] BIENG HZED)

URISIPEZEY 1I2SIp Ay ‘nosney edwmy

SN AysIqEinio

uedep ‘onoddeg
HESN "EYACHZEID)
nedep ‘oroddeg
ueder ‘oroddeg

(radny wymydaopdam meneauy) aoxeliod (adny) meydaopiam
onffoddipy snuan
osAuLey (Aoyel(jod) masyoysojed L
sisepjaopung snuan
SENTAENE [, Aqqng
(TINEY KD IRUauel] weiuoddin ueaienaa] Cumsiepy
wenzeoddin iy 1aSuaids (unxew X2 eyaueld) wesneeddn
WRLEANESATY ) RIMOETY 'S (UINEW X2 120Uel] ) noioddin N
wmaiieneddly suuan
SEIIRAN D] HMqRs
(aoqefjog
(enmRs % (A8 ) WRNDIEIYI WNA0UHE ] CNIRL] IR g
W [SEN]) POIIEISIYR PISIUALY RIS W (9303 WnInimisa Y]
wnrydarsossody) soyellod Coqeunpg ¥ 980y vaunisayan <7
siwdajomds] souan
SEUN[APUEL] AUInS

(led mrsoad pemiay) aoqeliod (Cned) mieioad w
prsoyBdoay snnan
(28ung] wrdimooua vsmaly) aoqeliog (8ung) vdiwoars
PAOSHD SI1A0y
(uagosery H Ui
) SAMOMAYIUDYIDLG WIIAODHDT CTYULAY D) SAPIOWR NIy
pEmaLy aoelod (Plg D) sepewayunong N
pundifasuy snuan
("] nLig s
WRIaPUny CUNXR (CTIRORGIS DISINALIY) TR (7)) RIS
wjony snuan
AN (IWIAH ) HYSPRMEE (]
AR[ANE], (ACIEHIOY ) NIXIMOBIX (]
TEA B TAT HNHPAIED TeA IO SN PR T
BUIEAOY ‘M (wreiny) smupanyar dsqns asjant ], wnappoan
DRI ET S0

IBIN0A TINUBGISE]

S[ELIAEUL Jo nidug

EXE ][,

(papmjaues) 1 Aqe],

& 2004 NRC Canada



Garcia et al,

Table 2. Nuclear DNA content and other Karyological characters of the populations studied.

Life Ploidy  DNA per hasic
Taxa evele* 2C = SD (pg)*  2C (MbpyY 2 level chromosome set  Standard’
Subtribe Artemistinase
Genus Arfemisia
Subgenus Absinthinm
A. absintlium P 9.06£0.07 88607 18 x 4.53 A. abrotanim
A, asclirbajewii® P 10.36+0.20 101321 3 4x 259 Petunia
A. ausiriaea® P 5952015 5819.1 169 2x 298 Pisum
A, frigida® P 5.2520.06 5134.5 {00 r 263 Fisum
A. glacialis* P 8.52+0.15 83326 169 2 4.26 Petunia
A, lngocephala™ P 6.75£0.06 6601.5 184 x 338 FPetunia
A. persica® P 6,55+0.02 64059 187 2x 328 Pisum
A. sieversiana A 6.1720.07 60343 18 2z 3.00 Fetumia
Subgenus Ariemisia
A. abrotanum® (Tarmogaj) P 11.410.11 11159.0 361 4y 285 Fistim
A. abrotamum* (Kozdnow) P 5.78£0.07 56528 189 2 2,89 Pisum
A, afra* P 6.310.34 6171.2 18 X 316 Pisum
A. princeps* P 14.60£0.24 14278.8 524 6x 243 Pisum
A. samfolinifolia® P 4.6240.07 45184 184 2x 23 Fisnm
A. stelleriana® P 6.10+0.07 5965.8 - 3.05 Petunia
A, tonrnefortiana A/B T.060.07 6904.7 18 x 353 Fisum
A, wulgaris (Tiber) P 12.15+0.52 118827 365 4x 3 Pisum
A, valgaris (Mala) P 6.250.04 6092.9 16 x 312 Fisum
A. vulgaris (Staniszow) P 6.490.32 63472 6% 2x 325 Pisum
A, = wurzellir P B.60£0.22 24108 3414 4z 15 Petunia
Subgenus Dracuscilus
A, arenaria® P 10,29+0.15 10063.6 361 dx 257 FPetunia
A campestris { Utah) P 6.38+0.05 6239.6 188 2x 319 Pemnia
A, campestris (Konotop) P 9.78£0.13 95648 361 4z 245 Fisum
A. campestris (Zagan) P 9.92+0.18 9701.8 369 d4x 248 Fisum
A. campestris ssp. sericea* P 10.61£045 10376.6 36 ax 265 Pisum
A, filifolia® P T.1420.18 6982.9 18 2x 3.57 Petimia
A. scoparia® A 3.540.05 3462.1 16" 2 1.77 Petunia
Subgenus Seriphidium
A. lencodes® A 15392043 15051 .4 185 2x 7.70 Pisum
Subgenus Tridentatae
A. arbuscula* P 9.22¢0.11 9017.2 187 2 4.61 Petunia
A, Hgeloii® P 1549£0.10 15149.2 3619 4x 387 Fisum
A. cana ssp. viscidula® P 8.540.00 83521 18 2x 4.27 Petunia
A, nova® P 6.3720.14 62299 18 2x 319 Petunia
A. pygmaea* P 11.54£0.18 112861 18 2x 577 Pisum
A, tridentata ssp. tridemiata® P 170,08 7990.3 18t 2 4.09 Fetwmia
A. tridentata ssp. vaseyana* P B.660.07 £469.5 189 4.33 Petunia
Genus Brachanthemum®
B. titovii* P 6.9840.08 6R26.4 18 2 349 Pisim
Genus Dendranthena®
. arcticum ssp. mackawanum® P 20.03+1.30 195893 728 gy 2.50 Petunia
D. indica var. coreanum® P 12.14+0.11 11872.9 36 4x 304 Fisum
D. maximowiczii* P 15782017 154328 M5 ax 2.63 Pisim
D, zawadskii® P 21.22+0.52 20753.2 TN 8x 2.65 Fisum
Genus Filifolium®
F. sibiricum® P 9444031 092323 18% x 472 FPelunia
Genus Kaschgaria®
K. brachanthemoides* P 14.09+£0.31 13780.0 1@ 2x 7.05 Fisum
CGenuos Mansolea*
M. eriocarpa® P 13.79x0.13 13486.6 36 x 345 Fisum
Genus Neopallasia™
A 10.56£0.21 10327.7 361 2 264 Fisum

N, pectinaia®
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Table 2 {concluded).
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Life Ploidy  DNA per hasic
Taxa evele* 2C = SD (pg)*  2C (MbpyY 2 level chromosome st Standard*
Subtribe Handeliinae*
Genus Lepidolopsis™
L. turkestanica® P 1114034 10804,9 g™ 557 Pemnia
Subtribe Levcantheminae
Cienus Nipponanierum®
N. nipponicum® P 11.87+0.17 11608.9 g% 2x 5.94 Pistn
Subtribe Tanacetinae
Genus Tanacelopsis®
T. goloskokovii® P 9.73+0.27 95159 18%) 2x 4.87 Petunia
Genus Hippolyiia®
H. megacephala® p 12.47+0.19 12195.7 180 x 6.24 Pisum

Note: The taxa for which genome size has been estimated for the first time are madked with an astensk (*)

“Life cycle: A, annual; B, biennial, P, perennial).

¥2C nuclear DNA content (mean value + standard deviation of 10 samples).

‘1 pz = 978 Mbp (Doledel et al. 2003).

“Sormatic chrmomosome number. (1) Kreitschitz and Vallés (2003); (2) Vallés « al. (20018); (3) Kreitschitz (2003); (4) unpublished counts pedormed by
the present authors, (5) Vallés et al. (2001a), (6) McAsbhur and Sanderson (1999). All counts have been camied out in the populations studied in the pres-

enl paper.

“Internal standand wzed in each case (see fext for details about Pisow and Penmia, for A absintiuwn, the gandard nsed wae another Arfemisia, A

abrotanwm, previously measured (2C

genome sizes provide a natural explanation of phylogenetic
relationships and systematics of many faxonomic groups
(Ohri 1998). Our nuclear DNA results agree with the molee-
ular  phylogeny of Arfemisic and  other genera of
Artemisiinae (Torrell and Vallés 2001; Vallés et al. 2003,
as in other Asteraceae groups (Godelle et al. 1993; Zoldos et
al. 1998; Cerbah et al. 1999},

Highly significant statistical differences (p < 0.005) have
been detected in DNA amount per basic chromosome set in the
five subgenera of Arfemisia, particularly between Seriphidium
and Dracunculus, and between Tridentatae on the one hand
and Artemisia and Dracunculus on the other (Table 3.
Moreover, subgenus Tridentatae is endemic to North Amer-
ica and also forms a well supported clade in the molecular
phylogeny based on I'TS analysis (Vallés et al. 2003). These
data support standing of the subgenus Tridentatae as an in-
dependent group rather than its inclusion in Serphidium,

An important taxonomic character in subtribe Artemisiinae
is pollen grain exine omamentation. Genera belonging to
subtribe Artemisiinae (Bremer and Humphries 1993) can be
separated, on the basis of exine omamentation, in two
groups: one with Arfemisia pollen type (with small spines)
and another with Anthemis pollen type (with longer spines)
{Martin et al. 2001, 2003). The genera Brachanthemm and
Dendranthema and other phylogenetically close genera from
other subtribes (Hippolytia, Lepidolopsis) present the
Anthemis pollen type, while members of Artemisia and other
Artemisiinae genera such as Filifolinm, Kaschgaria,
Mausolea and Neopallasia present the Artemisia pollen type.
Pollen morphelogy is an indicator that the traditional classi-
fication of subtribe Artemisiinae is unnatural (Martin et al.
2001, 2003). Genome size data also support separation of
the groups by pollen type: species with Arfemisia pollen
type have significantly (p < 0.01) less nuclear DNA than
species with Anthemis pollen type. Genome size variation

1141 pg, Tomell and Valles 2001) against Pissn),

supports the established correlation between pollen grain or-
namentation and the ITS phylogeny (Vallés et al. 2003).

Of the traditional subgeneric classification, the subgenus
Artemisia is less supported by molecular phylogeny than are
the subgenera Dracunculus, Seriphidinm and Tridentatae. lts
species are dispersed in the phylogenetic tree (Vallés et al.
2003). Furthermore, subgenus Arfemisia is the most hetero-
geneous in terms of morphological, chemical, ecological,
and karyological data (Ehrendorfer 1964; Torrell et al.
1999}, Additionally, in the phylogenetic analysis of Vallgs et
al. (2003) 5 out of the 17} taxa that were not included in any
clade belong to subgenus Arfemmisia, and members from this
subgenus appear distributed in four of the eight clades, con-
firming again that the present infrageneric classification does
not represent natural groups (Persson 1974; Vallés and
MecArthur 2001}, Nuclear DNA amount analysis is thus quite
useful in support of molecular phylogeny and pollen data.
Further support of the heterogeneous nature of the subgenus
Artemisia is that it has the highest ratio between maximum
and minimum nuclear DNA amount per basic chromosome
set (Table 4). Conversely, subgenus Dracunculus, the most
homogeneous according to the molecular phylogeny (Valles
et al. 2003), is the one that presents the lowest genome size
variability (the lowest ratio of all subgenera). Nuclear DNA
amount per basic chromosome set of Arfemisia leucodes
(7.70 pg) is markedly different from the mean value of the
subgenus to which this species belongs, Seriphidinm (3.89
pg). Similarly, Torrell and Vallés (2001) found a nuclear
DNA amount per basic chromosome set for Ariemisia
judaica of 5.76 pg, far different from the mean value of its
subgenus, Arfemisia (2.96 pgl. In both cases, these taxa are
placed out of their respective traditional subgenera by ITS
phylogeny (Vallés et al. 2003}, This confirms the value of
nuclear DNA content as a systematic marker and agrees with
the striking interspecific variation in genome size that occurs
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Table 3. Comparison of means of DNA amount per
basie chromosome et in the subgenera of Arfermisia

Subgenus Mean (pgd  Homogensous groups
Dracumculus 2.668 a

Artentisia 3,050 ab

Absinthium 3.563 be

Seripihidium 3.892 be

Tridentatae 4.088 c

in many, though not all, major taxonomic groups (Hanson et
al. 20014, 20015).

Amount of nuclear DNA per basic chromosome set statis-
tically differs (p < 0.005) between Arfemisia and its related
genera from other subtribes ( Anthemideae not Artemisiinae).
Nuclear DNA amount per basic chromosome set of
Artemisiinae (Artemisia excluded) also differs (p < 0.05)
from those genera belonging to subtribes Tanacetinae,
Leucantheminae and Handeliinae. On the other hand, there
is no statistically significant difference in nuclear DNA
amount per basic chromosome set between genus Arfemisia
and the other Artemisiinae analysed. In fact, many of the
non-Arfemmisia Artemisiinae studied here had been previ-
ously included in Arfemisia, and subsequently separated in
different genera, often new and with only one or two spe-
cies. DNA sequence analysis of these plants (Vallés et al.
2003) demonstrate most of these genera tightly embedded in
the Ariemisia clade; this could be interpreted to support the
elimination of these new genera, and their species retumed
again to Artemisia. The absence of statistically significant
difference in nuclear DNA amount per basic chromosome
set between these groups also supports this hypothesis. In
summary, all these results indicate that nuclear DNA amount
is an important tool in the analysis of phylogenetic relation-
ships.

‘-Ev'ﬁithin the studied Arfemisia taxa, in the present paper
and an earlier one (Torrell and Vallés 2001}, different popu-
lations have been analysed for some species. The differences
detected in nuclear DNA amount give a low degree of vari-
ability in most of these species. This can be illustrated by
the comparison between the very similar 2C values obtained
in the present study and in Torrell and Vallés (2001) for
A. absinthinm (9.06 in the present study / 8.52 in Torrell and
Valleés 2001), A vulgaris (6.23, 6,49 [ 6.08), A. campesiris
(diploid: 6.38 f 5.87, tetraploid: 9.78, 9.92 / 11.00), and dif-
ferent subspecies of A. tridentata (8.17, 8.86 / 8.18). Artemi-
sig abrotenwm also constitutes a case of nuclear DNA
amount constancy: although the analysed populations have
different ploidy levels (diploid and tetraploid), nuclear DNA
amount per basic chromosome set of both species only dif-
fers in 140%. This fact is also interesting because
polyploids ordinarily have significantly less nuclear DNA
per basic chromosome sel than corresponding diploids.
However, in this case both specimens show quite a similar
nuclear DNA amount per basic chromosome set and both
A. abrotanum specimens came from the same geographic
area (Wroctaw, Poland), a circumstance that could partially
explain this homogeneity. Another possibility could be an
autopolyploid origin of the tetraploid population, which has
almost exactly double DNA amount of the diploid. Further
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Table 4. Maximum, minimuom, and ratio (maximem! minimum)
of nuclear DNA amount per basic chromosome sel (pg) in the
subgenera of Artemisia

Subgenus Maximum Minimum Ratio max/min
Absinthinm 4.53 2,59 1.75
Artemisia 576 1.44 327
Dracunculus 293 1.77 1.66
Seriphidium 7.69 2.67 288
Tridentatae 579 331 1.80

cytogenetic studies on A. abrofanmm are necessary to con-
firm this hypothesis. Additionally, tetraploid A. campestris
could have the same origin (2v, 5.87 pg; 4x, 11.0 pg; Torrell
and Vallés 2001). Our results support that although nuclear
DNA amount or C value is considered constant within a spe-
cies, it is almost sure that a certain degree of genuine
intraspecific variation exists; the processes or mechanisms
that are usually able to cause it are duplications, deletions,
chromosomal polymorphisms, the existence of B chromo-
somes, or the presence of (ransposable elements or repetitive
sequences (Greilhuber 1998; Maluszyriska 1999).

Ecology and life cycle

No statistically significant relationship exists hetween life
cycle and C value among the species studied. However, the
taxon with the lowest nuclear DNA amount, A. scoparia, is
annual, and those with the highest C values are perennial, as
was the case in a previous report in other Arfemisia species
(Torrell and Vallés 2001) or in other genera, including some
Anthemideae (Bennett 1972; Nagl and Ehrendrofer 1974;
Rees and Narayan 1981). It is generally assumed that a low
C-value correlates with a high rate of development; in other
words: if less nuclear DINA is duplicated, the cell cycle is
faster, and the developmental thythm, consequently, is more
intense. This is specially useful for annual or ephemeral
plants, which have only limited time to carry out their life
cycle. The studied A. scoparia population inhabited an inter-
mittently dry river bed, and its low C value (3.54 pg, the
lowest of the present study) promotes a fast life cycle that is
rapidly completed before the seasonal summer or fall floods.
This case supports the premise that annual species have a
smaller amount of nuelear DNA than perennials. In contrast,
however, Ariemisia lencodes, another annual species, has
one of the biggest genomes (2C = 15.39 pg) of all the dip-
loid species studied; its karyotype is made up of large chro-
mosomes (Valles et al. 2001a) and its high C value, despite
its annual life cycle, is supported by the Nagl and
Bhrendrofer (1974) explanation that large chromosomes
could have a higher metabolic rate that facilitates an increase
in RNA synthesis. This would increase the synthesis of the
necessary proteins to permit a faster life cycle. Although
many authors have found a positive correlation between ge-
nome size and life eycle duration, numerous exceptions sug-
gest that it is not so clear as initially thought. Some authors
have reported even a negative relationship between those pa-
rameters (e.g., Pennisetum, Martel et al. 1997), whereas oth-
ers have found no relationship (Grime and Mowforth 1982).

The statistical analysis carried out on the species of this
study did not reveal any significant difference between the
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studied populations of higher or lower altitudes. The tetra-
ploid A. vulgaris studied in this paper has a 24.7% differ-
ence with the one studied by Torrell and Vallés (2001) even
though both populations are tetrapleid. These populations
grow in geographically and ecologically distinet conditions.
The population with the higher nuclear DNA amount is a Ti-
betan population growing at 3650 m. An adaptation to alti-
tude could at least partly explain the difference. Many
studies on this subject have reported that species inhabiting
arctic or high mountain areas tend to present larger
genomes, and are most frequently polyploids (Gregory and
Hebert 1999, and references therein). Scome authors have
concluded that natural selection favours the modulation of
nuclear DNA content under certain weather conditions,
mainly linked with altitude or latitude (Bennett 1976). The
high taxonomic complexity of the A valgaris group may
also contribute to an explanation of this difference. Simi-
larly, A. glacialis, found in ltaly at an altitude of 2300 m has
a larger C value than the mean of the analysed diploid spe-
cies of the genus, conforming to what other authors have
stated about the positive correlation between DNA amount
and altitude (Caceres et al. 1998), Nevertheless, similar stud-
ies have found a negative correlation or even no relationship
between altitude and C value, (Creber et al, 1994; Reeves et
al. 1998; Vilhar et al. 2002), similar to the relationship be-
tween life cycle and genome size, suggesting again that the
link between the two is not clear.

It seems likely then that genome size variation in Arfemi-
sia species does not depend on altitude, Nonetheless, it ap-
pears to be a response to other kinds of selective pressures,
such as adaptation to arid environments. Sanderson et al.
(1989) and McAsthur and Sanderson (1999) found a better
adaptation to arid habitats in polyploid rather than in diploid
Artemisia and Afriplex in North American semi-desert habi-
tats, and Vallés et al. (2001, 20018) detected that tetraploid
species of Arfemisia were more widely distributed in arid
lands than the related diploids. Both studies support the hy-
pothesis that nuclear DNA amount increases — especially
by means of polyploidy — in plants adapted to extreme en-
vironments. Our results agree with this idea, and show that
there can be a DNA amount increase even in diploids. Are-
misig leweodes and A. pygmaea, the two diploid taxa with
the highest DNA amount per basic chromosome set of the
Artemisia species analysed, inhabit desert or semi-desert re-
gions of central Asia and North America, and are well
adapted to the extreme conditions of high temperature and
drought that characterize these environments. Maoreover, dip-
loid A. filifolia, another colonizing plant of sandy North
American deserts, shows the highest nuclear DNA amount
per basic chromosome set of ils subgenus, Dracunculus.

Artemisia absinthinm is a nitrophilous species usually
grown in ruderal zones. As the presence of high concentra-
tions of nitrogen in the soil can also be considered as a diffi-
cult, if not extreme, environmental condition, it is interesting
to observe that our A. absinthimn population shows a higher
nuclear DNA amount per basic chromosome set than the
mean for the genus. Torrell and Vallés (2001) reported the
same relationship in another ruderal Ariemisia species,
A. thuscula, taxonomically related to A. absinthinm. In both
cases, the high nuclear DNA amount could be interpreted as
a response to the presence of nitrogen; this would support
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Evans (1968), who detected a 10% increase in nuclear DNA
amount in varieties of Linum usitatissimum growing in
strongly nitrogenated soils and at high temperatures.

Concluding statement

C values in the subtribe Artemisiinae, including the large
genus Artemisia and related taxa, are a useful adjunct in par-
allel or in correlation to other kinds of data, e.g., chromo-
some number, life form, pollen grain exine patterns,
systematic placement. and ecology, in determining evolu-
tionary relationships within this group of plants.
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2. Variaci6 de la mida del genoma en alguns representants del génere

Tripleurospermum.

Sonia GARCIA, Huseyin INCEER, Teresa GARNATJE i Joan VALLES.
Biologia Plantarum 49: 381-387 (2005).

S'ha determinat mitjancant citometria de flux la quantitat de DNA en 14
poblacions pertanyents a vuit taxons (set especies, una amb dues varietats) del génere
Tripleurospermum (Asteraceae, Matricariinae). Els valors 2C es troben en un rang entre 4,87
i 9,22 pg, i la quantitat de DNA per genoma haploide (1Cx), entre 1,99 i 2,75 pg. S’han
trobat diferencies estadisticament significatives segons el nivell de ploidia, el cicle vital o
factors ambientals com I'altitud. També s'ha vist que la mida del genoma es correlaciona
positivament amb la longitud total del cariotip. La preséncia de rizoma es relaciona amb
un contingut més elevat de DNA. No obstant, el petit nombre de dades analitzades no
permet d‘arribar a conclusions definitives sobre la variacié en la quantitat de DNA en
aquestes especies, tot i que si que significa una primera aproximacié al coneixement del

grup des d'aquest punt de vista, sobre el qual actualment estem aprofundint.
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Abstract

Genome size has been estimated by flow cytometry in 14 populations belonging to eight taxa (seven species, one of
them with two varieties) of the genus Tripleurospermum. 2C nuclear DNA amounts range from 4.87 to 9.22 pg, and
nuclear DNA amounts per basic chromosome set from 1.99 to 2.75 pg. Statistically significant differences depending on
ploidy level, life cycle or environmental factors such as altitude have been found. Also, genome size is positively

correlated with total karyotype length. The presence of rhizome is related to nuclear DNA content in these species.

Additional key words: Asteraceae, C-value, DNA amount, flow cytometry, Matricariinae, nuclear DNA content.

Introduction

The C-value of an organism, i.e. the amount of DNA in
the unreplicated nuclear genome (Swift 1950), which is
considered constant within a species, influences various
cellular parameters, such as cell and nuclear volume and
chromosome size, and developmental parameters like
minimum generation time or duration of meiosis, among
others (Price et al. 1981a,b, Bennett 1987). Many other
important relationships have also been detected, e.g. with
reproductive biology, ecology and plant distribution
(Bennett 1998). Because of the number of biological
correlations, C-value data can be considered a good
predictor of phenotypic traits at multiple levels (Sparrow
and Micksche 1961, Underbrink and Pond 1976). Thus,
taxonomy, genome evolution, ecology, genomics, plant
breeding, cell and molecular biology, conservation,
physiology and development can all be better understood
when C-value analysis is considered.

Genome size has been shown to vary over 1000-fold

Received 8 July 2004, accepted 25 January 2005.

in angiosperms, ranging from ca. 0.10 pg in Aesculus
hippocastanum L. to 127.4 pg in Fritillaria assyriaca
Baker (Bennett and Smith 1976, 1991). Nonetheless, the
true range of genome size variation is still unknown, and
although knowledge of C-values is constantly increasing,
the available data only represent approximately 1.5 % of
the global angiosperm flora. Since 1976, a research group
has been collecting any C-value estimate made in this
period, and has assembled a database that encompasses
all known information on plant C-values; it is available
through an internet database (www.rbgkew.or.uk/cval/
homepage.html, Bennett and Leitch 2003).
Tripleurospermum Sch. Bip. (4steraceae,
Anthemideae, Matricariinae) is a small genus of
38 species, and comprises plants often included in the
genus Matricaria L. (Applequist 2002), there being some
disagreements over the limits of the two genera (Bremer
and Humphries 1993): some authors do not separate
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Tripleurospermum from Matricaria although the former
has one adaxial and two lateral seed ribs and the latter
four or five adaxial seed ribs (Bremer 1994). It belongs to
subtribe Matricariinae which is the biggest in the
Anthemideae in terms of the number of genera. It is
mainly distributed in Europe (South East) and in
temperate Asia (South West), with a few species also in
North America and North Africa, and one widespread
species (Tripleurospermum perforatum, often considered
a synonym of 7. inodorum, Applequist 2002). Some
Tripleurospermum are used as ornamentals, others for
medical purposes, like 7. maritimum, which is claimed to

Materials and methods

Plants: The studied material includes eight taxa (seven
species, one of them with two varieties) of the genus
Tripleurospermum (Table 1). Vouchers for most
materials are deposited in the Huseyin Inceer herbarium
(Trabzon, Turkey). The chosen populations represent
distinct life forms, ploidy levels and chromosome
numbers. The two populations of Tripleurospermum
maritimum were obtained from botanical gardens through
Index Seminum, with known original location, whereas
all other taxa were collected directly from natural
populations. Seeds of Petunia hybrida Vilm. cv. PxPc6,
used as internal standard for flow cytometric
measurements, were obtained from the Institut des
Sciences du Végétal (CNRS, Gif-sur-Yvette, France).

Karyology: Ripe achenes were germinated on wet filter
paper in Petri dishes left in the dark at room temperature.
Root tip meristems were pretreated with 0.05 % aqueous
colchicine at room temperature for 2 h 15 min (diploid
taxa) or 2 h 45 min (polyploid taxa), fixed in absolute
ethanol and glacial acetic acid (3:1) for 2 - 4 h at room
temperature and stored in the fixative at 4 °C. Root tips
were hydrolysed in 1 M HCI for 5 min at 60 °C, stained
in 1 % aqueous aceto-orcein for 2 - 12 h at room
temperature, and squashed and mounted in a drop of
45 % acetic acid-glycerol (9:1). The preparations were
observed with an optical microscope at a magnification of
1000x. The best metaphase plates were photographed.
The counts and the calculation of total karyotype length
were carried out using around five plates per population.

Flow cytometric measurements: DNA 2C-values of the
tested species were estimated using flow cytometry.
Petunia hybrida Vilm. cv. PxPc6 (2C=2.85 pg, Marie and
Brown 1993) was used as an internal standard. Young,
healthy leaf tissue from the target species and calibration
standard (both cultivated in pots) were placed together in
a plastic Petri dish and chopped in Galbraith’s isolation
buffer (Galbraith et al. 1983) with a razor blade. The
amount of target species leaf (about 25 mm®) was
approximately twice that of the internal standard. The
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repel fleas, beetles and other insects (Herrera 1995) or
T. decipiens, in which saponines with a possible
pharmacological application have been found (Mojab
et al. 2003), whilst still others are invasive weeds
(T. inodorum / T. perforatum, Buckley et al. 2001).

The principal aims of the study are: to increase the
knowledge on C-values of this genus, to test the
possibility of the existence of any relationship between
genome size data and cytological, morphological or
environmental factors and to analyze the scope of
intraspecific and interspecific genome size variation
within the genus, if any.

suspension of nuclei in the isolation buffer was filtered
through a nylon mesh with a pore size of 30 pm,
supplemented with 100 pg cm™ ribonuclease A (RNase
A, Boehringer, Meylan, France) and stained for 20 min
with propidium iodide (Sigma-Aldrich, Alcobendas,
Madrid, 60 pg cm™), the chosen fluorochrome (Johnston
et al. 1999); tubes were kept on ice during staining and
then left at room temperature until the measurement. For
each population, five individuals were analyzed; two
samples of each individual were extracted and measured
independently. Measurements were made at the ‘Serveis
Cientificotecnics generals’ of the Universitat de
Barcelona using an Epics XL flow cytometer (Coulter
Corporation, Hialeah, USA). The instrument was set up
with the standard configuration: excitation of the sample
was performed using a standard 488-nm air-cooled argon-
ion laser at 15 mW power. Forward scatter (FSC), side
scatter (SSC), and red (620 nm) fluorescence for
propidium iodide were acquired. Optical alignment was
based on optimized signal from 10-nm fluorescent beads
(Immunocheck, Epics Division, Coulter Corporation).
Time was used as a control for the stability of the
instrument. Red fluorescence was projected onto a 1 024
monoparametric histogram. Gating single cells by their
area versus peak fluorescence signal excluded aggregates.
Acquisition was automatically stopped at 8 000 nuclei.
The total nuclear DNA content was calculated by
multiplying the known DNA content in Petunia by the
quotient between the 2C peak positions of
Tripleurospermum and the internal standard in the
histogram of fluorescence intensities for the 10 runs,
based on the assumption that there is a linear correlation
between the fluorescence signals from stained nuclei of
the unknown specimen and the known internal standard
and the DNA amount. Mean values and standard
deviations were calculated based on the results for the
five individuals.

Statistics: Statistical analyses (analysis of variance and
Pearson’s product moment correlation) were carried out
to evaluate the relationships between the studied variables



(DNA content and DNA per basic chromosome set vs.
altitude and life cycle, among others). All the analyses
were performed with the Statgraphics Plus 5.0 program
(Statistical Graphics Corp., Rockville, Maryland). In
addition to the data obtained in the present study, those
from the C-value database (www.rbgkew.org.uk/cval/
homepage.html, Bennett and Leitch 2003) for the annual
diploids Matricaria chamomilla (2n=18, 2C = 7.75 pg,
Nagl and Ehrendorfer 1974), M. discoidea (2n=18,

Table 1. Provenance of the populations of Tripleurospermum studied.
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2C = 490 pg, Nagl and Ehrendorfer 1974) and
M. matricarioides (2n=18, 2C = 4.65 pg, Bennett 1972)
were also used for the statistical analyses of the present
work, bearing in mind the close affinity between the two
genera, and the fact that many Tripleurospermum species
had been previously classified as Matricaria members
and vice versa (this closeness can be deduced from the
complex synonymy of the species presented in Table 1).

Taxa Origin of materials

Herbarium voucher

T. callosum (Boiss. & Heldr.) E. Hossain
(Chamaemelum callosum Boiss. & Heldr.)

T. callosum (Boiss. & Heldr.) E. Hossain
(Chamaemelum callosum Boiss. & Heldr.)

T. callosum (Boiss. & Heldr.) E. Hossain
(Chamaemelum callosum Boiss. & Heldr.)

T. elongatum (Fischer & C. Meyer ex DC.) Bornm.
(Matricaria elongata (Fischer & C. Meyer

ex D.C.) Hand.-Mazz.)

Turkey, Gumushane, Tekke koyu. 1100 m.
Turkey, Rize, Ikizdere, Anzer koyu. 2200 m.
Turkey, Bayburt, Kop Dagi. 2300 m.

Turkey, Gumushane, Torul. 1300 m.

Hb. Inceer 120

Hb. Inceer 136

Hb. Inceer 69

Hb. Inceer 144

T. maritimum (L.) K. Koch

(Matricaria maritima L.)

T. maritimum (L.) K. Koch

(Matricaria maritima L.)

T. melanolepis (Boiss.) Rech. f.

T. oreades (Boiss.) Rech. f. var. oreades

Iceland, Akureyri. Sandy banks near sea level.
Germany, Weimar, Hermstedt. 150 m.

Turkey, Gumushane, Kose Dagi, 1700 m.
Turkey, Gumushane, Kose Dagi. 1800 m.

Index Seminum Akureyri
Index Seminum Jena

Hb. Inceer 113
Hb. Inceer 106

(Matricaria oreades Boiss.)

T. oreades (Boiss.) Rech. f. var. oreades
(Matricaria oreades Boiss.)

T. oreades (Boiss.) Rech. f. var. tchihatchewii E.
Hossain (Chamaemelum tchihatchewii Boiss.)

T. repens (Freyn & Sint.) Bornm.

T. repens (Freyn & Sint.) Bornm.

Turkey, Rize, Cat Koyu. 1150 m. Hb. Inceer 109
Turkey, Rize, Ikizdere, Sivrikaya, Koyu. 1750 m. Hb. Inceer 104

Turkey, Rize, Ikizdere, Cimil-Baskoy 1900 m.  Hb. Inceer 132
Turkey, Rize, Ikizdere, Between Cimil and Hb. Inceer 133

Baskoy. 1800 m.

T. sevanense (Manden.) Pobed. Turkey, Gumushane, Kose Dagi. 1800 m. Hb. Inceer 121
(Matricaria sevanensis (Manden.) Rauschert,

Chamaemelum sevanense Manden.)

T. sevanense (Manden.) Pobed. Turkey, Gumushane, Kose Dagi. 1600 m. Hb. Inceer 105a

(Matricaria sevanensis (Manden.) Rauschert,
Chamaemelum sevanense Manden.)

Results and discussion

According to the existing data in the C-value database,
this is the first study of seven of the eight taxa analysed.
Previously, Nagl and Ehrendorfer (1974) used the
Feulgen method (microdensitometry after Feulgen
staining) to estimate the nuclear DNA amount of a
diploid 7. maritimum (2C = 5.50 pg). Indeed, this is the
first flow cytometric investigation for DNA content
assessment on the subtribe Matricariinae (Table 2).

Relationship with karyological characters: A
statistically significant difference has been found between
2C values and ploidy level (mean 2C of diploids =

5.08 pg; mean 2C of tetraploids = 8.52 pg), as might be
expected in a narrow group of species. This finding is
quite clear and widespread. Fridlender et al. (2002) also
detected a statistically significant difference between
genome size and ploidy level in species from Colchicum.
Similar relationships have been found in many other
genera (Achillea, Dabrowska 1992, Artemisia, Torrell and
Vallés 2001, Garcia et al. 2004). In fact, genome size
measurements are currently used as a reliable and fast
method to establish ploidy level in groups of species in
which the nuclear DNA amount of at least one diploid
species is known (Vilhar et al. 2002). Moreover, data on
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nuclear DNA amount in Tripleurospermum also show a
positive correlation with karyotype length (» = 0.75,
P < 0.01), as reported in Echinops by Garnatje et al.
(2004).

We have found that genome size per basic
chromosome set decreases with polyploidy: there is a
significant difference (P < 0.0005) between diploids and
tetraploids. For these two ploidy levels, diploids always
present a higher nuclear DNA amount per basic
chromosome set (mean genome sizes per basic
chromosome set: 2.54 pg in diploids and 2.13 pg in
tetraploids). A loss of nuclear DNA amount in the
process of polyploidization is suggested to explain this
observation (Leitch and Bennett 2004). Sharma and Sen
(2002)  considered that with  polyploidization,
chromosomes tend to diminish their size slightly, each
one equally, and hypothesized that this ‘strengthening’

mechanism was a ‘defence strategy’ against the increased
possibility of mutations with polyploidy (an increase in
nuclear DNA amount increases the probability of
mutations). Nuclear DNA loss per basic chromosome set
in polyploids has been frequently reported, so genome
downsizing following polyploid formation has been
considered a widespread biological phenomenon (Leitch
and Bennett 2004 and references therein). Some
molecular processes for this genome downsizing have
been suggested, such as the homoeologous pairing, which
can lead to chromosome restructuring and deletions, and
hence to a loss of DNA as a consequence of the
breakdown in the postreplicative mismatch repair system
(Comai 2000) or the selective gene loss (Ku et al. 2000,
Simillion ez al. 2002), among others. However, many of
the underlying molecular mechanisms responsible for this
phenomenon are still unknown.

Table 2. Nuclear DNA content and other karyological characters of the populations studied. Life cicle: A - annual, B - biennial;
P - perennial; RP - rhizomatous perennial. 2C - nuclear DNA content (means + SD of 10 samples). 1 pg = 978 Mbp (Dolezel ef al.
2003). TKL - total karyotype length. 2n - somatic chromosome number. 2C/p.1. - DNA per basic chromosome set (quotient between
2C nuclear DNA content and ploidy level). *Inceer and Beyazoglu (2005); **Nagl and Ehrendorfer (1974); *** Bennett (1972).

Taxa Life cycle 2C [pg] 2C [Mbp] TKL [pm]  2n Ploidy level 2C/p.L
T. callosum (Rize) P 8.17£0.08 7 990.26 32.09+1.52 36 4x 2.04
T. callosum (Bayburt) P 7.98+0.02 7 804.44 31.43+£0.43* 36* 4x* 1.99
T. callosum (Gumushane) P 8.18+0.10 8 000.04 32.09+1.33 36 4x 2.05
T. elongatum B/P 4.87+0.14 4765.86 14.00+0.54* 18%* 2x* 2.44
T. maritimum (Germany) A/B 5.50+0.05 5379.00 - 18 2x 2.75
T. maritimum (Iceland) A/B 9.22+0.18 9017.16 - 36 4x 2.31
T melanolepis RP 4.88+0.04 4772.64 13.1540.75*% 18%  2x* 2.44
T. oreades var. oreades (Gumushane) RP 8.76+0.22 8567.28 29.35+1.02 36 4x 2.19
T. oreades var. oreades (Rize) RP 9.05+£0.23 8 850.90 28.78+1.48 36 4x 2.26
T. oreades var. tchihatchewii RP 8.91£0.57 8713.98 24.78+0.64* 36* 4x* 2.23
T. repens (Rize, 1800 m) P 8.54+0.44 8352.12 39.30+£1.23* 36* 4x* 2.14
T. repens (Rize, 1900 m) P 8.32+0.18 8 136.96 40.50+1.52 36 4x 2.08
T. sevanense (Gumushane 1600 m) P 8.2610.30 8078.28 26.15£0.75 36 4x 2.07
T. sevanense (Gumushane 1800 m) P 8.34+0.21 8 156.52 25.12+¢1.13 36 4x 2.09
Matricaria chamomilla** A 7.75 7 579.50 - 18 2x 3.87
Matricaria discoidea** A 4.90 4795.20 - 18 2x 2.45
Matricaria matricarioides *** A 4.65 4547.70 - 18 2x 2.32

Systematic implications: interspecific and intra-
specific variability: The paucity of available data on
C-value in subtribe Matricariinae makes it difficult to
discuss about interspecific variation in these plants.
Nevertheless, we have noted that the genus
Tripleurospermum 1is quite homogeneous in terms of
genome size: the ratio between maximum and minimum
nuclear DNA amount and nuclear DNA amount per basic
chromosome set is quite low in this group. This fact, and
the absence of relevant morphological or ecological
differences between the analysed plants, could also
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suggest homogeneity in the Tripleurospermum species. A
high value of this ratio has been reported in other
Anthemideae groups, such as in the genus Artemisia
(particularly in subgenus Artemisia, Garcia et al. 2004).
Because C-value is considered constant within a
species, the existence of variation in nuclear DNA
amount under the specific level is controversial. Whilst
some authors uphold the idea that the amount of nuclear
genome can vary as a response to environmental changes
(the genome plasticity or flexibility theory - Durrant and
Jones 1971, Joarder et al. 1975, Ohri 1998), others



attribute this supposed variability to mistakes or
methodological problems (Greilhuber 1997, 1998).
Nonetheless, it is obvious that a certain degree of genuine
intraspecific variation is always possible (Greilhuber
1998, Schmuths et al. 2004). Within some of the taxa of
Tripleurospermum used in this study, different
populations of the same species have been analyzed
(Table 3). All but one of these species show a low
percentage of intraspecific variation. Moreover, they
belong to the same restricted geographical area (Turkey).
Between the two varieties of T. oreades there also exists a
low percentage of intraspecific variation, although a little
bit higher than for the remaining species. In this taxon,
we found a higher variation in nuclear DNA content
between two populations of one variety than between
both varieties (Table 3). Although the two populations
analysed of T. maritimum belong to different ploidy
levels (2x and 4x), and although the nuclear DNA loss
per chromosome set in polyploids must be taken into
account, the 19.56 % of intraspecific variation, calculated
with the nuclear DNA per basic chromosome set, is still
remarkable. The geographical distance between both
populations and the remarkably different latitude of them,
one coming from Germany (51 °) and the other from
Iceland (65°), could contribute to explaining the
variability of the C-value in this species, as other authors
have stated (Grime and Mowforth 1982, Ohri 1998).

Table 3. Nuclear DNA amount (2C) and intraspecific variability
(calculated as a percentage of the quotient between the highest
and the lowest nuclear DNA amount) of some populations of
Tripleurospermum. 'Nuclear DNA amount per basic
chromosome set. “Percentage of the quotient between the
highest and the lowest nuclear DNA amount per basic
chromosome set.

Taxa 2C [pg] Intraspecific
variability [%]
T. callosum 7.98 (Bayburt) 2.51
8.17 (Rize)
8.18 (Gumushane)
T. maritimum 5.50/2.75' (Germany) 19.56°
9.22 /2.30' (Iceland)
T. oreades var. 8.76 (Gumushane) 3.31
oreades 9.05 (Rize)
T. oreades var. 8.91
tchihatchewii
T. repens 8.32 (Rize, 1900 m) 2.64

8.54 (Rize, 1800 m)
8.26 (Gumushane, 1600 m) 0.97
8.34 (Gumushane, 1800 m)

T. sevanense

Life cycle and environmental factors: Many studies
have indicated a relationship between life cycle and
nuclear DNA amount. It is believed that, in the
framework of a genus, an increase in nuclear DNA
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amount implies a longer cell cycle. According to this,
annual plants should have less nuclear DNA amount than
perennials (Nagl and Ehrendorfer 1974, Rees and
Narayan 1981, Bennett and Leitch 2003). In the present
study, the ANOVA shows that annual and biennial taxa
present a significantly higher genome size (P < 0.05) than
perennials. It must be said, however, that most perennials
of the subtribe Matricariinae are also tetraploid, while the
majority of annuals and biennials are diploid. Thus, the
increase in nuclear DNA amount of these perennial
species comes from their tetraploid character rather than
from their life cycle. In fact, the majority of polyploids
are perennial plants (Jackson 1976). Another explanation
could be that annual character is secondary and relatively
recent in this group, so that the surplus DNA has not yet
been eliminated from the genome. In summary, although
many authors have found that perennials have
significantly higher nuclear DNA amounts than annuals
(Garnatje et al. 2004 and references therein), others have
reported the opposite relationship (Martel et al. 1997,
Jakob ef al. 2004) or even the absence of a relationship
between life cycle and genome size (Grime and
Mowforth 1982, Garcia et al. 2004). The numerous
exceptions clearly suggest that the correlation between
these two parameters is not as clear as initially thought.

Nuclear DNA per basic chromosome set and altitude
are negatively correlated (r = -0.67, P < 0.01) in the
genus Tripleurospermum: there is a decrease in genome
size with the altitude. This is in agreement with the
negative correlation found between these two parameters
in wild populations of Arachis duranensis (Temsch and
Greilhuber 2001). On the other hand, these data do not
support the observations of Bennett (1976) and Rayburn
and Auger (1990), who suggested that increased nuclear
DNA amount was an adaptation to altitude. An increase
in nuclear DNA amount with increasing altitude was also
detected in many different genera (Laurie and Bennett
1985, Godelle et al. 1993, Cerbah et al. 1999). Suda et al.
(2003) suggested that the nuclear DNA amount of
endemics to Tenerife was negatively correlated with
altitude in genera distributed over a large altitudinal
range, and genera with a limited range in altitude showed
a positive correlation between DNA content and altitude.
Again, the link between altitude and genome size is
uncertain, and clearly varies diversely in different plant
groups; a mechanism to explain this phenomenon is still
lacking.

The diploid and tetraploid populations of
T. maritimum show the highest nuclear DNA amounts
within the diploid and tetraploid Tripleurospermum
studied here. This species occupies sandy places near the
sea, very dry areas which exhibit elevated salinity,
implying relatively adverse conditions for the growth of
vegetation. Various studies have shown that plants
inhabiting arid or extreme environments (such as deserts
and highly nitrogenated soils) tend to have an increased
nuclear DNA amount in comparison with their relatives
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living under more favourable environmental conditions
(Garcia et al. 2004 and references therein). Consequently,
it is conceivable that an adaptation to these extreme
habitats increases genome size in Tripleurospermum.
Nevertheless, more data will need to be collected before
such a relationship can be clearly established.

Within  the Turkish tetraploid species of
Tripleurospermum studied, the rhizomatous ones were
found to have a significantly higher nuclear DNA amount
(P = 0.0005) than those without rhizome (mean 2C of
rhizomatous ones = 8.90 pg; mean 2C of non rhizomatous
ones = 8.26 pg). Rhizomes give plants the ability to
colonize habitats, and it is plausible that this adaptive
advantage could be related to the higher nuclear DNA
amount in these species, as stated previously in relation to
salinity. Possibly as a result of the presence of rhizomes,
these plants show a lower incidence of sexual
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This study encompasses 25 chromosome counts of 18 species in the subtribe Artemisiinae (tribe Anthemideae) of the
family Asteraceae, from Mongolia. Most (15 species) belong to Artemisia, the largest genus of the subtribe, whereas
the others come from two genera very closely related to it: Ajania (two species) and Neopallasia (one species). Eleven
counts are new reports, three are not consistent with previous reports and the remainder confirm scanty earlier
information. The majority of the species have x =9 as their basic chromosome number, but there are some taxa with
x = 8. Ploidy levels range from 2x to 6x. The presence of B-chromosomes was detected in Ajania fruticulosa. © 2006
The Linnean Society of London, Botanical Journal of the Linnean Society, 2006, 150, 203-210.
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INTRODUCTION others have followed, enhancing the available cytoge-
netic and karyological data, not only on this genus, but
Anthemideae (Asteraceae), comprise a worldwide also on its allies (Eherendorfer, 1964; Kawatani &

’ Ohno, 1964; Korobkov, 1972; McArthur, Pope & Free-

group of genera, which include many useful species. man. 1981: Ouvahva & Viano. 1981. 1988: Valles &
Many karyological surveys have been made on them .  uyany _ : ;
. Siljak-Yakovlev, 1997; Valles et al., 2005, and refer-
(Watanabe, 2002, and references therein). The present . .
ences therein). However, chromosomal data are still

paper focuses on the genus Artemisia, one of the larg- . ...
scarce or non-existent for numerous Artemisiinae

est in the family Asteraceae (comprising c. 500 taxa) taxa. Additionally, chromosome reports on Mongolian
and, to a lesser extent, two small genera, Ajania and . .
. > populations (some of them endemic) of these taxa are
Neopallasia, that are so phylogenetically close to Arte- o . S
L . . also limited, and because this region is regarded as
misia that some species have been classified as mem- . o . .
. one of the most outstanding speciation and diversifi-
bers of Artemisia (see the synonymy of some of the . . . .
. . : . cation points of the subtribe, the value of these data is
taxa studied given below). Since the earliest chromo- . .
. . high. This paper sets out to produce more. Many of the
some studies of the genus Artemisia in the first half of i .
the 20th ¢ (Weinedel-Lieb 1928) counts reported here are new; others confirm unique
© century cinedel-Licbau, many or very scarce reports and only three differ from those
cited previously. Some evolutionary and systematic
traits of these genera are also discussed in the light of
*Corresponding author. E-mail: joanvalles@ub.edu these new cytogenetic data.

The Artemisiinae, the largest subtribe in the

© 2006 The Linnean Society of London, Botanical Journal of the Linnean Society, 2006, 150, 203—210 203
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MATERIAL AND METHODS

Root-tip meristems were obtained from wild-collected
achenes by germinating them on wet filter paper in
Petri dishes at room temperature. They were pre-
treated with 0.05% aqueous colchicine at room tem-
perature for 2.5 h. The material was fixed in absolute
ethanol and glacial acetic acid (3 : 1) for 2—4 h at room
temperature and then stored in the fixative at 4 °C.
Samples were hydrolysed in 1 N HCI for 2 min at
60 °C, stained in 1% aqueous aceto-orcein for 2—12 h
at room temperature and squashed and mounted in a
drop of 45% acetic acid/glycerol (9 :1). The best
metaphase plates were photographed on a Zeiss
Axioplan microscope with an AxioCam MRc 5 digital
camera and acquired with AxioVision AC v. 4.2 soft-
ware (Carl Zeiss Vision, GmbH). Vouchers of the spe-
cies studied are deposited in the herbarium of the
Centre de Documentacié de Biodiversitat Vegetal de la
Universitat de Barcelona (BCN).

To assess the existence of published chromosome
counts in the species studied we used the most com-
mon indexes of plant chromosome numbers (cited in
Valles, Torrell & Garcia-Jacas, 2001a), as well as the
chromosome number databases Index to Plant Chro-
mosome Numbers (Missouri Botanical Garden, http://
mobot.mobot.org/W3T/Search/ipen.html) and Index to
Chromosome Numbers in the Asteraceae (Watanabe,
2002, http://www-asteraceae.cla.kobe-u.ac.jp/index.html;
Watanabe, 2004).

RESULTS AND DISCUSSION

We present the data and comments on the different
taxa grouped by genera in alphabetical order. In Arte-
misia we have considered the main sections (treated
by several authors as subgenera) into which the genus
is divided. The localities are given with the indication
of Mongolian administrative divisions, aimag (prov-
ince, written aimak in Russian language works) and
sum (village, written somon in Russian language
works).

GENUS AJANIA POLJAKOV

Ajania achilleoides (Turcz.) Poljakov [Artemisia
achilleoides Turcz., Chrysanthemum achilleoides
(Turcz.) Hand.-Mazz., Hippolytia achilleoides
(Turcz.) Poljakov]

Mongolia, Dund (Central) Gobi aimag: Erdene-Dalai
sum, 16 km north-east of the sum, dry steppe hills,
Sh. Dariimaa, Sh. Tsooj & J. Valles, 5.ix.2004 (BCN
23793). 2n = 18 (Fig. 1).

Mongolia, Dund (Central) Gobi aimag: Erdene-
Dalai sum, 46 km north-east of the sum, dry steppe
hills, Sh. Dariimaa, Sh. Tsooj & J. Vallés, 5.ix.2004
(BCN 23794). 2n = 18.

According to our data this is the first count on this
species, endemic to Mongolia and China, confirmed in
two very close populations. It is a diploid based on x = 9.
This count confirms the basic number in the genus Aja-
nia. The diploid level was also reported in Ajania fas-
tigiata (2n = 18, Maltzeva, 1969). Other works on the
relatively large genus Ajania (about 40 species) have
dealt with non-Central Asian species (Sokolovskaya,
1966; Probatova & Sokolovskaya, 1990; Kondo et al.,
1992; Abd El-Twab, Kondo & Hong, 1999) and reported
different ploidy levels up to decaploid.

Ajania fruticulosa (Ledeb.) Poljakov [Tanacetum
fruticulosum Ledeb. Chrysanthemum fruticulosum
(Ledeb.) B. Fedtsch.]

Mongolia, Umnu (South) Gobi aimag: Mandal Oboo

sum, 20 km south-east of the sum, desert steppe with

Anabasis, Sh. Dariimaa, Sh. Tsooj & J. Vallés,

4.ix.2004 (BCN 23795). 2n = 36+0-2-4B (Fig. 2).

This is the second report on chromosome number for
this Central Asian species, and the first in a Mongo-
lian population. It confirms the first, which was
obtained from a Chinese population by Kondo et al.
(1998). In our case, the presence of 2—4 B-chromo-
somes was detected in some cells (see chromosomes
marked with arrows in Fig. 2). The presence of B-chro-
mosomes in the subtribe is not unusual (Valles & Gar-
natje, 2005). Tetraploidy is common in the genus, as
many other counts of 36 chromosomes have been
reported (e.g. in A. przewalskii, Kondo et al., 1992 and
A. latifolia, Kondo et al., 1998).

GENUS ARTEMISIA L.
SECTION ARTEMISIA

Artemisia adamsii Besser

Mongolia, Tuv (Central) aimag: Bayan Undjuul sum,
20 km north of the sum, dry steppe, Sh. Dariimaa, Sh.
Tsooj & J. Valles, 5.ix.2004 (BCN 23815). 2n =18
(Fig. 3).

-

Figures 1-13. Somatic metaphases. Scale bars =10 um. Fig. 1. Ajania achilleoides (2n = 18). Fig. 2. Ajania fruticulosa
(2n = 36 + 4B); arrows indicate the B-chromosomes. Fig. 3. Artemisia adamsii (2n = 18). Fig. 4. A. leucophylla (2n = 16);
arrows indicate the long metacentric chromosome pair. Fig. 5. A. medioxima (2n =36). Fig. 6. A. messerschmidtiana
(2n =36). Fig. 7. A. obscura (2n = 16); arrows indicate the long metacentric chromosome pair. Fig. 8. A. transbaicalensis
(2n =36). Fig.9. A.umbrosa (2n=>54). Fig. 10. A. anethoides (2n =16). Fig. 11. A. depauperata (2n =36). Fig. 12.

A. macrocephala (2n = 18). Fig. 13. A. dolosa (2n = 18).

© 2006 The Linnean Society of London, Botanical Journal of the Linnean Society, 2006, 150, 203—210
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This count confirms the only previous one, from a
population collected in north-east China by Wang,
Guan & Zhang (1999), on plant material from Mongo-
lia. It represents a diploid level based on x =9, the
most common basic chromosome number in the genus
(Valles et al., 2005, and references therein).

Artemisia leucophylla (Turcz. ex Besser) C. B. Clarke
(Artemisia vulgaris L. var. leucophylla Turcz. ex
Besser)

Mongolia, Arkhangai aimag: Taryat sum, Khorgo-

Terkh National Park, near lake Terkhen Sagan nur,

Sh. Dariimaa, Sh. Tsooj & J. Valles, 27.viii.2004 (BCN

23796). 2n = 16 (Fig. 4).

Mongolia, Tuv (Central) aimag: Mungunmort sum,
10 km north-west of the sum, path margins, steppe,
Sh. Dariimaa, Sh. Tsooj, J. Vallés & E. Yatamsuren,
7.ix.2004 (BCN 23797). 2n = 16.

In this case, our counts, assessed in two well-sepa-
rated populations, do not agree with the only earlier
one (2n =18), obtained from a Russian population
(Krogulevich, 1978) from Eastern Sayana (Siberia).
Many species of the genus, especially those belonging
to sections Artemisia and Absinthium (Torrell et al.,
1999), display the basic chromosome number x = 8, but
less commonly than the dominant x =9 (Torrell et al.,
2001). Evidence is given in several studies (Valles &
Siljak-Yakovlev, 1997; Torrell et al., 2001) that x =8
arises via a descending dysploidy process from x =9,
as a result of a chromosomal fusion, demonstrable by
the existence of a long metacentric chromosome pair
in x = 8 taxa such as A. splendens (Torrell et al., 2001).
This long metacentric chromosome pair with some
centromeric fragility, also confirmed in other species
with the same phenomenon (Torrell et al., 2001; M.
Torrell & J. Valles, unpubl. data), could explain the
former count of 2n = 18 in this species. Artemisia leu-
cophylla is related closely to A. vulgaris (up to the
point to which it has been classified by some workers
as a variety of this species, see the synonymy),
A. mongolica and A. obscura (see below for this spe-
cies), three taxa also with 2n = 16 (Watanabe, 2002,
and references therein).

Artemisia medioxima Krasch. ex Poljakov

Mongolia, Tuv (Central) aimag: Mungunmort sum,
10 km north-west of the sum, path margins, steppe,
Sh. Dariimaa, Sh. Tsooj, J. Vallés & E. Yatamsuren,
7.ix.2004 (BCN 23792). 2n = 36 (Fig. 5).

This is the first count carried out in this Mongolian
and Russian endemic species. It is a tetraploid based
on x =9, the most common basic chromosome number
in Artemisia, confirming the relevance of polyploidy in
the genus (Valles & Garnatje, 2005; Valles et al., 2005,
and references therein).

Artemisia messerschmidtiana Besser
Mongolia, Tuv (Central) aimag: Bayan Undjuul sum,
Ikh Khairkhan mountains, Sh. Dariimaa, Sh. Tsooj &
J. Valles, 5.ix.2004 (BCN 23798). 2n = 36 (Fig. 6).
According to our literature research, this is the first
report of the chromosome number in this species,
which is endemic to Siberia, Mongolia and the north of
China.

Artemisia obscura Pamp.
Mongolia, Umnu (South) Gobi aimag: Bulgan sum, E
Gurvan Saikhan mountains, canyon, Sh. Dariimaa,
Sh. Tsooj, J. Vallés & E. Yatamsuren, 2.ix.2004 (BCN
23799). 2n = 16 (Fig. 7).

This is the first count reported for this species, with
a distribution restricted to Mongolia and China, and
together with Artemisia leucophylla and many other
members of the A. vulgaris group (Valles & Garnatje,
2005, and references therein) it confirms the existence
of the basic chromosome number x = 8 in this complex
of the genus (discussed for Artemisia leucophylla, see
above).

Artemisia transbaicalensis Leonova
Mongolia, Uvur-Khangai aimag: Kharkhorin sum,
2 km west of the sum, margin of Betula and Larix for-
est, 1900 m, steppe, Sh. Dariimaa, Sh. Tsooj & J.
Valles, 26.viii.2004 (BCN 23800). 2n = 36 (Fig. 8).
Again, this is the first report on the chromosome
number of this species, which grows in the Baikal
Lake basin (Siberia and Mongolia) and whose basic
chromosome number (x = 9) and ploidy level are wide-
spread in the genus.

Artemisia umbrosa Turcz. ex DC.

Mongolia, Selenge aimag: Shaamar sum, Tujiin Nars,
5km east of the sum, Sh. Dariimaa, Sh. Tsooqj, .
Valles & E. Yatamsuren, 9.ix.2004 (BCN 23789).
2n =54 (Fig. 9).

According to our literature search, this record is the
second count for this species, and does not agree with
the first by Hoshi et al. (2003), who reported 2n = 50
from Russian material. The existence of this hexaploid
cytoype is evidence of a high polyploidization activity
as an evolutionary mechanism of the genus in this
area. Similarly to A. obscura and A. leucophylla, the
species belongs to the A. vulgaris group, but in this
case the basic chromosome number is x = 9, the origi-
nal in the genus (Valles & Garnatje, 2005).

SECTION ABSINTHIUM DC.

Artemisia anethoides Matff.
Mongolia, Selenge aimag: Shaamar sum, 3 km west of
the sum, Buureg Tolgoi hills, near river Orkhon,
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700 m, Sh. Dariimaa, Sh. Tsooj, J. Valles & E. Yata-
msuren, 7.ix.2004 (BCN 23790). 2n = 16 (Fig. 10).

To our knowledge, this is the second count on this
species, an endemic of China and Mongolia, and
agrees with the previous report, of plants from north-
east China by Wang et al. (1998). It confirms the exist-
ence of the basic chromosome number x = 8 in section
Absinthium.

Artemisia macrocephala Jacquem. ex Besser
Mongolia, Arkhangai aimag: Tsenkher sum, near river
Urd-tamir, Sh. Dariimaa, Sh. Tsooj & J. Valles,
26.viii.2004 (BCN 23801). 2n = 18 (Fig. 12).

Mongolia, Uvur Khangai aimag: Arvaykheer city,
ruderal in streets, Sh. Dariimaa, Sh. Tsooj & J. Valles,
30.viii.2004 (BCN 23802). 2n = 18.

Mongolia, Dund (Central) Gobi aimag: Erdene-
Dalai sum, 6 km north-east of the sum, steppe, Sh.
Dariimaa, Sh. Tsooj & J. Vallés, 4.ix.2004 (BCN
23803). 2n = 18.

Verified in three well-separated populations, the
present one confirms two previous counts, one from a
Siberian population (Republic of Tuva, Russia, Krogu-
levich & Rostovtseva, 1984) and the other from
Tadzhikistan (Astanova, 1989). These are the first
counts in Mongolian populations of this species, which
has a large distribution throughout Central and East-
ern Asia.

SECTION DRACUNCULUS BESSER

Artemisia depauperata Krasch.
Mongolia, Arkhangai aimag: Tsetserleg city, Sagaan-
Davaa pass, 2200 m, Sh. Dariimaa, Sh. Tsooj & J.
Valles, 26.viii.2004 (BCN 23804). 2n = 36 (Fig. 11).
Our report agrees with the only previous one and
confirms the tetraploid cytotype of this species,
reported by Krogulevich (1978) from a Russian popu-
lation (Eastern Sayana, Siberia). It is the first count in
a Mongolian population of the species, which is
endemic to Mongolia and Russia.

Artemisia dolosa Krasch.

Mongolia, Uvur Khangai aimag: Khujirt sum, 20 km
south of the sum, meadow steppe, Sh. Dariimaa, Sh.
Tsooj & J. Valles, 30.viii.2004 (BCN 23805). 2n =18
(Fig. 13).

Mongolia, Tuv (Central) aimag: Mungunmort sum,
20 km W of the sum, W slope of Mungun mountain,
Sh. Dariimaa, Sh. Tsooj, J. Vallés & E. Yatamsuren,
7.ix.2004 (BCN 23791). 2n = 36 (Fig. 14).

These are the first two counts reported in this spe-
cies, endemic to Mongolia and the Altai mountains of
Russia, one population being diploid and the other tet-
raploid. Both the basic chromosome number x =9 and
the two ploidy levels are common in the genus. The
existence of diploid and tetraploid cytotypes has been
confirmed separately by flow cytometry (S. Garcia

Figures 14-19. Somatic metaphases. Scale bars = 10 um. Fig. 14. Artemisia dolosa (2n = 36). Fig. 15. A. giraldii (2n = 18).
Fig. 16. A. klementzae (2n = 36). Fig. 17. A. monostachya (2n = 36). Fig. 18. A. xanthochroa (2n = 36). Fig. 19. Neopallasia

pectinata (2n = 18).
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et al., unpubl. data). The occurrence of a high degree of
diversification (with a relevant role played by polyp-
loidy) in the studied area is also supported by this
finding.

Artemisia giraldii Pamp.
Mongolia, Bulgan aimag: Sansar sum, north-east
slope of Khugunkhaan mountain, steppe near Betula
and Pinus forest, 2000 m, Sh. Dariimaa, Sh. Tsooj &
J. Valles, 25.viii.2004 (BCN 23806). 2n = 18 (Fig. 15).
According to our data, this is the first report of the
chromosome number in this species, endemic in China
and Mongolia. This is a taxon very closely related to
A. dracunculus L., which presents a polyploid series
based on x =9, starting at the diploid level as in
A. giraldii, but reaching the decaploid level (Valles
et al., 2001a, and references therein).

Artemisia klementzae Krasch.

Mongolia, Bulgan aimag: Sansar sum, Khugunkhaan

mountain, sandy steppe, Sh. Dariimaa, Sh. Tsooj & <J.

Valles, 25.viii.2004 (BCN 23807). 2n = 36 (Fig. 16).
Again, we present a new chromosome count in a

Mongolian endemic species.

Artemisia monostachya Bge. ex Maxim. [A. pubescens

Ledeb. var. monostachya (Bge. ex Maxim.) Y.R. Ling]
Mongolia, Arkhangai aimag: Ikh Tamir sum, 30 km
north-west of the sum, Khoer Davaa pass, Sh. Darii-
maa, Sh. Tsooj & J. Vallés, 26.viii.2004 (BCN 23808).
2n = 36 (Fig. 17).

Mongolia, Arkhangai aimag: Taryat sum, Khorgo-
Terkh National Park, rocky mountain slope near lake
Terkhen Sagan nur, Sh. Dariimaa, Sh. Tsooj & J.
Valles, 27.viii.2004 (BCN 23809). 2n = 36.

To our knowledge, the chromosome number of this
taxon has not been reported before. This first count is
confirmed in two close populations of this species,
endemic to Russia, China and Mongolia.

Artemisia xanthochroa Krasch.
Mongolia, Uvur-Khangai aimag: Tugrug sum, 40 km
south of the sum, desert steppe with Caragana, Sh.
Dariimaa, Sh. Tsooj & J. Vallés, 31.viii.2004 (BCN
23810). 2n = 36 (Fig. 18).

This is the first chromosome count for this species,
endemic to China and Mongolia.

GENUS NEOPALLASIA POLJAKOV

Neopallasia pectinata (Pall.) Poljakov (Artemisia pec-
tinata Pall.)

Mongolia, Umnu (South) Gobi aimag: Bulgan sum,

10 km south of the sum, Sh. Dariimaa, D. Samjid, Sh.

Tsooj & J. Vallés, 26.viii.2004 (BCN 23811). 2n =18

(Fig. 19).

Mongolia: Ulaanbaatar, ruderal in the city, Sh.
Dariimaa, Sh. Tsooj & J. Vallés, 7.ix.2004 (BCN
23812). 2n =18.

Confirmed in two separate Mongolian populations,
our record validates one of the previous counts on this
Central Asian species, reported under its original
name of Artemisia pectinata (Suzuka, 1952; Kawatani
& Ohno, 1964; Qiao, Yan & Zhang, 1990). A tetraploid
population of this taxon has also been reported (Valles
et al., 2005) from Chinese material.

CONCLUDING REMARKS

The results obtained prove again the existence of two
basic chromosome numbers in Artemisia (Valles &
Garnatje, 2005). All the studied taxa but three have
x =9, the most common basic chromosome number in
the genus, subtribe, tribe and family (Solbrig, 1977;
Schweizer & Ehrendorfer, 1983; Oliva & Valles, 1994;
Valles & Siljak-Yakovlev, 1997). Of all the taxa consid-
ered, three present x =8 as their basic chromosome
number, evidence for descending dysploidy resulting
from chromosome fusion that occurs in the genus
(Valles & Siljak-Yakovlev, 1997; Torrell et al., 2001,
Valles & Garnatje, 2005). This has also been reported
in many other genera of the Asteraceae (Ferndndez
Casas & Susanna, 1986; Garcia-Jacas, Susanna &
Ilarslan, 1996; Siljak-Yakovlev, 1996; Valles & Siljak-
Yakovlev, 1997; Torrell etal., 2001; Valles etal.,
2001a, b), and is considered to be an important evolu-
tionary mechanism. Another remarkable and well-
known evolutionary mechanism in plants is polyploidy
(Bretagnolle et al., 1998; Soltis & Soltis, 1999; Soltis
et al., 2004), and the material studied in this paper is
a good example of its relevance in the Artemisiinae. In
our sample, ten of the 19 taxa analysed are polyploid,
nine being tetraploid and one hexaploid. In the genus
Artemisia, many of the species colonizing extremely
arid habitats are polyploid, supporting the hypothesis
that there is a connection between ecological tolerance
and polyploidy in many plant groups (Otto & Whitton,
2000). Additionally, many authors have proposed that
polyploids have radiated and expanded more than dip-
loids and our data seem to confirm this, because the
species in this study were chosen randomly and more
than half of them are polyploid. The present data also
agree with the premise that polyploids usually cover
larger territories than related diploids (Ehrendorfer,
1980), although there are many exceptions to this rule
(Bretagnolle et al., 1998).

Finally, the abundance of polyploids and the exist-
ence of species with the two basic chromosome num-
bers found in the genus Artemisia, together with the
large number of species from this genus and the sub-
tribe which inhabit the Mongolian area, confirm that
Mongolia represents a speciation and diversification
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centre, both for the genus and for the subtribe Arte-
misiinae as a whole.
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4, Variaci6 de la mida del genoma en el complex d’Artemisia arborescens

(Asteraceae, Anthemideae) i les seves cultivars.

Sonia GARCIA, Teresa GARNATJE, John D. TWIBELL i Joan VALLES.
Genome 49: 244-256 (2006).

Diferents poblacions mediterranies silvestres d’Artemisia arborescens, de diverses
localitats que representen la seva distribucié geografica, aixi com algunes de les seves
cultivars més ben conegudes i alguns especimens cultivats com a ornamentals en
jardins, carrers, carreteres o vivers han estat analitzats per a estimar-ne la seva quantitat
de DNA. Altres especies estretament relacionades amb aquesta i endemiques de la
Macaronesia, Artemisia argentea, A. canariensis i A. gorgonum, també han estat analitzades
i s’ha relacionat la seva quantitat de DNA amb la biogeografia d'aquest grup. A més,
també es van mesurar cinc poblacions d’Artemisia absinthium, una altra espécie propera,
per a establir comparacions. Les mesures, adquirides per citometria de flux, oscil-len
entre els 829 i els 11,61 pg (valors 2C). Shan detectat diferéncies estadisticament
significatives en quantitats de DNA depenent de factors com la insularitat o la
domesticacié. No obstant, la variabilitat intraespecifica per a la majoria d'aquestes
especies és baixa. Aquest estudi aborda també el possible origen hibrid i possibles

identificacions incorrectes d'algunes suposades cultivars d’A. arborescens.
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Genome size variation in the Artemisia
arborescens complex (Asteraceae, Anthemideae)
and its cultivars

Sénia Garcia, Teresa Garnatje, John D. Twibell, and Joan Vallés

Abstract: Different wild Mediterranean populations of Arfemisia arborescens from diverse locations representing its
geographical distribution, as well as some of its well-known cultivars and some specimens cultivated as ormamentals in
gardens, streets, roads and purseries, were analysed for genome size. Other closely relaled species emdemic o
Macaronesia, Artemisia canariensis, Artemisia argentea, and Artemisia gergonum, were also analysed, and their nuclear
DMNA amount has been related to the hiogeography of this group of species. Addittonally, 5 populations of the closely
related Artemisia absinthium were analysed to establish comparisons. Measurements acquired by flow cytometry ranged
from 8.29 to 11.6]1 pg for 2C values. Statistically significant differences of 2C nuclear DNA amonnts with respect to
factors such as insularity or domestication have been detected. However, quite a low intraspecific genome size varialion
has been found in these species. Furthermore, the study also addressed (he possible hybrid orgins and possible mis-
identifications of some of the supposed cultivars of A. arborescens,

Key words: Artemisia arborescens, Artemisia absinthium, Artemisia argentea, Arfemisia canariensis, Artemisia
gorgomum, C valoe, Compositae, coltivar, domestication, flow cviometry, genome size, hybridization, interspecific varia-
tion, intragpecific varation, speciation.

Résumé : Plusieurs populations sauvages d'Artemisia arborescens provenant de différentes localités représentant toule
sa distribution géographique, ainsi que quelques-uns de ses cultivars les plos connos et quelques spécimens cultivés en
tant gue plantes ormementales dans des jardins, rues, rootes el pépiniéres, ont été analysés pour estimer la taille de
leurs génomes. La quantité " ADN nucléaire a éié également mesurdée chez d'antres esplees fortement rattachées 3
celle-ci ¢t endémiques de la région Macaronésienng, Artemisia canariensis, Artemisia argenlea ¢l Artemisia govgonnm,
el les résultats ont €€ mis en rapport avee la blogéographie de ce groupe d'esplees. De plus, cing populations d une
antre espéee proche de ce complexe, Artemisia absinthitm, ont é1¢ aussi amalysées afin d'établir des comparaisons, Les
mesures, obtenpes par la méthode de cytométrie en flux, vont de 8,29 4 11,61 pg pour les valeurs 2C. Des différences
statistiguement significatives de la quantité d"ADN nucléaire onl é1é déteciées, en rapport avec des facteurs tels que
I'insularté oun la domesticaion. Cependant, nous n'avons déeelé qu'une assez faible variation intraspécifique de la
taille du génome chez ces espéces, L'hypothese d'upe origine hybride el Ia mauvaise identificaction de quelgues culti-
vars d'A. arboerescens sont aussi discutées,

Mots clés @ Artemisia arborescens, Artemisia absinthium, Arlentisia argentea, Artemisia conariensis, Arlemisia gorgo-
mim, Compositae, coltivar, cytométrie en Mux, domestication, hybridation, spéciation, taille do génome, valeur C, vara-
on interspécifique, variation intraspéeifique,

Introduction of a wide range of climates and soil conditions (it grows

spontanecusly or naturalized near human residences), which

The fast-growing shrub Artemisia arborescens L., com- colonizes a wide geographical range, inhabiting the whole
monly named tree wormwood, silver wormwood, or shrubby ~ Mediterranean region, across the coastal mainlands and is-
wormwood, is a morphologically variable species, tolerant  lands. Typically, it is a xerophytic plant of rocks, cliffs, and
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pastures near the sea and forms an upright mound of fine
silvery-grey leaves with a mild camphor fragrance. Accord-
ing to popular folklore, the plant was spread by Moors and
Knights Templar during the times leading up to and including
the Crusades and it is frequently found around old fortified
sites (Twibell 1992). Medicinal properties, such as antibacte-
rial, anti-inflammatory, antihistamine, anticatarrhal, choleretic,
and mucolytic are atiributed to its essential oils, which are
extracted and commercialized (Sheppard-Hanger 1995). The
medicinal and ornamental uses confer a certain econonic
interest to this species. It is phylogenetically close to Arfemi-
sia absinthium L. (both species belonging to the same
subgenus of Arfemisia, Absinthiwm) with which it shares mor-
phological affinity and ecology, although important chemical
differences have been detected between them. Additionally,
several cultivars of A. arborescens, such as “Brass Band’,
‘Faith Raven’, ‘Huntington’, ‘Little Mice’, ‘Porquerolles’,
and ‘Powis Castle’, are grown in gardens and are highly
prized owing to their ever-silver filigree leaves, hardiness,
and ease of reproduction by cuttings. There is a certain
amount of confusion within these cultivars (Twibell
1992, 1994), some of them being considered as simple variet-
ies or forms of A. arborescens, while others are thought to be
hybrids between A. arborescens and A. absinthium (Twibell
1992}, Others are in fact misidentifications of cultivars from
other Artemisia species that tend to be perpetuated within the
nursery trade.

There are some species closely related to A. arborescens
inhabiting Macaronesia, namely Artemisia argentea L'Hér,,
endemic to Madeira (and found on all islands in the archi-
pelago: Madeira, Porto Santo, and Desertas); Artemisia
canariensis Less. (syn. Artemisia thusenda Cav.), endemic to
the Canary Islands (where it is found on every island except
Lanzarote and Fuerteventura); and Artemisia gorgonum
Webb, endemic to the Cape Verde archipelago and detected
on the islands of Sdo Antdo, Santiago, and Fogo (Hansen
and Sunding 1993). These taxa are considered the vicariant
species of A, arborescens in Macaronesia, given that
A. arborescens itselfl is not present on these islands and that
places it usually colonizes are occupied by the above local
endemics. The Azores form an exception, however, as no
A. arborescens or similar species has been found there
(Hansen and Sunding 1993). Artemisia arborescens grows
on the North African coasts and it is likely that the presence
of these similar taxa in the archipelagos (where they would
have differentiated from their ancestor) is due to coloniza-
tion events from the mainland, as has been described in
other genera of Macaronesia (e.g.. Cheirolophus, Garnatje
1995).

Data on genome size can help to clarify many of these as-
pects. The nuclear DNA content, or C value, is considered
constant within a species: the *C" in C wvalue stands for
“constancy” (Swift 1950). Countless studies have been car-
ried out that reveal the existence of a relationship between
the nuclear DNA content of a particular species and its ecol-
ogy. distribution, life eycle, biomass production, resistance,
habit, and several other features {Bennett 1998; Bennett and
Leitch 2005). Among these investigations, many workers
have focused on re-examining this supposed species-specific
constancy, some reporting a considerable intraspecific ge-
nome size variation (Raybum el al. 1985; Thibault 1998}
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and others supporting intraspecific C-value stability (Bennett
et al. 2000; Auckland et al. 2001). Up to now, the extent of
intraspecific genome size variation has been hotly debated
(Greilhuber 2005) and some authors attribute such variation
only to methodological errors or taxa misidentification
(Greilhuber 1998, Ohri 1998). However, factors such as
changes in repetitive DNA and refrotransposon activity
iBennetzen and Kellogg 1997); chromosomal phenomena
suich as duplications, aneuploidy, and the presence of B chro-
mosomes (Poggio et al. 1998); or even the existence of di-
morphic sex chromosomes (Costich et al. 1991) can be a
source of variation within a species, among other possibili-
ties. It is believed that changes in genome size within a
species can be a true indicator of ongoing processes of
speciation or genetic divergence (Price 1976; Murray 2(1015),
although it is also true that speciation can take place without
any change in amounts of nuclear DNA (Bennett and Leitch
2005). Consequently, intraspecific C-value variation is con-
sidered in certain cases to be taxonomically significant,
because variation in nuclear DNA amounts can be indicative
of reproductive isolation and morphological diversification
{Bennett and Leitch 2005)., The availability of rapid tech-
nigues like flow cytometry has allowed us to study a consid-
erable set of populations, geographically distant to the taxa
mentioned above {and embracing almost the whole area of
distribution of a single species, A. arborescens). The possi-
bility that nuclear DNA content differs among the wild and
cultivated populations and cultivars of this species and the
similar Macaronesian taxa is tested in this study, given the
above mentioned features of this core of species. Moreover,
we have tried to solve the previously mentioned confusion
within the cultivars of A. arborescens from the analysis of
genome size data.

Materials and methods

Plant material

Young fresh leaf tissue was extracted from the studied
plants for sample preparation. Some of the seeds of the
analysed 4. arborescens were sampled from Mediterranean
populations (including both island and continental represen-
tatives), the majority of which were collected from natural
sites and one that was obtained via Index Seminum. They
were then germinated in pots and cultivated under stable
conditions in a greenhouse. Other samples were obtained
from adult specimens of A. arborescens, some of them also
collected from wild populations, some found cultivated in
gardens or acquired via plant nurseries or from the National
Council for the Conservation of Plants and Gardens (NCCPG)
Artemisia collection. Leaf tissue from the other species,
A. canariensis, A. argentea, A. gorgonum, and A. vallesiaca
AllL, as well as from the cultivars, was also obtained from
specimens in botanical and nursery gardens or from the
NCCPG Artemisia collection. Table 1 shows the populations
studied, with an indication of their origin and herbarium
voucher information. The NCCPG Artemisia collection
helds numercus plants from this genus of known wild or do-
mesticated provenance, which are grown as living speci-
mens. The collection endeavours to maintain the continuity
of living specimens and their genetic variability by vegeta-

& 2006 NRC Canada



246

Genome Vol. 49, 2006

Table 1. Provenance of the populations of Artemisia sludied,

Herbarum
Taxa Locality, collector(s), and date voucher®
A, arborescens (populations colti-  France, Pans., Purchased in a market, J. Vallés, 11-2005, BCN 28633
vated in gardens, streels, roads
Or Nurseries)
France, Cataloma, El Portis. Cuoltivated as omamental in a garden. J. Valles, BCN 28638
28-111-2005.
Moroceo, Rif. Cultivated in a private garden. O. Hidalgo & A, Romo, 20-V1- BON 28628
2005,
Spain, Catalonia, Barcelona, Montjuie, Historical Botanic Garden. M. Veny, BON 28637
[11-2005.
Spain, Catalonia, Barcelona, Montjuie, Cultivated as omamental in the nurseéry  BCN 28636
“Tres Pins”, T. Gamatje, [[1-2005,
Spain, Catalonia, La Garroixa, Besald. Planted in 2 roundabout of the road BCN 28627
from Girona to Besald, pear the “Pont Vell™, 1. Valles, 26-V1]-2005,
Spain, Madrid. Botanic Garden. J. Valles, 16-V-20035, BCN 28641
Spain, Valéncia. Purchased in the nursery “Pro Agri". J. Vallks, 1-VI-2005 BCN 28630
A. arborescens (wild populations)  Algeria. National Park of Gouraya, Bejaia. 1. Valles, 11-X-2004. BCN 28635
Algeria. Alger, Botanic Garden Essais Hamma, From a wild locality of BON 28642
Algeria, 1. Valles, 21-IX-2004,
France, Corsica, Bonifariu. Over the walls of (he ancient Citadelle. M. Bosch BCN 28640
& M. R. Orellana, 9-¥-2005.
France, Porguerolles. Maritime sands. From the Index Seminem of the Musenm  BCN 28643
of Matural History of Paris, 111-2004.
Gireece, Corfu, Armenodes, NCCPG Arfemisia. L. Chilton 1995, NCCPG 1995776
Greece, Crete. Kalyves beach. GR-128. T. Gamatje & J. Loguoe, 15-VIII-2002.  BCN 28644
Greece, Rhodes, Mount Filerimos. NCCPG Arremisia. B, Ticknper, IV-1993, NCCPG 1994/68
ltaly, Sardima, Alguero. Wayoul urban nocleous by Fertilia road margins, T. BCN 25512
Gamatje & J. Valles, 7-X11-1959,
ltaly, Sicily, Sciacea. Gole della Tardara, river Carboi, V. llardi, G. Domina & BCN 28645
C. Blanché. 10-V-2005,
Spain, Alacant, La Encina. Near “La Casa de los Comales™. T. Garnatje & R. BCN 28646
Vilatersana, 23-V-20035,
Spain, Balearic Islands, Formentera. T. Gamatje & R. Vilatersana, 18-IV-(4, BCN 28647
Spain, Balearic Islands, Formentera. T. Gamatje & R. Vilatersana, 18-1V-04, BCN 28648
Spain, Balearic Islands, Mallorca, 8" Algueria Blanca, “Santoari de la BCN 22321
Consolacia”, enclosure margins, at 200 m. 1. Vicens, 24-¥1-1997,
Spain, Balearie Islands, Meporea, Mad, Cliffs pear the harbour, 2 km from Es  BCN 22115

Cultivars of A, arborescens
‘Brass Band'
‘Faith Raven' type 1
‘Faith Raven' type 1
‘Faith Raven' type 2
‘Huntington'

‘Litthe Mice®

Little Mice'

Castell. A, Gomez, M.A. Ribera, JLA. Seoane & J, Vallés 19-1-1997,

Spain, Menorca. Cliffs at Binibeca. NCCPG Artemisia. 1. Twibell, V1II-1995.

Spain, Catalonia, Tarragona, Road from Roquetes o Alfara de Carles
(TV3422), km & (near the canal), enclosure of a house. T. Garnatje & R.
Vilatersana, 26-V-2003,

Turkey, Hatay, Samandag, Cevlik, Kral Mezarlary Mevkii, Rocky cliffs, 10 m
above sea level Fadime Gumushoga, 7-V1-2005.

England, United Kingdom, NCCPG Artemisia, Geoff Hamilton, 1989,

England, United Kingdom, NCCPG Artemizia. Faith Raven, 1990,

England, United Kingdom, NCCPG Artemisia. Ex John or Faith Raven (1969),
Via l. Goulshra, 1993,

England, United Kingdom, NCCPG Artemisia. Ex Jolm or Faith Raven (circa
1970). Via Dr. Jamison, XII-1993,

England, United Kingdom, from Heronswood Nursery Seattle USA, Via N
Pope (Hadspen House Nursery, UK) and R. Mort, 1999,

England, United Kingdom, NCCPG Artemisia 200529 from Chilton Quality
Planmis nursery. J. Twibell, 2005,

France, Theix. Purchased in the norsery “Le Clos d' Armoise”. 8. Garcia, V-
2005,

NOCCPG 19953774
BCN 28631

BCN 28629

NCCPG 1989/01
NCCPG 1990/03
NCCPG 1993/04
NCCPG 1993/05
NCCPG 199901
NCCPG 200529

BCN 28648
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Table 1. Provenance of the populations of Artemisia sludied,
Herbarium
Taxa Locality, collector(s), and date voucher®
‘Porquerclles’ France. Conservaioire Botanique de Porguerolles, near Hyeres, form of NCCPG 1990/05
unknown origin selected from trial stock of A. arborescens variants, NCCPG
Artemisia, ), Simmons (Roval Botanical Gardens, Kew), 28-X-1986,
‘Powis Castle’ England, United Kingdom. Blooms of Bressingham. NCCPG Artemisia 1. NCCPG 1988/08
Twibell, 1988,
‘Powis Castle’ Spain, Catalonia, Barcelona, Sant Andrew de Llavaneres. Purchased in the BCN 28639

Other related species and coltivars

A. absinifritm
A, absintium
A. absinthium

A, absintiitmm
A, absinthinm
A

. argeniea

A, camariensis

nursery “Sala-Graupera”, 8. Garcia & 1. Valles, [11-2005.

Armenia. NCCPG Artemisia. 1. Vallés, 1997,

Iran. Seed from Teberan Botame Garden. ). Twibell, 1994,

Spain, Andalusia. Sierra Nevada. Near Alburgoe and northern road barrier
Picos de Valetta. NCCPG Artemisia. J. Twibell, X1-2000.

Spain, Catalonia, Girona, Maganet de Cabrenys. J. Valles, [V-2003,

France, Méze. Purchased in the nursery “Pépimire Filippi™. S. Garcia, VI-2005,

Poriugal, Madeira. Wasteland next to an old wall between Madaleno do Mar
and Ponta do Sol. NCCPG Arfemisia. Bernard Tickner, 1994,
Spain, Catalonia, Barcelona, Montjuie, Botanic Garden of Barcelona, 5. Garcia,

NCCPG 1997/54
NCCPG 1994/54
NCCPG 200084
BCN 28632
BCN 28650
NCCPG 1994/90

BCN 28634

M. Veny & T, Garnatje, [11-2003.

A, gorgonim

Portugal. Cape Verde Isles, 530 Antdo, upper parl of Ribeira da Tome 1400 m NCCPG 1995/09

above sea level (seed via Bonn Botanice Garden, NCCPG Artemisia).

W. Lubin, 13-1X-1994,
A, vallesiaca

England. NCCPG Artemisia. J. Twibell, 27-V1-2005.

NCCPG 1988/30

“WVouchers deposited in the hesbarium of the Centre de Documentacid de Biodiversitat Vegetal de In Universitat de Barcelona (BCN) and in the NCCPG

Artenuisia Collection, Elsworth.

tive propagation. Collection plants are available for research
purposes or for possible future re-introduction.

Seeds of Pisum sativum “Express Long’, used as internal
standard for flow cytomeiry measurements, were obtained
from the Institul des Sciences du Végétal (Centre National
de la Recherche Scientifique, Gif-sur-Yvette, France).

DNA conient assessment

DNA 2C values of the tested species were estimated using
flow cytometry. Pisum sativum “Express Long’ (2C = 8.37
pg, Marie and Brown 1993) was used as an internal stan-
dard. Young healthy leaf tissues from the species to be stud-
ied and calibration standard were placed together in & plastic
Petri dish and chopped in Galbraith’s isolation buffer
{Galbraith et al. 1983) with a razor blade. The ameount of tar-
get species leaf (about 25 mm®) was approximately twice that
of the mternal standard. The suspension of nuclei in the iso-
lation buffer was filtered through a nylon mesh with a pore
size of 70 pum and stained for 20 min with propidium iodide
(60 pg/ml; Sigma-Aldrich Quimica, Alcobendas, Madrid,
Spamn), the chosen fluorochrome, supplemented with
100 pg/mL ribonuclease A (Boehringer, Meylan, France);
tubes were kept on ice during staining and then left at room
temperature until the measurement. For each population,
5 individuals were analyzed; 2 samples of each individual
were extracted and measured independently. Measurements
were made at the Serveis Cientificotéenics Generals de la
Universitat de Barcelona using an Epics XL flow cytometer
{Coulter Corporation, Hialeah, Fla.). The instrument was set
up with the standard configuration: excitation of the sample
was done using a standard 488 nm air-cooled argon-ion laser

at 15 mW power. Forward scatter (FSC), side scatter (33C),
and red (620 nm) fluorescence for propidium iodide were
acquired. Optical alignment was based on optimized signal
from 10 nm fuorescent beads (Immunocheck, Epics Divi-
sion, Coulter Corporation, Hialeah, Fla). Time was used as a
control of the stability of the instrument. Red fluorescence
was projected on a 1024 monoparametrical histogram.
Gating single cells by their area versus peak fluorescence
signal excluded aggregates. Acquisition was automatically
stopped at 8000 nuclei. The total nuclear DNA content was
calculated by multiplying the known DNA content in Pisum
by the quotient between the 2C peak positions of the target
species and the chosen internal standard in the histogram of
fluorescence intensities for the 10 runs, based on the as-
sumption that there is a linear correlation between the fluo-
rescence signals from stained nuclei of the unknown
specimen and the known internal standard and the DNA
amount. Mean values and standard deviations were caleu-
lated based on the results for the 5 individuals.

Statistics

Statistical analyses were carried out to evaluate the rela-
tionships between the sdied variables. All analyses were
performed with the program Statgraphics Plus 5.0 (Statisti-
cal Graphics Corp., Rockville, Md.).

Results and discussion

The results for each population are presented in Table 2.
The analyses were of good quality with a mean HPCV (half
peak coefficient of variation) of 2.72%. This is the third
study on Arfersia genome size conducted by our research
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Table 2, 2C Nuclear DNA contents of the populations studied.

i

Populations of Artemisia arborescens
Algeria— Gouraya
Algeria—FEssais Hamma
France-Corsica
France—Paris
France-Porquerolles
France— El Portis
Greece-Corfu
Greece—Crete
Greece-Rhodes
[taly—Sardinia
ltaly-Sicily
Morocco—Rif
Spain-Alacant-La Encina
Spain-Balearic Islands—Formentera (1)
Spain-Balearic [slands-Formentera (2)
Spain-Balearic [slands—Mallorea
Spain-Balearic [slands-Menorca-Binibeca
Spain-Balearic [slands—Menorca—Mad

Spain-Catalonia-Barcelona—Nursery “Tres Pins"”
Spain—Catalonia—Barcelona—Historical Botanic Garden

Spain-Botanic Garden of Madrid
Spain-Catalonia-Besali
Spain-Catalonia-Rogquetes
Spain-valtncia— ursery “Pro Agri”
Turkey—Samandag

Cultivars
‘Brass Band'

*Faith Raven’ type 1 (from J. Goulshra, UK)

'Faith Raven’ type 1 (from J. Twibell, UK}
‘Faith Raven” type 2 (UK)
‘Huntington’
‘Little Mice’ (UK)
‘Little Mice' (France—Theix)
‘Porguerolles”
‘Powis Castle’ (LK)
‘Powis Castle’ ( Spain-Catalonia—Barcelona)
Oher related species
A absimihinm (Spain-Catalonia)
A, absintfinm ( Armenia)
. absinthinm (Iran-Teheran)
. absinthinm (Spain-Sierra Nevada)
. absinthinm (France-Miaze)
. argentea
A, canariensis
A gorgonnm
A vallesiaca

4
A
4
A

2Casd (gt C value (Mbp)®

11.46£0.09 560394
11.3240,08 5535.48
11.370.12 555993
10.97+0.15 536433
11.17+0.13 53462.13
1037017 307093
10.67£0.08 5217.63
11.43+0.11 5589.27
11,.220.11 5486.58
11.30£0.19 55257

11.41£0.07 557948
11.07+0.07 5413.23
11.22+0.17 386,58
11.20+0.05 3476.8

11.28+0.15 351592
1161015 S6TT.29
11.15£0.06 5452.35
11.61£0.23 3677.29
10,74 40,24 5251.86
10, 85£0,15 33035.65
10.80+0.13 5281.2

10,350,035 061,15
11.25£0.10 5491.47
11.1520,23 545235
11.18+0.11 567.02
10,1420, 20 495846
100 14£0.20 4958.46
10 19+0.07 4985291
11.11£0.10 279

0862007 4821.54

9.73+0.05 -

0. 740,20 —
11.11£0.14 543279
10, 29+0.04 5031.81
10,360,100 66,04

B.94+0.04 4371.66

£.30+0,40 41021

8.20+0.10 4053.81

B.79+0,13 429% 31

8.79+0.28 4298.31
10.30+0.05 50367
10.63£0.17 5198.07
10.24+0.17 S007.36

9.81+0.13 2398.55

“2C nuclear DNA content (mean value + standard deviation of 10 samples).

I Mbp = 1.0224 % 107 pg (Dolefel et al. 2003).

team (Torrell and Valles 2001; Garcia et al. 20043, but the
first focused on intraspecific variation and plant domestica-
tion within a single species. Previously, other works on ge-
nome size reported C values for 7 Artemisia species (Nagl
and Ehrendorfer 1974; Geber and Hasibeder 1980; Greilhuber
1988; Bennett and Smith 1991). According to the categories

of genome size {Soltis et al. 2003), the species reported in this
study should be considered intermediate (< 3.5 to 14.0 pg).
In the present work, 2C nuclear DNA content was deter-
mined for the first time for A. arborescens. Flow cytometry
was used to analyse 35 populations of this species, which
represent most of its distribution in the whole Mediterranean
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basin, as well as some cultivaied forms and cultivars
(17 wild populations, 8 cultivated in gardens or roads, and
10 populations of 6 cultivars of A. arborescens). The highest
2C walues are those of the population from Mallorca and a
population from Menorca (11.61 pg); the lowest value is the
one corresponding to “Little Mice” (9.73 pg). Additionally,
values obtained for A. absinthium, A. argeniea, and
A. canariensis are consistent with those from previous stud-
ies, namely 8.32 pe in Torrell and Vallés (2001) and 9.06 pg
in Garcia et al. (2004) for A. absinthinm (conversely, Nagl
and Ehrendorfer (1974) gave a lower estimate for this spe-
cies, 7.30 pg), 10.25 pe for A. argentea (Greilhuber 1988),
and 10.52 pg for A. thuscula (syn. A. canariensis) in Torrell
and Vallés (2001). In accordance with the data from the
plant DNA C-value database (Bennett and Leitch 2004),
these are also first estimates of 2C value for the Cape Verde
endemism A. gorgonum, and for A. vallesiaca, which has
been analysed to compare with “Little Mice” (this point will
be discussed later). All species studied share the same chro-
mosome number, 2n = 18, according to Kawatani and Ohno
{1964), Borgen (19753, and Torrell et al, (1999, 2001}, with
the exception of A. vallesiaca, with 2n = 36 (Kawatani and
Ohno 1964,

The rank of variation within A. arborescens is 7.8%
within the cultivated populations, 14% within the studied
cultivars, and up to 8.8% within the wild populations. This
percentage of intraspecific genome size variation within
A. arborescens is not especially high and, strictly speaking,
the variation detected for this species should be referred to
that found for the wild populations. For the populations of
A. absinthinm analysed, the intraspecific variation is even
lower (6%, although they come from very different and dis-
tant geographical locations, it must be outlined that only 5
populations have been studied (because the study was not
focused on this species),

Some of the specimens analysed came directly from natu-
ral populations, although most of them were grown in a
greenhouse under controlled conditions. The fact that not all
of the plants were grown under identical conditions could
have caused errors owing to the differential presence of
cytosolic compounds. However, given that all specimens oc-
cupy fairly similar environments in the Mediterranean re-
gion, the moderately low degree of intraspecific variation
found (which does not reach 10%, excluding the cultivars),
and the absence in Arfemisia of some of the compounds that
are known to have caused biases in the genome size assess-
ments (such as chlorogenic acid or caffeine, Noirot et al.
2000, 2003), we believe that the effect of interference with
DNA staining of cytosolic compounds, if present, is not
quite meaningful in this particular case.

Compared with other studies, similar variation in genome
size within a single species has been detected. For instance,
there was a 1.1-fold difference befween accessions of
Arabidopsis thaliana in a study performed by Schmuts et al.
(2004}). In that work, significant differences (p < 0.03) were
found between all measuremenis of the 5 largest diploids
and the 3 accessions with the smallest genome size. Also, in
Silene latifolia, divergences between male and female indi-
viduals from the same population and between geographi-
cally separated populations have been reported (Meagher
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and Costich 1994 1996; Meagher et al. 2005). On the other
hand, many studies show a lower percentage of intraspecific
variation. In a study on nuclear DNA amounts of different
and geographically isolated populations of Sesleria albicans,
even though only 1.6% variation had been detected, the au-
thors found it to be statistically significant (Lysdk et al.
20000, In Hordewm spontanewm, where genome size for pop-
ulations representing wide ecological and geographical dif-
ferences were measured, statistically significant variation up
to 5% was found (Turpeinen et al. 1999). This is also the
case in Armeria marifima, in which genome size variation of
7% was related to geographic origin (Vekemans et al. 1996},

Although many of the examples of intraspecific C-value
variation have, lately, shown to be artefacts of the measure-
ment methods (Greilhuber 2005; Murray 2005) many reports
continue to be published that document genuine intraspecific
C-value vanation where the appropriate controls and stan-
dards have been used (Bennett and Thomas 1991; Reeves et
al. 1998; Hall et al. 2000, Moscone et al, 2003). Since it is
known that the estimated 25 000 to 50 000 genes encoded in
a eukaryotic genome make up only approximately (.12 pg of
DNA (Narayan 1998), that the variation probably takes place
in the non-coding companent of the genome, which is mainly
formed by repetitive DNA (Barakat et al. 1997; Flavell et al.
1997), and that several molecular mechanisms are known
that could be responsible for a decrease or an increase in
genome size, such as the presence of B chromosomes or
transposable elemenis (more than 60% of some plant
genomes are comprised of transposable elements and mostly
their defunct remnants (Bennetzen and Kellogg 1997)), it is
possible that the C value of a species, although fairly con-
stant, allows a certain reasonable degree of variation, and
thus may not be strictly constant. All things considered,
given that measurements were always made with the same
internal standard and with the same flow cytometer for each
taxon, we believe that the differences detected in this study
reflect authentic intraspecific variation,

Effect of domestication, hybrid origin, or both
As has been stated before, we have studied 17 wild popu-
lations, 8 populations corresponding to specimens of
A. arborescens found cultivated in gardens, roads or nurser-
ies and 10 corresponding to 6 different cultivars of this spe-
cies. Among the cultivars of A. arborescens there are cerlain
points of confusion:
‘Powis Castle’ — Although many nurseries sell this as a
form of A. arborescens, some others suggest that this is
a hybrid between A. arborescens and A. absinthinm (this
will be detailed further on}.
‘Brass Band’ — This plant is believed to be identical to
‘Powis Castle” (Twibell 1992).
‘Faith Raven' — There are 2 different plants in circula-
tion under this epithet, namely type 1, which is also
thought to be the same as ‘Powis Castle’, and type 2,
which is closer to typical A. arborescens (Twibell 1994).
‘Porquerolles’ — A compact form of unknown origin
selected from a trial of A. arborescens variants at the
Porquerolles Botanic Garden near Marseille (France).
‘Huntington® — Another form of intermediate character
(or possible hybrid) somewhere between A absinthinm
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and A, arborescens. This plant supposedly eriginated
from the Huntington Botanic Garden (San Barine, Ca-
lif), but iz not officially ecognised thers,

‘Little Mice’ — Enown az "the little brother” of A, arbe-
resceny in the mursary trade and sold as a cultivar of this
specias, howewer, morphological evidence supports that
‘Little Mice® is closer to spacies fom the Artemisiq sub-
gatis Seriphidiom, paticulatly to A, wallesigog, than to
those fom subgenus Abgsiathiem, to which 4. ador-
escens belongs

To reveal the swistence of infraspecific genome size varia-
tion according to the degree of domestication between the
different populations of 4. arborescens, an ANOVA was par-
formned that resulted in statistically significant differences
(P = 000003 The populations studisd wers classifiad in 3
categorias: wild, cultivated, and eultivars (Fig 1) The wild
populations had significantly larger genome sizes than the
cultivated populations (approximately 5%, and werz also
larger than the known cultivars (nearly 2%) such as "FPowis
iCastla’, ‘Faith Eaven’, ‘Porquercllas’, and ‘Huntington® ac-
cording to the means comparson test (based on Tukey's
heongsfly significant difference procedurs, HSD). Ancther
ANOVA was parformead sxeluding the most deubtfil cultivats
of 4. adorescens, namely ‘Little Bice® and “Hurtingten'
(Fig, 2y, and statistically significant differences were found
batwaan the 2 groups (F = 0.0000), although means for the
cultivars (10.48) and cultivated (10.78) ware not sgnifi-
cantly different in the means comparison test. Finally, an ad-
ditional AMOVA was done considering ‘Porquerelles’ and
‘Faith Eaven' type 2 as cultivated, given their higher mor-
phological affinity to A arborescens than to the other
cultivars, again, statistically significant differances (F =
0.0000) betwesn the groups were detected, with all of the
means significantly differant from each other in the means
cotnparison test (Fig, 30,

Given thess resultz, it 18 conceivable that the process of
demestication in 4 qrborescens has lead to a progresaiva
dirninution of its genome. In fact, some of the cultivars
of this spacies show a clearly different aspeset fom wild
A arbarescens, with a smaller size of a more compact and
alvery-gray foliage and a slightly different odour, The ss-
seniee of thess plants has been analysed by Twibell (1992),
who found divergences in their vapour profiles. The decreass
in genere size of the cultivars with respact to the original
species has also baan detectad in other plants, particularly in
crops, Magato 2t al. (19810 and Yamamoto and MNagato
(1984} reporad that in Asan rice and soybean, senome size
of cultivars was smaller than that of their wild progenitors,

ion the other hand, a likely hybrid origin of some of the
cultivars could sxplain these differences in genome size,
eepecially thoss betwean the wild populations and the
cultivars, According to Thomas (1982), the varsty ‘Powis
iCastle’ iz reputed to be a hybrid of A absinthies and
A agrborescens, tut contrary to popular opinden, it did not
originate in the MNational Trust garden at Powis Castle (Wales,
UKD The plant was actually taken as a cutting fom a plant
in a gardan (open under the MNational Gardens Scheme) by
Ny Hatweock (eirca 1969-1971), who later (in 1972) ba-
catne the Head Gardensr at Powis Castle (Haneoek 1001,
private communication). The souree of the ornginal plant
rernains unclaar, As Twiball (1992) axplains, ong possibla
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Fig. 1. Box-and-whiskar plot of the statistical analyeis (ATTORA)
of 2C muclaar DIMA contznt (pg) ws. domastication. Statistically
significant diffarancas (F = 00000) betwean cultivars and culti-
vated and wild Armizic arborescens. The data are divided info
4 aqual arzas of fraquancy (quartilas). A box snclosss the middla
30 parcant, whera the median is drawn as a vertica line insids
tha bos, The + symbal shows the place of the mean walue of the
sampls. Horizontal lines (whiskars) 2uxtend from 2ach and of the
box. The laft {or lower) whiskar is drawn from the lowsr quartila
to tha smallast point within 1.3 interguartile rangas from the
longrar quartila, The othar whisker is drawn from the upper quar-
tila. Tha axtzmal points arz thoss suwceading mors than 1.5
intarquartile rangas, and thay are raprasantzd with the symbol &

Cultivated — +
Chaltivars | H S
WWild i Hi{
07 101 105 100 13 "y

2C nuclear DNA content (pg)

Fig. 2. Box-and-whiskar plot of the statistical analysis (ATTORNA)
of 2C muclaar DIMA contznt (pg) ws. domastication. Statistically
significant diffarancas (Ff = 00000} betwaan cultivars, doubitful
cultivars (danctzd with an asterisk, including “Littla Mlice’ and
‘Huntington®), and cultivated and wild Arkemisic arboresens,
Boxas warz plottad as dascribad in the caption for Fig 1

Cultivated —
Cultivars +
Cultivars™® |Z|
WWild . H+ —
a7 101 w0s 108 a3 e

2C nuclear DA content (pg)

basiz for the hybrid erigin theory of this and other cultivars
tmight derive from their behaviour if sevarely cut back dur-
ing the growing ssasen, condiions in which the plants
produce simpler greener laaves to manimize photosynthesis,
Thess laavas ara fairly similar to thoss of A absinthiem, and
the charactenstic silver filiores leaves of A arborescens de-
valop subsaquently, Additionally, most of thess varistiss ars
eseentially non-flowsering forms (Twibell 1092), another sign
of their possible hybrid origin, In this s2nse, 1f we caleulats
the mean value of genore aize data (2T waluss) for wild
A, ghgiathivm (8,600 and wild 4. arborescens (11.28), and
alzn the mean betwean thess ficures — which would corre-
spond to, moers of lass, the expected value for their hybnd —
the resulting mumnber (8.94) is close to the nuclear DNA
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Fig. 3. Box-mmd-whiskar plot of the statistical analysis CATJOWA)
of 2C nuclear DMA contant (pg) s, domastication. Statistically
significant diffarancas (F = 0.0000) batwean cultivars and culti-
watad (neluding ‘Porquarollas’ and “Faith Eaven’ typa 2) and
wild Aréemisic arborescens. Boxas ware plottad as dascribed in
tha caption for Fig. 1

Cultivated

Cultivars | H +|

Wild * HT

a.7 0.1 10.5 109 11.2 1.7

2C nuclear DA content (pg)

arneount shown by some of the cultivars, On the one hand,
‘FPowiz Castle’, “Faith Raven’ type 1, and ‘Brass Band®
chow wary aimilar geneme sizes (mean 20 nuclsar DNA
atnount = 10,223, a fact that would support them baing the
satne cultivar but with different names; on the other hand,
‘Huntington® has a dightly amaller genome dze, only 9,86
pe. The hypothess of the hybrid origin of some of thess
cultivars iz supported by thess findings, the former ones be-
ing cleser to A arborescens and the latter eleser
to A absiathiem on the basis of their genome sizes Littla
Mbdice’ has not been included here for the reasons mentionsd
garlier; however, its genorne sze (20 = 872 ped is elossr to
that of 4. vallericea (20 = 9,81 pg) than to thoss of the wild
of cultivated A arborescens, This, the fact that no hybrid or-
igin iz suspected for “Little Bdics’, and also the very closs
morphological affinity with 4 wallesicez, lead us to the con-
clusion that this is nof, indsed, a true cultivar of the tree
wortw ood,

Influence of inslarity

bany of the wild populations of A, @b orescens analyzad
cotne from Meaditerranean islands, and others are of conti-
nental orngin, [t iz thought that insular selection pressures
can propitiate amaller geneme sizes; in this senss, Suda et
al., (2003) postulated in a recent work that selection pres-
surzs acting on Macaronssian archipelagos favourad amall
2C walues, The same findings have bean reported in the insu-
lar reprasentatives of the cenns Cheirolophas (T Garnatje, 5.
Crarcia, and M. A, Canela, unpublished). T teat this hypothe-
as, an ANMCWVA was parformed betwaean the insular and con-
tinental 4 arborescens (considering  both  wild  and
cultivated, see Fig 4), Insular speeies were found to havae
agmificantly higher genome sizes (20 valuss) than continen-
tal specizs (P = 0.0182). Howewer, the fact that all of the
cultivated spacias are continental cowld have biassd the anal-
vas, this differance baing a conssquence of the domeastica-
tion process rather than a genuine difference between island
and continental populations. Therafore, the AMOVA was
carried out considering only the wild populations, and the
difference was no longsr significant (P = 0.9799), In other
words, island and continental populations are quite aqual in

281

Fig. 4. Bo-and-whiskar plot of the statistical analyeis (ATTORA)
of 2C muclaar DIMA contznt (pgh ws. insulanity, Statistically sig-
nificant diffarancas (2 = Q0182) betwaen continantal and insulsr
popdlations of Arfemisia arborescens, Bomas were plotted as da-
seribad in the caption for Fig L

Continental — +|

Insular . H+ —

a.7 10.1 10.5 108 11.3 117

2C nuclear DMNA amount (pg)

termns of genome aze, reinforcing the notion that genome
aze iz fairly constant within a spaciss.

Evidence of speciation

Cornparing the mean genome sz of the wild populations
of A arbarescens with those of the spacizs occupying the
same scogeographical placement in some of the islands of
Macaronesia (.2, 4 argentex in Madeira, 4 camariensis in
the Canary Islands, and A gorgonwm in Cape Verds), it is
fioticeable that the latter have considerably lass mrlear DA
than the forrrern As has been previously stated, it 15 quite pos-
able that these Macaronzsian specizs are the vicariants of
A arborescens, as all of them have high morphological affin-
ity and the satne chromoesome mumber and also all sccupy the
satne acological niche that 4 adorescens would fill if pressnt
in Macaronesia, In other words, these Macaronssian taxa
could have undargons a process of speciation, which proba-
bly has bean reflected in a decraase in genome size owing to
stronger selective constraints in the Atflantic islands com-
parad with the Mediterransan islands, where the studisd
poplations of A arborescens orow, As previously stated,
inanlar selaction pressurzs in Macaronssia have favoursd
amaller genome sizes. Bacause nons of Macaronssian is-
lands were part of a continent, the native plants probably
reached the island by long-distance disparsal. Given that
A arbarescens 18 also present on the Morth Affican coast (2
of the populations studied come from Morth Africa: 2 from
Algeria and 1 from Morocee), it is likely that seeds from
these continental populations propagated to Bacaronsaian
archipelagos, and subsequently differentiated into ssparated
species, as an adaptive respotse to sach of the wvarious is-
lands® snvirommetts (this mechanisin has also been described
for other Macaronesian taxa, Garnatje 1995), Actually, it has
baen shown that evolutionary phenomena of spaciation and
adaptive radiation occur faster in insular scosystems, partic-
warly in oceanic islands, than on continents (Garefa-
Talavera 19993, Cn the other hand, the fact that nons of
these taxa are prassnt on Lanzarote or Fusrteventura, which
ara the closest islands to the Morth African coast, 15 probably
duz to the high volcanic activity on thess islands in the past
iwhich could have caused tnassive speciss autinction) and
their partieularly arid elimatic conditions
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Speciation may occur without any detectable change in
2C values (Bennett and Leitch 2003), but there are available
examples of considerable intraspecific genome-gize variation
that, together with clear morphological and ecological differ-
ences, can lead to species split (the case of Lachnagrosiis
littoralis, Murray 2005). Amidst the known mechanisms that
can lead to a genome size decrease there are the processes of
unequal intrastrand homologous recombination, the illegiti-
mate recombination or the loss of DNA during the repair of
double-stranded breaks. The available studies suggest that
deletion mechanisms may play a more prominent role in ge-
nome size evolution than previously thought (Bennett and
Leiteh 2005),

Concluding remarks

Although moderately low, genuine intraspecific variation
has been found within the different populations of A. arbo-
rescens and A absimthivm analysed. Tt has been clearly
shown that genome size varies greatly across plant species
and that both increases and decreases can be related to eve-
lutionary events (Bennett and Leitch 20035; Cullis 20035). Al-
though evolution can point to a gain in total nuclear DNA
amount in a certain group of taxa, in some others the ten-
dency is to reduce it; consequently, it is extremely difficult,
if not impossible, to establish a general pattern of change in
genome size. As Bennett and Leitch (2003) stated, variation
in DNA amount between species begins with changes within
species. This implicitly recognizes that C values are fairly
constant, but allows a certain degree of intraspecific varia-
tion. If we accept the existence of a certain degree of intra-
specific wvariation, and also accept that genome-size
diversification is an important process during speciation in
plants (Greilhuber 1998; Soltis et al. 2003}, we must wonder
what percentage of variation is acceptable within a single
species. There is a similar dilemma in the issue of establish-
ing a sufficient amount of genetic differentiation that can be
associated with speciation, because there are studies showing
that extensive amounts of genetic differentiation are related
with speciation, although not all the variability observed can
be directly related to the speciation process (Hancock 2003},
Ultimately, what is questioned here is the concept of a spe-
cies. Additional comparative studies on genome size variation
within a species in relation to morphological, environmental,
or ecogeographical differences between its populations are
needed to establish such a eriterion,

Additionally, this study has also helped to clarify the con-
fusion existing within the different cultivars of A. arborescens
using dala on nuclear DNA amounts. From our findings, we
conclude that ‘Powis Castle’ and ‘Huntington® originated
from a hybrid belween A. arborescens and A. absinthinm,
that ‘Brass Band’ and ‘Faith Raven’ type 1 are the same as
‘Powis Castle’, and that ‘Porquerolles’ and ‘Faith Raven'
type 2 are simply cultivated forms of A arborescens.
Finally, “Little Mice’ is not a cultivar of A. arborescens at
all; from its morphological appearance and genome size, it is
closer to species from the subgenus Seriphidium.
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5. Colocalitzacio extensiva del DNA ribosomic (18S-5,85-26S i 5S) en les artemisies
endemiques d’America del Nord (subgénere Tridentatae, Artemisia, Asteraceae)

revelada per FISH.

Sonia GARCIA, Teresa GARNATIE, Oriane HIDALGO, Sonja SILJAK-YAKOVLEV i Joan
VALLES.

Plant Systematics and Evolution, en premsa.

S'han dut a terme bandatges amb cromomicina As i assaigs d’hibridacio in situ
fluorescent en sis especies d'Artemisia, amb especial emfasi en el subgenere Tridentatae.
S’han calculat les dades morfomeétriques dels cariotip i s’han construit idiogrames amb
les posicions de les regions riques GC i els Joci del DNA ribosomal 185-5.85.26S i 5S. Tots
aquests loci son colocalitzats i, fins alla on sabem, aquesta és la primera vegada dins de la
familia de les Asteraceae i en les angiospermes en general que es detecta una
colocalitzacid dels dos tipus de DNA ribosdomic en tots els loci marcats. A més, s’ha
avaluat l'activitat de les regions organitzadores nucleolars (NORs) mitjancant la tincio
amb nitrat de plata. El subgenere Tridentatae es pot considerar, des d'aquest punt de
vista, un grup citogeneticament homogeni, la qual cosa suggereix que l'evolucié
d'aquestes especies no ha estat acompanyada de grans reorganitzacions cariotipiques.
No obstant aix0, algunes especies que sén taxonomicament conflictives també mostren
diferéncies substancials respecte del patrd general. Finalment, es detecta perdua en el
nombre de loci de DNA ribosomic en un taxon tetraploide respecte als diploides
estudiats. Aquestes dades ajuden a comprendre millor les relacions interespecifiques
entre els taxons estudiats, aixi com les relacions sistematiques i evolutives en el

subgénere Tridentatae en conjunt.
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Abstract. Chromomycin A3 banding and fluores-
cent in situ hybridization (FISH) have been
performed for six Artemisia species with special
emphasis on subgenus Tridentatae. Morphometri-
cal data on karyotype characters were calculated
and idiograms with the position of GC-rich regions
and 18S-5.8S-26S and 58S sites of ribosomal DNA
were constructed. These sites were all colocalized.
To our knowledge, this is the first time in the large
family Asteraceae, indeed in angiosperms in gen-
eral, that colocalization of the two rDNA regions
studied is found at every single marked locus. In
addition, transcriptionally active nucleolar orga-
nizer regions were detected after silver nitrate
staining. Tridentatae is a cytogenetically homoge-
neous subgenus, which suggests that evolution of
these species has not been coupled with important
karyotypic reorganization. However, a few species
are taxonomically difficult and show substantial
differences. A loss of rDNA loci has been detected
in a tetraploid taxon with respect to the diploids
studied. These data provide clarifying insight into
interspecific relationships between the studied taxa
and overall evolutionary and systematic relation-
ships of the Tridentatae.

Key words: Colocalization, Compositae, diploidiz-
ation, fluorochrome banding, fluorescent in situ
hybridization, genome organization, nucleolar
organizing regions.

Introduction

The genus Artemisia L. (Asteraceae, Anthemi-
deae, Artemisiinae) is one of the largest
Asteraceae genera, comprising some 500 spe-
cies, with many economically important uses
(food, medicine or forage, among others). The
genus is currently divided into five main
groups [Artemisia, Absinthium (Mill.) Less.,
Dracunculus (Besser) Rydb., Seriphidium Bes-
ser and Tridentatae (Rydb.) McArthur] but
subgeneric classification is subject to rear-
rangements in the light of recent molecular
studies (Valles et al. 2003). From a cytological
perspective, Artemisia has been extensively
investigated, with many recent chromo-
some records (Vallés et al. 2005, Garcia et al.
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2006, Pellicer et al. 2007) and molecular
cytogenetic studies (Torrell et al. 2001, 2003).

The subgenus Tridentatae is endemic to
western North America. Broadly defined, it
consists of 10 to 13 species (depending on the
authors; see Shultz, 2005 for a recent sum-
mary) of perennial shrubs. These plants,
known as sagebrushes, are landscape-domi-
nant, and among the most common woody
plants in North America. Polyploidy and
hybridization are processes which have facili-
tated speciation in this group (McArthur et al.
1981, McArthur and Sanderson 1999). The
subgenus is considered to be monophyletic and
homogeneous but there remain some unre-
solved taxonomic problems (Kornkven et al.
1998, Vallgs et al. 2003).

The sagebrushes have also been the subject
of several comprehensive chromosome studies
(Ward 1953, McArthur et al. 1981, McArthur
and Sanderson 1999), which have established x
= 9 as the base chromosome number. The
current study is the first to focus on molecular
cytogenetics of the Tridentatae. Fluorescent in
situ hybridization (FISH) and fluorochrome
banding data are useful analytical tools in
elucidating systematic and evolutionary rela-
tionships within a group of closely related
species (Zoldos et al. 1999). The sites of
ribosomal genes constitute reliable landmarks
for chromosome identification (Castilho and
Heslop-Harrison 1995). The number of rDNA
chromosomal loci, as well as the number of
rDNA repeats within the genome, mostly
vary between related species, thus revealing
their relationships (Maluszynska and Heslop-
Harrison 1991, Cerbah et al. 1998). Herein, we
present karyotypes of five taxa of subgenus
Tridentatae and of a species, A. filifolia Torr.
(subgenus Dracunculus), which previous stud-
ies suggested may be related to the Tridentatae
(McArthur and Pope 1979, Kornkven et al.
1999). The five Tridentatae taxa are A. argill-
osa Beetle, A. cana Pursh. ssp. bolanderi (Gray)
G. H. Ward, A. pygmaea Gray, A. rigida
(Nutt.) Gray, and A. tripartita Rydb. ssp.
rupicola Beetle. The placement of Artemisia
pvgmaea and A. rigida has been questioned

several times (Kornkven et al. 1999 and
references therein); A. argillosa is a narrow
endemic not always recognized as a distinct
taxon (Shultz 2005). The main objectives of
our study were: a) to characterize the patterns
of distribution of GC-rich bands and of these
ribosomal gene families; b) to detect any
karyological difference taxonomically relevant
between these taxa; ¢) to compare with previ-
ous results in Artemisia (Torrell et al. 2003,
and references therein); d) to analyse these new
data in view of their recently studied genome
sizes (Garcia et al. unpubl. data); and finally, )
the elucidation of evolutionary shifts of rDNA
organization in different ploidy levels.

Materials and methods

Plant material. Ripe achenes from adult plants
were collected from wild populations of each taxon.
Root tip meristems from seedlings were obtained
by germinating them on wet filter paper in Petri
dishes in the dark at room temperature. An
indication of the provenance of the species studied
is shown in Table 1.

Chromosome preparations. Root tips were pre-
treated with 0.05% aqueous colchicine, at room
temperature, for 2 hours 30 minutes to 4 hours. The
material was fixed in absolute ethanol and glacial
acetic acid (3:1) and then stored at 4°C for 48
hours. Subsequently, the materials were transferred
to 70% ethanol and stored at 4°C.

In order to obtain the karyotypes, samples
were hydrolyzed in 1 N HCI for 2-6 minutes at
60°C, stained in 1% aqueous aceto-orcein for 1-2
hours at room temperature, squashed and mounted
in a drop of 45% acetic acid-glycerol (9:1).

The chromosome preparations for fluoro-
chrome banding, silver staining and in situ hybrid-
ization were done using the air-drying technique of
Geber and Schweizer (1987), with some modifica-
tions: root tips were washed with agitation in
citrate buffer (0.01 M citric acid — sodium citrate,
pH = 4.6) for 15 minutes, excised, and incubated
in an enzyme solution [4% cellulase Onozuka R10
(Yakult Honsha), 1% pectolyase Y23 (Sigma) and
4% hemicellulase (Sigma)] at 37°C for 20 to 25
minutes, depending on the species and meriste-
matic thickness. The lysate of 810 root-tips was
centrifuged twice in 100 pl buffer and once in
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Table 1. Provenance of the populations of Artemisia studied

Taxon Origin of materials

Collection number!

A. argillosa

A. cana ssp. 17 km northwest of Bridgeport,

bolanderi Mono Co., California. 2,270 m.
A. filifolia Moccasin, Mohave Co. Arizona. 1,585 m.
A. pygmaea Yuba Dam Road, Juab Co. Utah. 1,535 m.
A. rigida Malheur Reservoir, Malheur Co., Oregon.

1,035 m.
Pole Mountain, Albany Co.,
Wyoming. 2,647 m.

A. tripartita
SSp. rupicola

Coalmont, Jackson Co., Colorado. 2,489 m.

McArthur and Sanderson 3034.
November 5, 2004.
McArthur 3047. November 20, 2004.

McArthur 2868. December 28, 2003.

McArthur 2870. December 28, 2003.

McArthur and Sanderson 2859.
November 11, 2003.

McArthur and Sanderson 3033.
November 5, 2004.

The superscript indicates:'E. D. McArthur collection numbers (with collector and date of collection);
vouchers are deposited in the herbarium of the Rocky Mountain Research Station, Provo, USA (SSLP)

100 pl fixative, at 4000 rpm for 5 minutes for each
centrifugation, and removing the supernatant each
time. The final pellet was resuspended in 50 pl of
fixative, about 10 ul were dropped onto a clean
slide, and air-dried. This technique has provided
good metaphase spreads with low background due
to the minimum presence of cytoplasm, which has
resulted in a high reproducibility of FISH signals.

Fluorochrome banding. In order to reveal
GC-rich DNA bands, chromomycin Az was
used, following the protocol in Vallés and Siljak-
Yakovlev (1997). To detect the presence of AT-rich
chromosome regions, we used bisbenzimide
Hoechst 33258 but this method did not reveal such
zones in any of the analyzed species.

Fluorescent in situ hybridization. DNA hybrid-
ization was carried out following Torrell et al.
(2003), with minor changes: the 18S-5.8S-26S
rDNA probe was labelled with direct Cy3 -red-
(Amersham) and the 5S rDNA probe with digoxi-
genin-11-dUTP -green- (Boehringer Mannheim).
The preparations were counterstained with Vecta-
shield (Vector Laboratories), a mounting medium
containing DAPI.

Silver staining. To determine the transcriptional
activity of the 18S-5.85-26S ribosomal genes (nucle-
olar organizer regions, NORs), the silver nitrate
staining was performed, as two or more pairs of these
sites were detected in all species. The protocol
followed was that of Kavalco and Pazza (2004) with
slight modifications. Two drops of 1% aqueous
gelatine solution with 0.25% formic acid and four
drops of silver nitrate at 25% were placed on test
slides which were then incubated for 5-10 minutes at
65°C. After incubation, the coverslips were removed

and the slides were washed under tap water, stained
with 5% Giemsa for 30 seconds and air dried.

Karyological analyses. Several micromorphic
measurements and subsequent analyses were per-
formed (see Table 2 for details). Data of the total
karyotype length were also calculated, and nuclear
DNA content (Garcia et al., unpubl. data) is
included for comparative purposes. These data
were used to construct idiograms (mean values
were obtained from at least five metaphase plates
corresponding to five different individuals for each
taxa, Fig. 1).

The best plates were photographed with a digital
camera (AxioCam MRc5 Zeiss) coupled on a Zeiss
Axioplan microscope and images were analyzed
with Axio Vision Ac software version 4.2. FISH
preparations were observed with an epifluorescent
Zeiss Axiophot microscope with different combina-
tions of Zeiss excitation and emission filter sets (01,
07 and 15). Hybridization signals were analyzed and
photographed using the highly sensitive CCD cam-
era (Princeton Instruments), and an image analyser
software (Metavue, version 4.6, Molecular Devices
Corporation). Morphometric karyotypic parame-
ters were calculated with MicroMeasure 3.3 (Colo-
rado State University). Graphics of the haploid
idiograms were performed with PowerPoint (Micro-
soft Office XP Professional v. SP3).

Results

All the taxa studied have the same chromo-
some number, 2n = 18, except A4. argillosa, a
tetraploid with 2n = 36. In three species, the
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Fig. 1. Fluorochrome banding with chromomycin (a, ¢, e, f, g, i, k), fluorescent in situ hybridization (b, d, h, j, I)
and haploid idiograms (m-r) of the different taxa studied. Scale bars = 10 um for photographs and idiograms.
(a, b, m) A. argillosa. (c, d, n) A. cana ssp. bolanderi. (e, f, 0) A. filifolia. (g, h, p) A. pygmaea. (i, j, q) A. rigida;
arrows in picture “i” indicate B chromosomes. (k, 1, r) A. tripartita ssp. rupicola. @ Chromomycin W DAPI m
18S-5.85-26S rDNA loci m 5S rDNA loci

presence of B-chromosomes was detected. The  (1964) classification system. According to
chromosomes were all metacentric (m) or  Stebbins’ classification (1971), these species
submetacentric (sm) by the Levan et al. belong to the most symmetrical types, 1A, 2A



84 S. Garcia et al.: Molecular cytogenetic studies on the Tridentatae

and 1B (Table 2). Secondary constrictions
were observed in all taxa, particularly in the
2nd and 8th chromosome pairs. The total
karyotype length (TKL) was also calculated,
ranging from 85.75 to 226.79 ym. A summary
of all these morphometrical data is presented
in Table 2 and Fig. 1.

With regard to the fluorochrome banding,
GC-rich regions were detected in all species,
from only four in A. filifolia (Fig. le, 0), six in
the remaining diploid Artemisia, and 16 in the
tetraploid A. argillosa (Fig. la, m). In situ
experiments revealed the presence of 18S-5.8S-
26S and 5S rDNA loci (colocalized) in all
species, and almost always colocalized with
chromomycin positive bands. DAPI used as a
counterstaining in hybridization experiments
showed 26 bands in the tetraploid taxon, but
as these bands were not visible in all the species
they have not been considered for systematic
purposes and these results are not shown in the
idiograms. With respect to silver staining, in all
cases excepting two (4. argillosa and A. rigida),
the maximum number of stained nucleoli
corresponded to the number of 18S-5.85-26S
regions. Banding, FISH and data concerning
the NORs of the species studied are also
presented in Fig. 1 and Table 2.

Discussion

Morphometrical data. Karyotype morphology
is rather homogeneous in the taxa studied. As
a general rule in the diploids, there are 7 to
8 metacentric (m) and 1 to 2 submetacentric
(sm) chromosome pairs. These results are
similar to those reported by McArthur et al.
(1981) for the Tridentatae: 5 metacentric,
3 submetacentric and 1 subtelocentric chro-
mosomes, using a different analytic technique.
As previously pointed, secondary constrictions
(SC) and satellites (SAT) can be viewed. It is
possible, however, that more SC are present
but not always visible due to a high degree of
chromatin condensation, so they have not been
used as for chromosome identification (Vischi
et al. 2003). Morphometrical data of the
tetraploid species correspond to an almost

doubled diploid Tridentatae karyotype. These
findings rather agree with the statements of
McArthur and Sanderson (1999) about the
fairly homogeneous Tridentatae karyotype.
Persson (1974) reported that the whole genus
Artemisia has a relatively similar karyotypic
morphology. Moreover, the karyotypes are
both symmetrical and very similar for all
species included in this study, which is also
consistent with the high morphological simi-
larity reported for the Tridentatae as a whole
(McArthur et al. 1981, McArthur and Sander-
son 1999). Karyotypic symmetry is a common
feature in the tribe Anthemideae (Schweizer
and Ehrendorfer 1983), and our current data
confirm previous findings in these genus and
subgenus. Although Stebbins (1971) consid-
ered that the evolution leads to an increase of
karyotypic asymmetry, he and other authors
have also suggested another interpretation, i.e.
a derived secondary karyotypic symmetry
caused by chromosomal rearrangements pro-
duced, for example, by fusions between acro-
centric chromosomes (Vallés 1987, Garnatje
et al. 2004). This is more consistent with the
systematic placement of Artemisia in one of the
most advanced angiosperm families, and in
particular with the hypothesis that subgenus
Tridentatae also occupies a derived position
within this genus.

Morphometrical data also support the
observation of McArthur and Pope (1979)
that the karyotype of A. filifolia is fairly similar
to the Tridentatae karyotype pattern (Table 2,
Fig. 1e,0). However, the total karyotype
length of A. filifolia is less than those of the
diploid Tridentatae species analyzed, consis-
tently with its lower genome size (Garcia et al.,
unpubl. data), and with a different signal
pattern (this point will be commented after-
wards).

The single tetraploid taxon analyzed in
this study, A. argillosa, displays the less
symmetrical karyotype (1B). As illustrated
in Fig. la, b, m, A. argillosa chromosome
pairs are more different in length between each
other than in other species in this study. This is
particularly true for the first and second
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chromosome pairs, which are expected to be
rather similar as they belong to the same
quartet of the tetraploid. Such a difference had
been previously observed in other Artemisia
polyploids (Valles 1987, Vallés and Siljak-
Yakovlev 1997). Two possibilities may explain
these observations. It could be interpreted as
a sign of diploidization of the tetraploid
karytoype, possibly as a strategy to maintain
its reproductive isolation, which might also
confirm a trend towards less chromosomal
symmetry in tetraploids as compared to the
diploids (McArthur et al. 1981). However, it
can also be a consequence of the likely
allopolyploid origin of this taxon, as it is
thought that it is a hybrid (Beetle 1959). If this
were the case, homeologous chromosomes
might have properly formed quadrivalents
despite their size differences. Indeed, both
hypotheses are non-exclusive.

Additionally, nuclear DNA content is well
correlated with total karyotype length (TKL).
As expected, a highly significant positive cor-
relation (r = 0.99, P = 0.0003) has been found
between both parameters (Table 2). A higher
TKL for A. pygmaea, visible in its bigger
chromosomes (Fig. 1g), is also reflected in a
much larger genome size than the other
diploids studied.

Presence of B chromosomes. B or super-
numerary chromosomes are extra chromo-
somes found in some, but not all, individuals
within a species, and they have been described
in many plants and animals; their function,
composition, and origin are not completely
known (Trivers et al. 2004). In our case study,
A. pygmaea, A. rigida and A. tripartita ssp.
rupicola, present B chromosomes (Fig. 1i, p,
g, r). The number of B’s in these species is
also variable, from one to four per cell, when
present. Supernumerary chromosomes had
been previously detected in the Tridentatae
by McArthur et al. (1981). A later cytogenetic
study (McArthur and Sanderson 1999) con-
sidered that B’s were present but in a low
frequency; however, data of this study might
point to a higher frequency of B chromo-
somes in the Tridentatae.

Different kinds of B chromosomes seem to
appear in these taxa, which is consistent with
the hypotheses stated by Vallés and Siljak-
Yakovlev (1997) and Camacho et al. (2000)
that B’s do not have a single mode of origin,
but can arise in a variety of ways. On the one
hand, there are some more or less spherical
compact chromatin bodies, sized approxi-
mately a fourth part of a regular chromosome,
similarly wide, and in which the centromer is
hardly seen. In our case, they appear some-
times markedly poorly (4. tripartita ssp. rupi-
cola) or richly (A. pygmaea) stained with
DAPI. Indeed, an intense blue spot (DAPI-
rich) is usually seen at the interphase nucleus in
A. pygmaea (Fig. 1h, p), which is probably
related to the habitual presence of this AT-rich
B chromosome, and may also be linked with
the higher genome size of this species by an
increase in highly repetitive DNA. Most B
chromosomes are heterochromatic, and basi-
cally composed of repetitive sequences (Cuad-
rado and Jouve 1994) promoting the general
idea that these elements are genetically inert,
although some of them have shown transcrip-
tional activity or presence of ribosomal genes
(Green 1988). In fact, one metaphase plate of
A. pygmaea presented a B chromosome with
ribosomal DNA at one end, but this has only
been seen once (data not shown); presence of
ribosomal genes dispersed throughout B chro-
mosomes was also detected by Donald et al.
(1995) and Stitou et al. (2000). However,
detached satellites, usually not connected with
any visible extension with the chromosomes,
can lead to misidentification (Ohri and Ahuja
1990, Hidalgo et al., 2007), a possibility that
should also be taken into account in the
consideration of supernumerary chromo-
somes, but particularly in those stained more
or less similarly to the rest of the chromosome
complement. On the other hand, another kind
of B chromosomes can only be seen in A.
rigida: they have a similar shape to the A
chromosomes although narrower, they mea-
sure only one fourth the length of a standard
chromosome and with a clearly visible centro-
mer (Fig. 11, q).
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Signal pattern. For the studied species,
both chromomycin and FISH signals are
always telomeric. This coincides with Schwe-
izer and Ehrendorfer’s (1983) statement of a
general landmark pattern shared by all the
Anthemideae; other studies focused on Artemi-
sia also report similar telomeric signals (Torrell
et al. 2001, 2003).

Fluorochrome banding. Fluorochrome ba-
nding with chromomycin revealed heterochro-
matin composed of GC-rich DNA. All the
species studied show such regions, which are
located at distal ends, most usually in the short
arms, and in some cases, they clearly appear in
satellites. The diploids, excepting A. filifolia,
show the same organization of GC-rich DNA,
namely, six chromomycin bands (Fig. 1n, p, q,
r). Our findings are consistent with a previous
study (Torrell et al. 2003), where six GC-rich
regions were also found in the only Tridentatae
species investigated. For A. filifolia only four
GC-rich bands were detected (Fig. le, o), in
this case clearly located at the satellites of the
marked chromosomes. This result is confirmed
with the observation of four chromomycin-
positive spots at the interphase nuclei of this
species (Fig. 1f). This difference in banding
pattern supports standing of this species in a
different subgenus than Tridentatae. Artemisia
filifolia has traditionally been placed in the
subgenus Dracunculus but some karyotypic
(McArthur and Pope 1979) and cpDNA
evidences (Kornkven et al. 1999), had sug-
gested a relationship with the Tridentatae. A
preliminary study centred in a small group of
species from subgenus Dracunculus, detected
however, six chromomycin-positive bands in
a diploid (Torrell et al. 2001), whereas four
GC-rich regions were also observed in different
diploid species of other subgenera, Artemisia
and Seriphidium (Torrell et al. 2003). As the
genus Artemisia is currently circumscribed,
these data show that there is not a specific
banding pattern for each subgenus; however,
this might either reveal that the extant classi-
fication is not natural or that there are
different lineages within each subgenus that
account for different banding patterns.

The single tetraploid Artemisia studied
shows 16 chromomycin-positive  bands
(Fig. 1a), with a pair of chromosomes marked
in both ends. Compared with the number of
bands previously found in other Artemisia
and even in other Asteraceae genera (Valles
and Siljak-Yakovlev 1997; Cerbah et al. 1998;
Torrell et al. 2001, 2003; Garnatje et al. 2004)
the number of GC-rich bands of this species is
surprisingly high. As it is considered that
polyploid species tend to reduce its mono-
ploid genome size, usually by means of
reducing repetitive DNA, of which GC-rich
regions are an important part (Sharma and
Sen 2002), this high number of chromomycin-
positive bands is even more exceptional.
When a diploid and a tetraploid of the same
species have been observed (this has not been
possible for A. argillosa, as this species is
thought to be of allopolyploid origin), the
number of GC-rich bands detected in the
tetraploid was never more than double of that
of the diploid, and in some cases equal
number of bands were found in both ploidy
levels (Valles and Siljak-Yakovlev 1997, Tor-
rell et al. 2001). As previously mentioned, 26
bright DAPI bands were found in the karyo-
type of this species, many of them colocalized
with chromomycin-positive bands and always
telomeric. This is a species of putative hybrid
origin: Beetle (1959) described A. argillosa
and performed a detailed study of its mor-
phological characters, which indicate that it is
an intermediate between A. cana Pursh ssp.
viscidula (Osterhout) Beetle and A. longiloba
(Osterhout) Beetle, both of which grow in its
vicinity. Artemisia argillosa does not occur
intermixed with its putative parents, so cur-
rent active hybridization and introgression
between these species is not apparent. This
particular abundance of both kinds of repet-
itive DNA sometimes at the same loci, could
then be explained as a mechanism of specia-
tion. It might constitute a way of creating
more genomic reproductive barriers which
may prevent hybridization between this plant
and relatives. This taxon is a narrow endemic
of high elevations (ca. 2,500 m); the distinct
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banding pattern of A. argillosa could also
reflect an adaptation to the environmental
conditions of high mountain areas, such as
ultraviolet (UV) radiation. As telomeres are
sensitive to DNA damaging agents, particu-
larly UV radiation (Lansdorp 2005), the
abundance of both kinds of constitutive
heterochromatin at chromosome ends could
have a protective function of these structures
(Siljak-Yakovlev and Cartier 1986, Susanna,
pers. comm. in Hidalgo, 2006).

Fluorescent in situ hybridization. One of
the most interesting outcomes of this study is
that repeated units of the two different IDNA
multicopy families analyzed were overlapped
(detectable as red and green signals in hybrid-
ization experiments), almost always colocal-
ized with chromomycin-positive regions (with
the exception of three loci in A. argillosa and
one in A. rigida), and therefore always located
at telomeric position or in satellites. In most
plants and animals the 45S rDNA (18S, 5.8S
and 26S rRNA genes) is clustered in tandem
and transcribed as one cistron by RNA
polymerase 1 whereas the 5S rDNA is nor-
mally located separately and transcribed by
RNA polymerase III (Srivastava and Schles-
singer 1991). Sone et al. (1999) and Vitturi
et al. (2002) also reported such an extensive
colocalization in a bryophyte and in an
earthworm, respectively. However, this is the
first time to our knowledge in the large family
Asteraceae and in the angiosperms as a whole
that this feature appears in every marked
position. Overlapping at some but not all
marked loci has been recently described in
one species of a genus closely related with
Artemisia, Chrysanthemum (Abd El-Twab and
Kondo 2006), in some other plant genera
(Silene, Siroky et al. 2001, Vicia; Raina et al.
2001; Linum, Muravenko et al. 2004) and in a
fish species (Rossi and Gornung 2005). Also in
a previous study of Artemisia some but not all
loci had showed this overlapping (Torrell et al.
2003). A very low copy number of the 5S units
at specific positions might explain that visual
detection at each locus has not always been
evident.

Hence, the existence of the 5S rDNA with-
out the 18S-5.85-26S rDNA is not apparent in
Artemisia. The significance of such an unusual
association involving repeated units of different
multigene families is still unclear and needs
interpretation. An accidental insertion of the 5S
rDNA into the 45S rDNA repeat unit by
transposon-like DNA-mediated or retrotrans-
poson-like RNA-mediated transposition may
be a hypothesis for this phenomenon (Drouin
and Moniz de Sa 1995).

Contrariwise, the interspersion of 18S
rDNA sites with chromomycin-positive zones
is easily explained as GC-rich DNA is linked
to NORs, which are coded by 18S-5.85-26S
rDNA (Siljak-Yakovlev et al. 2002, and refer-
ences therein). Additionally, most 18S-5.8S-
26S rDNA loci are transcriptionally active in
these species, as the maximum number of
nucleoli stained with silver nitrate (Table 2)
usually coincides with the number of 18S-5.8S-
26S signals found (excepting in A. argillosa
and A. rigida). However, the most frequent
number of stained nucleoli is always lower
than the maximum, as it is thought that they
habitually fuse between themselves (Siljak-
Yakovlev et al. 2002).

There is a similar pattern of organization of
the two families of ribosomal genes in three of
the studied diploid species, A. cana ssp. bolan-
deri, A. pygmaea and A. tripartita ssp. rupicola,
which is quite coincidental with the only 77i-
dentatae previously studied, A. tridentata Nutt.
ssp. spiciformis (Osterhout) Kartesz & Gandhi
(Torrell et al. 2003). As both A. cana Pursh and
A. tripartita Rydb. had been formerly included
in the 4. cana lineage within the Tridentatae
(Ward 1953, Beetle 1960, Shultz 1983), accord-
ing to their leaf morphology, habitat preference
and tendency to root sprout and layer, their
cytogenetic similarity is not unexpected. The
case of A. pygmaea is different. Its position
within the Tridentatae has been questioned
several times. As previously mentioned, the
bigger chromosomes and the presence of an AT-
rich B-chromosome account for the difference
of this taxon. However, it shows the same signal
distribution as the other Tridentatae diploids.
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Artemisia rigida presents the same number
of GC-rich bands but with an additional colo-
calized 5S and 18S-5.8S-268S signal in the 3™
chromosome pair. A notable difference is
observed in the intensity of this extra hybrid-
ization signal, which is weaker than the rest. The
strength of hybridization signal is generally
considered related to the copy number of genes
(Maluszysnka and Heslop-Harrison 1991).
Artemisia rigida, a low, spreading shrub, has
also been considered as problematic from the
systematic point of view, as it is uniquely
adapted to poor soil and extreme xerophytic
conditions (Kornkven et al. 1999). It had also
been included by Beetle (1960) in the A. cana
lineage with A. fripartita and A. cana, and it
somewhat resembles A. tripartita in size, silverly
pubescence, and the deeply, narrowly lobed
leaves, but is distinguishable by the spike-like
inflorescence, large leafy bracts that subtend the
heads and deciduous leaves (Cronquist 1994).
The difference in the signal pattern between
A. cana and A. tripartita on the one hand and
A. rigida on the other hand, could also be added
to this difference in morphology. Moreover,
preliminary results of a molecular phylogeny
based on the analysis of ITS and ETS nuclear
ribosomal DNA regions place this species
apart from the Tridentatae clade (Garcia et al.,
unpubl. data).

FISH signals of A. filifolia are consistent
with GC-rich bands, as it also presents two 5S
and two 18S-5.8S-28S loci colocalized with
these chromomycin-positive regions (Fig. 10).
As previously mentioned for fluorochrome
banding results, the difference detected would
support the non-inclusion of this species in the
Tridentatae, its genome size (Garcia et al. 2004)
and an ITS molecular phylogeny (Kornkven
et al. 1998) are also non-supportive. Artemisia
filifolia has been traditionally assigned to the
subgenus Dracunculus, with which it shares
morphological characters, but it has no evi-
dence of close relatives in that subgenus. The
available cytogenetic information does not
support inclusion of A. filifolia in Dracunculus
(Torrell et al. 2001). In common with A. rigida,
a preliminary molecular phylogeny places

A. filifolia independent from both the Triden-
tatae and Dracunculus clades, a result consis-
tent with banding and in sifu hybridization
data of this study.

Finally, physical mapping of the ribosomal
DNA of A. argillosa shows that the number of
sites is not duplicated in this tetraploid species,
with respect to the diploids of this study. This
finding is in contrast to Torrell et al. (2003),
wherein the tetraploid Artemisia studied corre-
sponded fairly well to a duplication of a diploid
karyotype of the same subgenus. Research
focused in the genetic consequences of allopoly-
ploidy in Tragopogon, another Asteraceae,
showed that the number and distribution of
the rDNA loci in some of the polyploids studied
were additive of those observed in the diploids
(Pires et al. 2004), and similar results have been
found in most tetraploid cultivars of Nicotiana
tabacum L. (Lim et al. 2000).

The examination of the signals and their
precise location in A. argillosa karyotype
reveals that the signal pattern corresponds to
almost a doubled karyotype of a diploid
Tridentatae, but with the loss of one site, as
there are only ten loci instead of the twelve
expected for a tetraploid. Similar findings have
been reported in other Asteraceae genera as
Xeranthemum (Garnatje et al. 2004), where it
was hypothesized that the activity of this
lacking rDNA locus was probably silenced
(amphyplasty) during the genome duplication
process. In other allopolyploids such as Zin-
geria (Kotseruba et al. 2003) and Sanguisorba
(Mishima et al. 2002) some rDNA loci were
lost after polyploidization. It is likely that
diploidization, in the case of A. argillosa
associated with locus loss, might have occurred
after polyploidization. The signal pattern and
karyotype morphology of A. argillosa might
reflect whether it is a recent allopolyploid still
showing both parent’s karyotype differences
and signal pattern, or an older autopolyploid
which has started differentiation and diploidi-
zation. Together with its morphological dis-
tinctiveness and the preliminary results of a
molecular phylogeny (Garcia et al. unpubl.
data), the maintenance of specific status for
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this taxon as proposed by Beetle (1959) is
supported.

Conclusion

This study demonstrates a unique constituency
of the Tridentatae from the perspective of
molecular cytogenetics. This research supports
the hypothesis that the evolution of the sage-
brushes in North America is not accompanied
by karyotypic rearrangements, but in all likeli-
hood, speciation in this group has been facili-
tated by polyploidization and hybridization.
This may be related with a recent evolutionary
history of these plants, which has not been
reflected in enough karyological, morphologi-
cal, genic or chemical differences. However, the
one non-Tridentatae included in this study was
meaningfully distinctive, and the species with
questionable taxonomic status also showed
significant differences. The extensive colocal-
ization found can be considered as a particular
feature present in the genus Artemisia, a finding
that can shed light on the evolution of ribo-
somal DNA. It would also be of great interest to
detect when in the evolutionary history of the
genus (or at higher taxonomic levels) this trait
appeared for the first time, the objective of
current research (Garcia et al. unpubl. data).
For A. argillosa, knowing the signal pattern of
its presumed parental species would be inter-
esting to elucidate its possible hybrid origin;
moreover, research focused on changes of the
organization of ribosomal DNA during poly-
ploidization within the Tridentatae is also
underway (Garcia et al., unpubl. data).
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Abstract

Genome size of 51 populations of 19 species of the North American endemic
sagebrushes (subgenus Tridentatae), related species and some hybrid taxa were assessed by
flow cytometry, and analysed in a phylogenetic framework. Results were similar for most
Tridentatae species, with the exception of three species taxonomically conflictive: A. bigelovii, A.
pygmaea and A. rigida. Genome size homogeneity (together with the high morphological,
chemical and karyological affinities as well as low DNA sequence divergence) could support a
recent diversification process in this geographically restricted group, thought to be built upon
a reticulate evolutionary framework. The Tridentatae and the other North American endemic
Artemisia show a significantly higher genome size as compared with the other subgenera. Our
comparative analyses including genome size results and different kinds of ecological and
morphological traits suggest an evolutionary change in lifestyle strategy linked to genome
expansion, in which junk or selfish DNA accumulation might be involved. Conversely, weed or

invasive behaviour in Artemisia is coupled with lower genome sizes. Data for both homoploid
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and polyploid hybrids were also assessed. Genome sizes are close to the expected mean of
parental species for homoploid hybrids, but lower than expected in the allopolyploids, a

phenomenon previously documented related with polyploidy.

Key words: C-value; Compositae; hybridization; polyploidy; r-K selection; reticulate evolution;

selfish DNA; speciation; Tridentatae; weed.

Introduction

The sagebrushes (subgenus Tridentatae, Artemisia, Asteraceae) are probably the most
common woody plants in terms of area occupied and number of individual plants in the
western USA, profusely distributed from Canada to Mexico west of 100° W longitude (McArthur
and Sanderson, 1999). They comprise about a dozen species (and 20 taxa all together including
subspecific entities; Shultz, 2005) of landscape-dominant, xerophytic shrubs, endemic to North
America. The base chromosome number is exclusively x = 9 (there are other Artemisia x = 8-
based, although x = 9 is the most widespread in the genus), and ploidy levels range from 2x to
8x (but mostly 2x and 4x; McArthur and Sanderson, 1999). Based on evidence from different
sources, the North American endemic sagebrushes can be considered a monophyletic and
fairly homogeneous group, but taxonomic questions still remain unresolved (Kornkven et al,,
1998; Valles et al., 2003; Garcia et al.,, unpublished).

The most abundant and widespread species of this subgenus is A. tridentata Nutt.,
including its five subspecies. The subgenus can be considered a large species complex (sensu
Clausen, 1951) centered on A. tridentata, because hybridization between most taxa at all levels
appears to be possible (McArthur et al., 1979; McArthur et al,, 1988). Some other species are
also ecologically important and landscape-dominant, i.e. A. arbuscula Nutt., A. cana Pursh, and
A. nova A. Nelson. The remaining Tridentatae [A. argillosa Beetle, A. bigelovii A. Gray, A. longiloba
(Osterh.) Beetle, A. pygmaea A. Gray, A. rigida A. Gray, A. rothrockii A. Gray, and A. tripartita Rydb.
and A. spiciformis (Osterh.)] are more restricted in distribution. Artemisia species from other
subgenera are also endemic to western North America [A. californica Lessing., A. filifolia Torrey,
A. ludoviciana Nutt, A. nesiotica P. H. Raven, A. palmeri A. Gray, A. papposa S.F. Blake and

Cronquist, A. pedatifida Nutt. and A. porteri Cronquist]; other species, also present in North
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America, have a more holoartic distribution (A. absinthium L., A. campestris L., A. frigida Willd.,,
and A. vulgaris L.).

Genome size study has application in many plant research fields, e. g. ecology,
evolutionary biology, systematics, taxonomy, or biogeography (Bennett and Leitch, 20053,
2005b, 2005¢). The relationships between the nuclear DNA amount and cytological traits,
reproductive biology, ecology, environmental features, distribution, biomass production and
many other plant characteristics have been widely investigated and established in many plant
groups. Additionally, the possibility of genome size variation, at specific or subspecific levels,
has been studied and it is object of controversy (Greilhuber, 2005; Murray, 2005), and needs
additional study and synthesis.

We undertook genome size analysis on the Tridentatae and allies to: a) exploit the
nuclear DNA amount information for taxonomic purposes, ie. to identify evolutionary
relationships between these plants together with the available phylogenetic data existing for
them; b) detect any relationship between the nuclear DNA amounts and morphological traits
of these plants, their surrounding environmental features, their geographic distribution, and
weed characteristics, among other features; ¢) study the scope of genome size variation at
species/population level;, d) observe genome size changes linked to hybridization processes;
and d) increase general knowledge in Artemisia C-values, particularly to complete the survey of
the genome size in the Tridentatae and in other North American endemics of this genus, as a

complement to previous research (Torrell and Valles, 2001; Garcia et al., 2004).

Materials and Methods

Plant material--- Table 1 lists the 51 populations studied, along with their site of origin and collection information.
Twelve Tridentatae species, with 13 subspecific entities (which constitute a complete representation of the North
American endemic sagebrushes), four populations of hybrids and eight closely related Artemisia species were

included.

Flow cytometry measurements--- DNA 2C-values of the tested species were estimated using flow cytometry.
Pisum sativum L. Express long’, and Petunia hybrida Vilm. 'PxPc6’ (2C=8.37 pg, 2.85 pg respectively, Marie and
Brown, 1993) were used as internal standards to cover the range of 2C-values found (HPCV= 0.3% and 0.6%,
respectively). To assure that the flow cytometer shows a linear respose across the range of genome sizes studied,

linearity of the instrument was assessed with the two standards and the taxon of the highest ploidy level in a
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single measurement, and the same values were obtained for this one (less than 2% of deviation between results)

with respect to each standard. The method followed is described in Garcia et al. (2004).

DNA amplification and sequencing strategies--- \With the purpose of analyzing genome size variation in a
phylogenetic framework, a phylogenetic tree was generated, which included all the Tridentatae, the other North
American endemic Artemisia of this study, and a representation of each Artemisia subgenus. The analysis was
based in the sequences of the ITS1 and ITS2 regions (internal transcribed spacer) of the nuclear ribosomal DNA.
Most sequences have been published previously (Kornkven et al., 1998; Vallés et al., 2003) and are available from
Genbank; to complete the Tridentatae representation, however, sequences for 7 taxa were newly generated (see
Table 1 for Genbank accession numbers). Double-stranded DNA [TS region was amplified with primers 1406f
(Nickrent et al. 1994) and ITS4 (White et al. 1990). The profile used for amplification is the same as in Vallés et al.
(2003). PCR products were purified with the QIAquick PCR purification kit (Qiagen, Valencia, California, U.S.A). ITS4
was used as sequencing primer, and direct sequencing of the amplified DNA segment was performed using the
Big Dye Terminator Cycle sequencing v3.1 (PE Biosystems, Foster City, California, U.S.A.). Nucleotide sequencing
was carried out at the Serveis Cientificotécnics at the Universitat de Barcelona, on an ABI PRISM 3700 DNA analyzer
(PE Biosystems, Foster City, California, US.A). DNA sequences were edited by Chromas 1.56 (Technelysium PTy,
Tewantin, Queensland, Australia) and aligned visually. We were not able to amplify DNA of A. frigida, and this
species is not present in the phylogenetic analysis. The sequence alignment matrix is available from the

corresponding author.

Data analysis

Model selection and Bayesian inference analysis--- To determine models under the Akaike Information Criterion
(AIC) (Posada and Buckley, 2004) the data set was analysed using MrModeltest 2.2 (Nylander, 2004). The model
SYM+G+ best fitted our data, and was used to perform a Bayesian analysis with MrBayes 3.1.1 (Huelsenbeck and
Ronquist, 2001). Four Markov chains were run simultaneously for 1,000,000 generations, and these were sampled
every 100 generations. Data from the first 1,000 generations were discarded as the burn-in period, after confirming
that likelihood values had stabilized prior to the 1000th generation. Posterior probabilities were estimated
through the construction of a 50% majority rule consensus tree. The outgroup species, Kaschgaria
brachanthemoides (Winkler) Polj. and Nipponanthemum nipponicum (Franchet ex Maxim.) Kitam., were chosen on
the basis of previous work (Valles et al,, 2003; Sanz et al,, submitted).

Statistical analyses--- The analyses of the differences between the mean DNA amount and all the other
parameters were performed using both the phylogenetically based generalized least squares (PGLS) algorithm, as
implemented in the PHYLOGR R package (R Project 2005), and ANOVA for comparative purposes. Genome size

data from previous work was also used for these analyses (Table 2).
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Results

Table 3 presents 2C DNA amounts estimated for the sampled taxa, together with other
karyological data. The range of variation was 3.72-fold for 2C values and 1.65-fold in monoploid
genome size. The analyses were of good quality (half peak coefficient of variation, HPCV=
1.96%). This is our fourth study on Artemisia nuclear DNA amounts by flow cytometry, but the
first especially focused on subgenus Tridentatae and other North American endemic Artemisia.
For two subspecies of Artemisia arbuscula (longicaulis and thermopola Beetle), A. argillosa, A.
cana subsp. bolanderi, A. californica, A. longiloba, A. ludoviciana, A. nova subsp. duchesnicola, A.
nesiotica, A. papposa, A. pedatifida, A. rigida, A. spinescens, three subspecies of A. tridentata
(parishii, wyomingensis and xericensis) and two subspecies of A. tripartita (tripartita and rupicola
Beetle) the present work is the first estimate of their nuclear DNA amounts. Although we
previously estimated nuclear DNA amounts in the remaining Tridentatae taxa (see Torrell and
Valles, 2001 and Garcia et al., 2004 for details) we made a complete subgeneric analysis in this
study in order to assess interspecific, intraspecific and interpopulation genome size differences.
With the data presented here, genome sizes are known for all the species and subspecies of

the subgenus Tridentatae as well as most North American Artemisia endemic species.

Discussion

Inter- and intraspecific genome size differences

Except for three taxa (Artemisia bigelovii, A. rigida and A. pygmaea, discussed later in
more detail), similar nuclear DNA amounts have been obtained at the same ploidy level. Such
homogeneity in genome size data might be a reflection of the limited genetic differences that
characterize the group, which can also favour hybridization and backcrossing among taxa.
Their fairly homogeneous karyotype morphology (McArthur et al., 1981; Garcia et al,, in press)
and the low levels of genetic divergence detected in different regions of nuclear and
chloroplastic DNA found in the present study and in previous ones (Kornkven et al., 1998, 1999,
Stanton et al, 2002) might also respond to the same phenomenon. Our current data and
previously published reports (Ward, 1953; McArthur et al, 1981, 1988) suggest that reticulate

evolution is an important factor in this group of plants.
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Nevertheless, variation in DNA amount between species could begin with changes
within species, as speciation itself might start with slight morphological or ecological changes.
Low interspecific differences have been found in our taxa, together with low intraspecific ones
(indeed, interpopulational) at the same ploidy level. In a general sense, the extent of
intraspecific genome size variation is controversial; some authors attribute differences to
methodological errors or taxa misidentification (Greilhuber, 1998; Ohri, 1998). However, factors
like changes in repetitive DNA (Rabinowicz, 2000) or retrotransposon activity (Bennetzen et al,,
2005) can be a source of true variation within a taxon. DoleZel and Barto$ (2005) state that
differences of 5% should be considered acceptable in some groups. Among the different
populations of the same taxon which have been assessed in this study and in the previous
ones (Torrell and Vallés, 2001; Garcia et al, 2004; Garcia et al, 2006), low percentages of
difference have been detected for the majority of species (most ranging from 1 to 2%). Even in
the case of a population of A. tridentata subsp. parishii, with clearly segregating flowering
phenotypes, one upright and the other drooping (McArthur, 2005; collections 3037 and 3038,
respectively, of Table 2), nuclear DNA amounts differences between phenotypes are negligible.
Morphological differences, however, do not necessarily imply changes in the genome sizes
even in closely related taxa. On the other hand, considerable differences were found in A
pygmaea (5.98%) and in A. tridentata subsp. spiciformis (10.02%) even though populations of

these species show little morphological differences.

Can genome size discriminate the sagebrushes amidst Artemisia?

Although taxonomic limits of subgenus Tridentatae are fuzzy, the sagebrushes form a
natural group of species based on habit, morphology, anatomy, chemistry and cytology
(McArthur, 1979), clearly distinct from the other subgenera. Our genome size research reported
herein supports the separation of the Tridentatae from the other subgenera. Statistical analyses
show a significant difference between mean genome sizes of the Tridentatae with respect to
that of the non-Tridentatae Artemisia. The Tridentatae genome size is larger than that of the
other subgenera (Tridentatae mean 2C=8.98 pg, vs. non Tridentatae mean 2C=7.48 pg), as
previously reported by Garcia et al. (2004) on a limited data set (1Cx mean values for each
subgenera: Dracunculus 1Cx=2.67 pg, Artemisia 1Cx=3.05 pg, Absinthium 1Cx=3.56 pg,
Seriphidium 1Cx=3.89 pg, Tridentatae 1Cx=4.08 pg). These results would support separation of
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the Tridentatae from the subgenus Seriphidium, which included them in traditional taxonomic
treatments (Rydberg, 1916; Ward, 1953; Ling, 1991). Differences in monoploid genome size
between ploidy levels are also statistically significant (means: 4.22, 3.94, 3.80 and 3.29 for 2x, 4x,
6x and 8x respectively, p=0.058) as previous studies have reported for other taxa (Leitch and
Bennett, 2004), hence a decreasing monoploid genome size is detected with increasing ploidy
levels, confirming the general phenomenon of nuclear DNA loss during polyploidization.

Many authors support the hypothesis that ancestral angiosperm species possess low
genome sizes (Leitch et al,, 1998; Soltis et al.,, 2003), and others also suggest that evolutionary
trend is toward increasing genome sizes (Bennetzen, 2002; Devos et al,, 2002; Bennetzen, 2005).
In fact, both increases and decreases have been found in the evolutionary history of different
plant genera (Bennett and Leitch, 2005c). We believe that the larger genome size of the
Tridentatae in respect to the other Artemisia subgenera is evidence of a derived phylogenetic
position. The origin of the genus likely lies in Asia, rich in the number of Artemisia species and
home to most of its Anthemideae relatives. Indeed, subgenus Tridentatae is thought to have
evolved from the less phylogenetically advanced circumboreal subgenera Artemisia or
Dracunculus (on the basis of distribution, flower morphology and secondary woodiness;
McArthur, 1983), and Tridentatae ancestral stock most likely bridged the Bering Strait from Asia
to North America (McArthur and Plummer, 1978; McArthur et al,, 1981). Some species, such as
A. frigida and A. dracunculus naturally occur in both areas. Their low genome sizes (5.25 pg and
5.94 pg respectively, Garcia et al.,, 2004; Pellicer et al., 2007) might also suggest a possible role of
species like these or any ancestor as the ancestral stock for the Tridentatae. In this sense, the
tree topology of Figure 1 would suggest that species from subgenus Dracunculus are the sister

group of all other Artemisia (although with insufficient statistical support).

Genome size and colonizing ability

The ability of the Tridentatae to colonize extensive areas reflects competitive success,
suggesting that the larger genomes characterising this subgenus has not been a constraint,
there. Such a genome expansion without increasing ploidy level could be explained by
activation of transposable elements (Kellogg and Bennetzen, 2004) or presence of B-
chromosomes (these have been yet detected in the Tridentatae, McArthur et al, 1981;

McArthur and Sanderson, 1999; Garcia et al,, in press), although more studies are necessary to
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definitively establish such a connection in these plants. However, polyploidy is one of the
mechanisms that best explains genome size increase, and sagebrushes display abundant
polyploidy, e.g. 2/3 of the populations of A. nova are tetraploid and 1/3 diploid, and the
populations of A. rothrockii or A. argillosa are entirely polyploid (McArthur and Sanderson, 1999,
Mahalovich and McArthur, 2004). At the other extreme of the genome size spectrum we could
cite the case of many island colonizers species, where a significant reduction in genome size
has been detected, presumably in response to insular selection pressures (Suda et al,, 2003;
Garcia et al., 2006; Garnatje et al.,, 2007). We hypothesize that the reduced competition pressure
in Tridentatae habitats allows expansion of genome size (whether by transposable elements
activation, increase in the frequency of supernumerary chromosomes, polyploidization or any
other mechanisms), while in environments subject to competitive constraints, the pattern
followed is the decrease in total nuclear DNA amount. Indeed, molecular mechanisms are
known which can lead to genome size increase or decrease (Petrov et al,, 2000; Bennetzen et
al,, 2005). This hypothesis fits well with renewed theories about selfish and junk DNA, which
postulate that the C-value of a species is merely a by-product of the persistent accumulation of
phenotypically neutral DNA (driven by genetic drift, by mutation pressure resulting in
duplications of genomic segments, or by the maintenance of extinct genes whose function
has been lost), that is excised only when it becomes too costly (Gregory and Hebert, 1999, and
references therein). Recent studies, however, confer more importance to junk DNA, which
should be regarded as a major player in many of the processes that shape the genome and

control the activity of its genes (Biémont and Vieira, 2006).

Fitness, adaptatation and genome size

The r-K selection theory (MacArthur and Wilson, 1967) posits that evolutionary systems
must choose whether they invest more resources in reproduction or development, a choice
dependent on the selective environment. In a changing or disturbed context, selection for
abundant offspring will prevail (r-selection), whereas selection for development is suitable in
predictable conditions, with adequate supply of resources (K-selection). In the light of previous
data and our present results, we suggest that the genus Artemisia in North America displays a
continuum from one evolutionary strategy to the other, during its speciation and

diversification processes, which is coupled with a considerable genome size increase (however,
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some authors support that both strategies are exclusive; Flegr, 1997). In the proposed scenario,
the Tridentatae (together with the other North American endemics) arose in situ in North
America from an ancestor coming from subgenera Artemisia or Dracunculus, when alternating
moist and dry climates during the Pleistocene provided opportunity to fill large new niches
(McArthur, 1983). Given the abundance and present distribution of Artemisia s. I. in North
America, they might have spread profusely at initial stages of the colonization. Most likely,
species with more r-selection traits (profuse seed production, more herbaceous habit, shorter
generation times, smaller sizes, etc.) in this genus might have pioneered this colonization. This
role could have been played by species such as A. dracunculus or A. frigida, by other
counterparts in their subgenera (A. campestris or A. vulgaris, for example), or by some ancestral
taxa with similar features. These species show reduced genome sizes as compared with the
Tridentatae, as well. These taxa are all present in Eurasia and also cover large areas of North
America (this four species are listed as weeds or invasive plants in the USA; see below for
further discussion about this topic). Hence, such species would be prime candidates for
ancestral stock, and the Tridentatae could have arisen from subsequent evolutionary processes
in any of those species, resulting in an optimal adaptation to their environment (together with
a genome size increase), and thus acquiring traits that would class them as more K-strategists.
Although an organism mainly adopts one strategy, the majority would fall between these
ecological extremes, and can show features representatives of both ends of the r/K range.

To test the hypothesis that this change in lifestyle strategy is linked with a significant
genome size increase, we collected environmental and morphological data on different
characteristics of these species (environmental, morphological, etc.) that could have a bearing
on r- or K-selection. These data have been extracted from the abundant literature existing for
the Tridentatae and other Artemisia (McArthur et al, 1979; Cronquist, 1994; McArthur and
Stevens, 2004; Shultz, 2006; Plants database of the United States Department of Agriculture,

http//plants.usda.gov/, 12/2006). Some cautions/premises were established to develop these

analyses: 1) only diploid taxa have been used to avoid biased results to monoploid genome
downsizing in polyploids (except for A. argillosa and A. rothrockii, only known at tetraploid
level); 2) when there are several subspecific entities for a species, only one has been chosen for
consistency in analysis and to avoid uneven representation; 3) since taxonomic nomenclature
of Tridentatae is often confusing, we have considered taxa at the species level any taxon which

has been formally treated at this level at least once; 4) to prevent bias due to phylogenetic
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relationships among taxa, the statistical analyses performed take their phylogeny into account
(see Methods and Figure 1), although the results of the ordinary ANOVA test are also given for
comparative purposes. The ecological and morphological traits evaluated are summarized in
Table 4. A discussion of every trait for all these groups follows next (see Table 5 for statistical
analyses and comparisons between groups):

Elevation range: This variable was included as it may reflect an ability to colonize different
environments and habitats. Nor significant correlations neither meaningful differences
between groups were observed. However, we note that Artemisia frigida exhibits an altitudinal
gradient from 900 to 3,500 m, and presents one of the lowest in genome sizes of perennial
Artemisia inhabiting North America. Its small genome size may well be involved in this broad
adaptability. In contrast, A. pygmaea, with the largest genome size of the species studied, only
inhabites a narrow elevation range.

Mean annual precipitation and drought tolerance: Differences between groups are
nonsignificant in all cases. However, the largest genome sizes in the Tridentatae are found in
the species group inhabiting areas with lowest mean annual precipitation, which also
coincides with the highest genome size found in the most drought tolerant, confirming
previous research (Garcia et al., 2004).

Mean plant height: In all groups, but particularly in the Tridentatae, lower statured species tend
to show larger genome sizes. The differences are significant in the ordinary test and almost
significant in the PLGS. The r/K theory asserts that K-strategists should be larger in size. These
lower statured species, however, tend to show a woody habit (which implies more biomass, i.
e. selection for development). This trait is particularly outstanding in A. pygmaea, the smallest of
all sagebrushes, but with a dwarf shrub habit, and the largest genome size. Indeed, seeds and
seedlings of pygmy sagebrush are the largest of the whole subgenus; this is probably another
sign of selection for development. Additionally, researches have found that particularly in the
Tridentatae, polyploids tend to show lower sizes than diploids of the same species (Barker and
McKell, 1986; Sanderson et al., 1989; McArthur and Sanderson, 1999).

Seed production: The hypothesis states that plants with r-selection traits tend to produce more
seeds than K-selectors. Hence, according to our prediction species with profuse seed set
should show lower genome sizes than less seed producers. However, we were unable to find
either statistical support or meaningful differences between genome sizes of the different

groups which could support this premise. Nevertheless, one of the highest seed producers is
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again the low-genome-sized A. frigida: each 2.5 cm length of inflorescence contains
approximately 1,000 seeds (Harvey, 1981), with about 10 million cleaned seeds per kg
(Plummer et al., 1968).

Fire ecology: Species which layer or stump sprout after fire show smaller genome sizes than
those who are entirely killed by fire. The differences are not significant, but the trend is the
consistent in the three groups. The ability to colonize disturbed environments linked to r-
strategists could also be related to this lower genome size in these species.

Growth rate: The differences between slow and fast growing species are significant in both
statistical analyses, and in all groups the slow growing ones have increased genome sizes.
Indeed, smaller genomes are usually correlated with short life cycles (which imply fast growth).
And usually, slow growth is linked with long-lived plants, a trait which better fits the K-strategy
growth.

Vegetative reproduction: Species that can reproduce vegetatively show larger genome sizes
than those that cannot, although there is no statistical significance in any test. Because meiosis
can be disregarded, it does not exert any control on the genome size of the individual, it is
possible that accumulation of selfish or junk DNA is more likely in species that present asexual
reproduction than in those that do not.

Salinity tolerance: Differences are nonsignificant again in all groups. However, a particularly
halofilous species, A. filifolia, which inhabits exclusively dunes or sandhills, presents one of the
lowest genome sizes of the North American endemics. Most traits of this species (profuse seed
set, quick growth and maturation, ability to resprout vigorously after fire, relatively tall stature
but less woodiness than common sagebrushes) would class this Artemisia as an r-strategist.
However, we cannot set a link between genome size and salinity tolerance from these data.
Distribution: In all groups studied, plants showing more extensive distribution have lower
genome sizes. The differences are statistically significant when all species are included in the
analysis. Species with wider distribution are usually r-strategists (hence, with lower genome
sizes according to our hypothesis), whereas more restricted species tend to be K-strategists,
with higher genome sizes. Again, the case of A. pygmaea (2C=11.19 pg, 2n=18), with a
restricted, scattered distribution on the cold desert of the Great Basin and fringe areas and the
highest genome size of all the sagebrushes, might represent a model of this hypothesis.
Artemisia frigida (2C=5.25 pg, 2n=18) would be placed on the other end of the r/K gradient: this

is probably the most widely distributed and abundant species of all the genus, whose range
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extends from Mexico in the south, through most of the Western United States, Western
Canada, and Alaska in the north, and into Siberia, Mongolia, and Kazakhstan (USDA, 1937;
Harvey, 1981).

From all these data and statistical analyses it is clear that neither one group (the
Tridentatae) nor the other (the remaining Artemisia) meet exactly all the conditions that would
shape a r- or a K-strategist, although many species can be safely included in one or the other
category (as previously noted, it is known that a given species will mainly adopt one strategy,
even though traits of the other can be present). However, from the trend outlined from these
relationships: it seems that fast-growing, less drought tolerant, bigger (but less woody), and
more widely distributed species tend to show lower nuclear DNA amounts, and would be
more easily classified as r-strategists, whereas slow-growing, more drought tolerant, smaller
but more woody species, and more restricted in distribution tend to have higher DNA amounts
(and would be more K-strategists). Apart from the species included in this study we note that
the uncommon annual Artemisia (A. annua, A. scoparia, for instance) also fit better in the r-
selection category, showing smaller genome sizes (see Torrell and Valles, 2001 and Garcia et al,,

2004), although exceptions can be found.

Weed behaviour and genome size

Studies have shown that weeds and invasive species (the model of r-strategists) tend to
show lower genome sizes as compared with their counterparts of their genera (Bennett and
Leitch, 2005a). In contrast, species appearing in the red list of endangered species (Vinogradov,
2004) mostly show high nuclear DNA amounts. From the U.S. Invasive Plants List

(http://plants.usda.gov, 12/2006), eleven Artemisia species are cited (A. absinthium, A. annua, A.

biennis, A. campestris, A. cana, A. dracunculus, A. filifolia, A. frigida, A. ludoviciana, A. tridentata and
A. vulgaris). Except from A. ludoviciana, which is only known as a tetraploid, and A. cana subsp.
cana, an octaploid (although other subspecies of A. cana are known at the diploid level, but the
list does not mention which of these behaves as a weed) all the other never exceed 9.01 pg.
This finding also supports that a high genome size might be a charge inhibitory of such a

weediness (hence, r-strategist) behaviour.
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Hybrid formation

Owing to their widespread and sympatric or tightly parapatric distribution, to their wind
pollination and to their genetic similarity, Tridentatae taxa tend to hybridize. The data set in this
study includes genome size data for both polyploid and homoploid hybrids. Both diploid
(homoploid) and a tetraploid offspring were produced from an experimental hybridization of
diploid A. tridentata subsp. tridentata x A. tridentata subsp. vaseyana (McArthur et al., 1998;
McArthur and Sanderson, 1999). A second experimental hybrid combination resulting from the
crossing of an octoploid A. cana subsp. cana with a tetraploid A. tridentata subsp. wyomingensis
produced hexaploid hybrid progeny (McArthur et al., 1998 and McArthur and Sanderson, 1999).
Nuclear DNA amounts of both sets of the hybrids are consistent with the expected means
corresponding to their parents’ genome sizes, although the tetraploid and hexaploid offsprings
show a little less than that mean, most likely due to their polyploid nature. In both these
polyploid hybrids, a similar genome size decrease is detected. This could also reflect rapid
genome reorganization after hybridization (which is coupled with ribosomal DNA loss in some

cases, Garcia et al., unpublished ).

Taxa of questionable taxonomic position and genome size

Genome size variation at species level has been considered as a predictor of taxonomic
heterogeneity and as an indicator of incipient speciation in process (Murray, 2005). Hence, a
critical study of genome size can contribute to the clarification of taxonomic placement
between closely related species. The monophyly of subgenus Tridentatae has been supported
by several independent studies (Kornkven et al,, 1998, Torrell et al, 1999; Vallés et al., 2003);
however, A. bigelovii, A. pygmaea, and A. rigida classically included in this group have been
subject of controversy, with countless studies proposing either their inclusion or exclusion.

If mean genome sizes of the traditional Tridentatae (sensu Shultz, 2006 -Flora of North America)
are aligned from the lowest to the highest (at diploid level), A. bigelovii and A. rigida appear at
the lowermost end (8.00 pg and 8.23 pg, respectively) and A. pygmaea at the uppermost (11.19
PQg), while the remaining converge in the narrow range between 8.54 and 9.24 pg. This exercise
may be revealing about the potential use of genome size in this field, but some other data

about these three species makes us have bearing on they placement within the Tridentatae.
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In the case of A. bigelovii, its floral morphology (the only Tridentatae with heterogamous
capitula), molecular phylogenetic data (Kornkven et al., 1998), essential oil composition (Holbo
and Monzingo, 1965; Geissman and Irwin, 1974) and our own results on molecular
cytogenetics by FISH and molecular phylogenetics (Garcia et al., unpublished) do not support
its inclusion in Tridentatae. Artemisia bigelovii has been considered to occupy an unclear
position between the true sagebrushes (Tridentatae) and subgenus Artemisia, but generally
treated as a Tridentatae on the basis of many characters such as wood anatomy, leaf form,
karyotype morphology, RAPD genetic markers and cpDNA restriction site analyses (McArthur et
al., 1981, 1998; Kornkven et al., 1999). We believe that these seemingly disparate results may
have a basis in morphological convergence and a past chloroplast capture by hybridisation
with core Tridentatae.

A second case is that of A. pygmaea. This is a dwarf, depressed shrub, with different leaf
morphology and larger seeds as compared with the other Tridentatae (Cronquist, 1994;
McArthur and Stevens, 2004). It is a relatively uncommon species and occurs on dry alkaline
sites, probably due to the numerous morphological adaptations that incorporates for the
extremely xeric sites which inhabits, where few other species occur (deserts of Nevada, Utah
and Arizona). Based on these specialized features, Rydberg (1916) placed A. pygmaea in a
separated section (sect. Pygmaea Rydb.) in subgenus Seriphidium. Overall karyotype
morphology of A. pygmaea is shared with the traditional Tridentatae, although it has bigger
chromosomes and the habitual presence of a B-chromosome intensely stained with DAPI,
findings which could account for its higher genome size (Garcia et al,, in press). Essential oil
composition also supports exclusion from the core of the true sagebrushes (Holbo and
Monzingo, 1965; Geissman and Irwin, 1974). Additionally, molecular biology studies have
placed this species as sister to the other Tridentatae (Kornkven et al., 1998; Watson et al.,, 2002;
Garcia et al., unpublished).

The third case is that of A. rigida. This species, particularly well adapted to restricted
scabland habitats also displays specialized morphological and anatomical modifications to the
conditions of aridity of Western North America (Hall and Clements, 1923; Shultz, 1983). Similar
to pigmy sagebrush, A. rigida was also placed alone in another section within Seriphidium, sect.
Rigidae Rydb. (1916). Holbo and Mozingo's (1965) chromatographic characterization point to its
exclusion from the Tridentatae, as well as our findings with in situ hybridization, which detected

two additional loci carrying ribosomal DNA (Garcia et al., in press) with respect to the other
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Tridentatae analysed. Many studies have claimed for retention of this three species within the
Tridentatae (Hall and Clements, 1923; Ward, 1953; Beetle, 1960; McArthur et al,, 1981; Bremer
and Humphries, 1993; Kornkven et al, 1998, 1999), but our present findings put again a
question mark about their taxonomic placement; although they are not definitely excluded,

the degree of relationship remains elusive (Figure 1).

Other North American endemic Artemisia

This study also reports genome size data for some other non-Tridentatae. These species,
assigned to other Artemisia subgenera are also endemic to North America and share some
morphological traits as well as overlapping distribution. These commonalities led us to
consider these taxa for comparative purposes with the Tridentatae. These are (1) Artemisia
palmeriis a large woody plant endemic to the coastal area near San Diego (California). It has
been treated as a member of the the subgenus Seriphidium (Ward, 1953) and also considered
in an independent genus, Artemisiastrum (Rydberg, 1916). However, it is disjunct from other
Seriphidium and displays a growth, leaf form and floral characters reminiscent of its subgenus
Artemisia congeners, especially of A. ludoviciana (Shultz, 1993; McArthur, 2005). Another species,
(2) A. californica and (3) A. nesiotica, which is sometimes considered as a subspecies of the later
belong to subgenus Artemisia although these species are woody unlike most members of
subgenus Artemisia. (4) Artemisia filifolia, (5) A. pedatifida and (6) A. spinescens belong to
subgenus Dracunculus (the latter has sometimes been considered a separate monotypic
genus, Picrothamnus desertorum). Artemisia californica and A. filifolia grossly resemble one
another in that they are of similar size with a willowly, filiform appearance and both share
cpDNA segments with the Tridentatae (Kornkven et al,, 1999; McArthur, 2005). Artemisia filifolia
also has other affinities with the Tridentatae (karyotype morphology; McArthur and Pope, 1979;
and similarities in secondary chemistry; Kelsey and Shafizadeh, 1979). Interestingly, each of
these North American endemics show substantially increased genome sizes with respect to
the mean of their subgenera at the same ploidy level (see Garcia et al.,, 2004). This would also
support our hypothesis of genome size expansion linked to absence of competitive constraints

and diversification when colonizing North America.
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Conclusion

The higher genome size not only of the Tridentatae but also of the other North
American Artemisia endemics, together with other shared traits, characterizes what we could
call in a wide sense the “North American Artemisia” group, which is consistent with a recent
molecular phylogeny of the whole genus (Sanz et al,, submitted). Apart from the exceptions
previously discussed, the core of North American sagebrushes forms a homogeneous group of
species (also visible in their similar genome sizes) which are probably undergoing
diversification and speciation processes. All this might point to a process of reticulate
evolution, a hypothesis reinforced by the difficulty (and incongruences) of many authors to
establish a clear phylogenetic framework for the Tridentatae. Finally, a change in lifestyle
strategy linked to genome size gain in the North American Artemisia is suggested, on the basis
of morphological, ecological traits, and geographical distribution. The developmental-
reproduction trade-off (r-K selection) that these species might face in the struggle for life appears
coupled with significant changes in nuclear DNA amounts, in which selfish and junk DNA
might probably be involved. As Gregory and Hebert (1999) stated, it will be now critical to
ascertain wheter these changes arose via the gradual accumulation or deletion of small

segments of DNA or wheter a more punctuated pattern of change predominates.
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Taxa Origin of materials Colln.’
Subgenus Tridentatae
A. arbuscula subsp. arbuscula Corn Creek Canyon, Millard Co.Utah. 1,830 m. 2877
A. arbuscula subsp. arbuscula South of Jordanelle Reservoir, Wasatch Co., Utah. 1,890 m. 3027
A. arbuscula subsp. arbuscula Sage Junction, Lincoln Co., Wyoming. 1,930 m. 3028
A. arbuscula subsp. longicaulis Toulon, Pershing Co. Nevada. 1,335 m. 2860
A. arbuscula subsp. longicaulis Bruneau, Owyhee Co. Idaho. 1,012 m. 2855
A. arbuscula subsp. thermopola East bank of Snake River, Yellowstone. 3032
A. argillosa Coalmont, Jackson Co., Colorado. 2,497m. 3034
A. bigelovii Emery Co. Utah. 1,801 m. 2869
A. bigelovii 15 km east of Fremont Junction. Emery Co. Utah. 1,777 m. 3050
A. bigelovii Padre Canyon, Cocconino Co., Arizona. 1,799 m. 3051
A. cana subsp. bolanderi 17 km northwest of Bridgeport, Mono Co., California. 2,270 m. 3047
A. cana subsp. cana Sheridan, Sheridan Co. Wyoming. 1,140 m. 2128
A. cana subsp. viscidula Strawberry Valley, Wasatch Co. Utah. 2,374 m. 2844
A. cana subsp. viscidula Soldier Summit, Wasatch. Co. Utah. 2,255 m. 2875
A. cana subsp. viscidula Fossil Butte National Monument, Lincoln Co. Wyoming, 1,650 m. 2851
A. cana subsp. cana x Pleasant Grove Plots, Uinta National Forest, Utah Co., 2759
A. tridentata subsp. Utah. 1,734 m. 2760
wyomingensis?
A. longiloba Evanston, Uinta Co., Wyoming. 2,067 m. 3025
A.nova Tunnel Spring, Desert Experimental Range. 2876
A. nova Millard Co. Utah. 2174 m. Pine Valley Pass, Millard Co. 2873
Utah. 1820 m.
A.nova Birch Springs Road, Mount Borah, Custer Co,, Idaho. 2,120 m. 3053
A. nova subsp. duchesnicola Tridell Road, Uintah Co., Utah. 1,702 m. 3029
3030
A. pygmaea Yuba Dam Road, Juab Co. Utah. 1,535 m. 2870
A. pygmaea San Rafael Swell, Emery Co., Utah. 2,195 m.
A.rigida Malheur Reservoir, Malheur Co. Oregon. 1,035 m. 2859
A. rothrockii Reed Flats, White Mountains, Inyo Co., California. 3072 m 198033
A. spiciformis Ford Ridge, Bristle Cone Scout Camp, Carbon Co. Utah. 2,856 m. 2839
A. tridentata subsp. parishii* West of Rosamond, Kern Co., California. 722 m. 3037/3038
A. tridentata subsp. tridentata Salt Cave Hollow, Salt Creek Canyon, Juab Co. Utah. 1,870 m. 2871
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A. tridentata subsp. tridentata Beaver, Beaver Co. Utah. 1780 m. s.n.

A. tridentata subsp. vaseyana Salt Cave Hollow, Salt Creek Canyon, Juab Co., Utah. 1,878m. 2872

A. tridentata subsp. vaseyana Hobble Creek Canyon, Utah Co. Utah. 1,555 m. 2874

A. tridentata subsp. vaseyana Spring City, Sanpete Co. Utah. 1,950 m. 2879

A. tridentata subsp. Gordon Creek, Carbon Co. Utah. 1,980 m. 2880

wyomingensis

A. tridentata subsp. xericensis Mann Creek Reservoir, Washington Co.ldaho. 929 m. 2858

A. tripartita subsp. rupicola Pole Mountain, Albany Co., Wyoming. 2,647 m. 3033

A tripartita subsp. tripartita Dubois Sheep Station, Clark Co., Idaho. 1,650 m. 2845

A tripartita subsp. tripartita Birch Springs Road, Mount Borah, Custer Co,, Idaho. 2,191 m. 3054

Hybrids

A. cana subsp. cana x Pleasant Grove Plots, Uinta National Forest, Utah Co,, Utah. 1,734 2759

A. tridentata subsp. m. 2760

wyomingensis?

A. tridentata subsp. tridentata x Orem, Utah Co., Utah. 1,474 m. 3049

A. tridentata subsp. vaseyana

A. tridentata subsp. tridentata x Shrub Sciences Laboratory. Provo, Utah. 1,374 m. 3048

A. tridentata subsp. vaseyana

Other Artemisia

A. californica Santa Clarita, Los Angeles Co., California. 487 m. 3039

A. californica Los Penasquitos Canyon Preserve, San Diego, San Diego Co., 3043
California. 70 m.

A. nesiotica San Clemente Island, Los Angeles Co., California. 3090

A. filifolia Moccasin, Mohave Co. Arizona. 1,530 m. 2868

A. ludoviciana Salt Cave Hollow Road, Uinta National Forest, Salt Creek Canyon, 3087
Juab Co,, Utah. 2,084 m.

A. palmeri Los Penasquitos Canyon Preserve, San Diego, San Diego Co,, 3044
California. 70 m.

A. papposa Milepost 130, U. S. Highway 20, 16 km west of Hill City. ElImore 3077
Co.daho. 1,679 m.

A. pedatifida North of Point of Rocks, Sweetwater Co., Wyoming. 1138

A. spinescens Winton Road, Sweetwater Co., Wyoming. 2403

' E. Durant McArthur collection numbers; vouchers are deposited in the herbarium of the Rocky Mountain

Research Station, Provo, Utah (SSLP).
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2Synthetic hybrids (see McArthur et al., 1998 and McArthur and Sanderson, 1999).
3 Leila M. Shultz collection number.

“Separate floral morphologies (see McArthur, 2005).

TABLE 2. Previous genome size measurements of Tridentatae.

Taxa 2C (s.d.) (pg)’ 2C(Mbp)*> 2n* P.L. 2C/P.. Standard®
4

A. arbuscula subsp. arbuscula* 9.22(0.11) 9017.16 18 2 461 Petunia
A. bigelovii** 1549 (0.10) 15149.22 36 4 3.87 Pisum
A. cana subsp. cana* 25.65 (0.61) 25085.70 72 8 2.57 Pisum
A. cana subsp. viscidula** 8.54 (0.09) 8352.12 18 2 427 Petunia
A. nova** 6.37 (0.14) 6229.86 18 2 3.19 Petunia
A. pygmaea** 11.54 (0.18) 11286.12 18 2 5.77 Petunia
A. spiciformis* 8.18 (0.30) 8000.04 18 2 409 Pisum
A. tridentata subsp. tridentata** 8.17 (0.08) 7990.26 18 2 409 Petunia
A. tridentata subsp. vaseyana™* 8.66 (0.07) 846948 18 2 433 Petunia

Note: The data belong to previous studies in nuclear DNA amount in the genus Artemisia: * Torrell and Valles, 2001,
** Garcia et al, 2004. Data of the A. nova population is not at all consistent with those of the five populations
studied in the present paper, so that we believe that it could be the product of a misidentification. '2C nuclear DNA
content (mean value and standard deviation of the samples). 21 pg = 978 Mbp (DolezZel et al,, 2003). 3Somatic
chromosome number. “Monoploid genome size (2C value divided by ploidy level, Greilhuber et al,, 2005). All
chromosome counts have been carried out in the populations studied in the present paper. °Internal standard

used in each case (see text for details about Pisum and Petunia).

TaBLE 3. Nuclear DNA content and other karyological characters of the populations studied.
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Taxa 2C (s.d.) 2C (Mbp)? 2n3 P.L. 2C/P.? Standard®
(pg)'

Subgenus Tridentatae
A. arbuscula subsp. arbuscula

9.21 (0.06) 9007.38 18 2 461 Petunia
(2877)
A. arbuscula subsp. arbuscula

9.04 (0.13) 8841.12 18 2 452 Petunia
(3027)
A. arbuscula subsp. arbuscula

15.55 (0.35) 15207.9 36 4 3.89 Pisum
(3028)
A. arbuscula subsp. longicaulis

22.85(0.18) 223473 54 6 3.81 Pisum
(2855)*
A. arbuscula subsp. longicaulis

23.10(0.39) 22591.8 54 6 3.85 Petunia**
(2860)*
A. arbuscula subsp. thermopola

947 (0.13) 9261.66 18 2 473 Pisum
(3032)*
A. argillosa (3034)* 15.77 (0.65) 15423.06 36 4 3.94 Petunia**
A. bigelovii (3051) 8.00 (0.10) 7824.00 18 2 4.00 Petunia
A. bigelovii (3050) 15.06 (0.13) 14728.68 36 4 3.76 Pisum
A. bigelovii (2869) 15.32 (0.09) 14982.96 36 4 383 Pisum
A. cana subsp. bolanderi (3047)* 9.01 (0.09) 8811.78 18 2 450 Petunia
A. cana subsp. cana (2128) 27.04 (0.42) 26445.12 72 8 338 Pisum
A. cana subsp. viscidula (2844) 8.73(0.24) 8537.94 18 2 437 Petunia
A. cana subsp. viscidula (2851) 8.51(0.13) 8322.78 18 2 4.26 Petunia
A. cana subsp. viscidula (2875) 8.58 (0.19) 8391.24 18 2 429 Petunia
A. longiloba (3025)* 16.62 (0.45) 16254.36 36 4 415 Pisum
A. nova (3053) 9.09 (0.06) 8890.02 18 2 451 Petunia
A. nova (2873) 17.25(0.15) 16870.5 36 4 431 Pisum
A. nova (2876) 17.10(0.17) 16723.8 36 4 428 Pisum
A. nova subsp. duchesnicola

22.90 (0.39) 22396.2 54 6 382 Pisum
(3029)*
A. nova subsp. duchesnicola

2243 (0.24) 21936.54 54 6 374 Pisum
(3030)*
A. pygmaea (2836) 10.89 (0.24) 1065042 18 2 5.45 Petunia
A. pygmaea (2870) 11.14 (0.19) 10894.92 18 2 557 Petunia
A. rigida (2859)* 8.23(0.13) 8048.94 18 2 4.12 Petunia
A. rothrockii (19803)* 16.41 (0.25) 16048.98 36 4 410 Pisum
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A. spiciformis (2839) 9.00 (0.19) 8802 18 2 4.50 Petunia
A. tridentata subsp. parishii (3037)* 1661 (0.27) 16244.58 36 4 415 Pisum
A. tridentata subsp. parishii (3038)* 1632 (0.17) 15960.96 36 4 408 Pisum
A. tridentata subsp. tridentata

842 (0.27) 8234.76 18 2 421 Petunia
(1996)
A. tridentata subsp. tridentata

8.24 (0.25) 8058.72 18 2 412 Petunia
(2871)
A. tridentata subsp. vaseyana

15.12 (0.37) 14787.36 36 4 3.78 Petunia**
(2879)
A. tridentata subsp. vaseyana

8.89 (0.20) 8694.42 18 2 445 Petunia
(2872)
A. tridentata subsp. vaseyana

8.85(0.22) 8655.3 18 2 443 Petunia
(2874)
A. tridentata subsp. wyomingensis

15.07 (0.19) 1473846 36 4 3.77 Petunia
(2880)*
A. tridentata subsp. xericensis

16.24 (0.13) 15882.72 36 4 4.06 Pisum
(2858)*
A. triparitita subsp. rupicola (3033)*  8.68 (0.19) 8489.04 18 2 434 Petunia
A. tripartita subsp. tripartita (3054) 8.85(0.08) 8655.30 18 2 442 Petunia
A. tripartita subsp. tripartita (2845)* 1532 (0.18) 14982.96 36 4 3.83 Petunia**
Hybrids
A. cana subsp. cana x 19.15 (0.68) 18728.70 54 6 3.19 Pisum
A. tridentata subsp. wyomingensis
(2759)
A. canasubsp. cana x A. tridentata  18.72 (0.35) 18308.16 54 6 3.12 Pisum
subsp. wyomingensis (2760)
A. tridentata subsp. tridentata x A. 15.71 (0.14) 15364.38 36 4 3.93 Pisum
tridentata subsp. vaseyana (3048)
A. tridentata subsp. tridentata x A. 8.52(0.25) 8332.56 18 2 426 Petunia
tridentata subsp. vaseyana (3049)
Other Artemisia
A. californica (3039)* 8.38(0.22) 8195.64 18 2 419 Petunia
A. californica (3043)* 8.57(0.12) 8381.46 18 2 428 Petunia
A. filifolia (2868) 7.26 (0.06) 7100.28 18 2 363 Petunia
A. nesiotica (3090) 8.38(0.15) 8195.64 18 2 419 Petunia
A. ludoviciana (3087)* 13.82(0.17) 13515.95 36 4 345 Pisum
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A. palmeri (3044)* 7.14.(0.07) 6982.92 18 2 357 Pisum

A. papposa (3077)* 8.44 (0.17) 825432 18 2 422 Petunia

A. pedatifida (1138)** 8.86 (0.09) 8665.08 18 2 443 Petunia
7.58 (0.20) 7413.24 18 2 3.79 Petunia

A. spinescens (2403) **

Note: (¥) Taxa for which genome size has been estimated for the first time; (**) It was not possible to use a internal
standard closer to the value of these populations; however, the linearity of the flow cytometer has been assessed
and guarantees a fluctuation threshold lower than 2% in this range of data (see Methods); (*) Only two individuals
have been measured '2C nuclear DNA content (mean value and standard deviation of the samples). 21 pg = 978
Mbp (DolezZel et al,, 2003). *Somatic chromosome number. “Monoploid genome size (2C value divided by ploidy
level, Greilhuber et al,, 2005). All chromosome counts have been carried out in the populations studied in the

present paper. °Internal standard used in each case (see text for details about Pisum and Petunia).



TABLE 4. Environmental, ecological and morphological characteristics, together with the mean values of genome size data and ploidy levels of

the taxa included in the analyses.

Taxa Group’ 2C*> P.L.* Dist.* E.R.* M.A.P.® D.T.” P.H?® S.P.° F.E® G.R.™ V.R."™ S.T."?
A. arbuscula subsp. arbuscula AT 9.24 2 3 3 3 1 1 1 Y S N 1
A. bigelovii AT 8.00 2 2 2 2 3 2 3 N S N 2
A. cana subsp. viscidula AT 8.61 2 3 3 3 1 3 3 Y F Y 1
A. nova AT 9.09 2 3 3 1 3 2 3 N S N 2
A. pygmaea AT 11.19 2 2 1 1 3 1 2 N S N 2
A.rigida AT 8.23 2 2 2 2 3 1 1 Y S N 2
A. spiciformis AT 8.59 2 3 3 3 1 3 3 Y F Y 1
A. tridentata subsp. vaseyana AT 8.8 2 3 3 1 2 3 3 N S N 1
A. tripartita subsp. tripartita AT 8.85 2 3 2 3 2 3 3 Y S Y 2
A. longiloba AT 9.21 2 2 1 2 3 1 2 - S Y 3
A. argillosa AT 15.77 4 2 2 3 2 2 3 - - Y 3
A. rothrockii AT 1641 4 1 1 2 3 2 1 N S Y 2
A. californica ANT 848 2 2 2 2 2 3 3 N S Y 1
A. filifolia ANT 7.2 2 3 - 3 2 3 3 Y F Y 3
A. palmeri ANT 7.14 2 1 - 2 2 3 3 Y F N 1



A. papposa

A. spinescens

A. pedatifida

A. nesiotica

A. ludoviciana
A. vulgaris*

A. fragrans*

A. herba-alba*
A. arborescens*
A. absinthium*
A. campestris*
A. chamaemelifolia*
A. dracunculus®
N. nipponicum*

K brachanthemoides*
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* Peviously published genome size data for these species in Torrell and Valles (2001) and in Garcia et al. (2004).

'Group AT= Tridentatae; ANT= Non Tridentatae Artemisia; O= Outgroup (other subgenera).

’Mean 2C values of the populations measured in the present work and in the previously published.

*Ploidy level.

“Distribution. Values from 1= restricted (1-5 states in the USA); 2= medium (>5-10 states); 3= wide(>10 states).



SElevational range. Values from 1= narrow (<1500 m); 2=medium (2000-2500 m); 3= wide (>2500 m).

®Mean annual precipitation. Values from 1=low (< 300 mm); 2= medium (300 — 400 mm); 3= high (500-1000 mm).
"Drought tolerance. Values from 1= bad drought tolerant to 3 = better drought tolerant.

8Plant height. Values from 1= dwarf (< 0.5 m); 2= subshrubs (0.5-1.5 m); 3= shrubs (>1.5 m).

9Seed production. Values from 1= low (<2000 seeds/q); 2= medium (2000-5000 seeds/q); 3= high (>5000 seeds/q).

"%Fire ecology. Y= layers/ stumps sprout after fire; N= killed by fired.
"Growth rate. F=fast; S= slow.

'2Vegetative reproduction, where Y = sometimes reproduces vegetatively and N= never reproduces vegetatively
13 Salinity tolerance. Values from 1= bad salinity tolerant to 3 = better salinity tolerant.
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TABLE 5. Mean genome size and results of the comparisons, using t tests and phylogenetically

based generalized least squares (PGLS) algorithm). Significances belong to the group AT+ANT.

AT* ANT* AT+ANT Ordinary test PLS test
Group

8.98 748 8.08 p=0.014 p=0.092
Elevation Range
1 10.2 7.33 7.90 Nonsignificant Nonsignificant
2 8.36 8.67 8.49
3 8.87 8.72 8.25

Mean annual precipitation

1 9.69 7.1 7.97 Nonsignificant Nonsignificant
2 848 7.95 8.13
3 8.82 7.29 8.17

Drought tolerance

1 8.81 6.04 8.12 Nonsignificant Nonsignificant
2 8.82 7.99 8.14

3 9.14 6.85 7.99

Plant heigth

1 947 8.29 8.96 P=0.038 p=0.087 (1-2)
2 8.55 6.68 7.09

3 8.71 8.19 837

Seed production

1 8.73 8.73 Nonsignificant Nonsignificant
2 10.2 6.33 6.93

3 8.66 843 8.54

Fire ecology

Y 8.70 7.21 8.04 Nonsignificant Nonsignificant
N 9.27 7.85 8.56

Growth rate

F 8.60 6.99 745 p=0.009 p=0.054
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S 9.08 8.35 8.80

Vegetative growth

Y 8.81 7.77 8.09 Nonsignificant Nonsignificant
N 9.09 7.04 8.06

Salinity tolerance

1 8.81 7.51 8.16 Nonsignificant Nonsignificant
2 9.07 7.76 8.36

3 9.21 711 7.46

Distribution

1 9.71 8.57 9.02 Nonsignificant p=0.055 (1-2)
2 8.79 7.58 8.62 p=0.011(1-3)
3 6.75 6.75
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FIGURE 1. Phylogram from Bayesian phylogenetic of ITS1 and ITS2 sequence data for 28 Artemisia and two

outgroup species. Bayesian clade-credibility values (posterior probability; >0.5) below branches (green=subgenus

Dracunculus;

blue=subgenus  Tridentatae; Yellow=subgenus Artemisia;

violet=subgenus Absinthium).
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7. Canvis en el DNA ribosomic durant la formacié de poliploides i hibrids en les
artemisies endemiques d’America del Nord (subgénere Tridentatae, Artemisia,

Asteraceae).

Sonia GARCIA, Teresa GARNATJE, Jaume PELLICER, Joan VALLES, i Sonja SILJAK-
YAKOVLEV.

El subgenere Tridentatae (Artemisia, Asteraceae), també conegut com el grup
d'artemisies endemiques d'’Ameérica del Nord (anomenades sagebrushes) pot ser
considerat un complex poliploide. L'autopoliploidia i I'al-lopoliploidia, aixi com diferents
tipus d'hibridacié i introgressié sén factors ben documentats involucrats en l'evolucio
d'aquestes especies. Hem utilitzat la hibridacié in situ fluorescent i el bandeig amb
fluorocroms per a detectar i analitzar els canvis en el DNA ribosomic i heterocromatic
lligats als processos de poliploidia en aquest grup. En alguns poliploides s'observa la
perdua de loci de DNA ribosomic, mentre que d'altres mostren el que caldria esperar
respecte als seus diploides. Els patrons de bandatge (de DNA ric en G-C i A-T) també sén
diferents depenent del parell diploide-poliploide estudiat. Malgrat que la hibridacio in
situ genomica (GISH) no aconsegueix distingir entre els genomes parentals d’'un suposat
allopoliploide, hi ha diferencies en el marcatge de certs loci de DNA ribosomic que
suggereixen la dominancia d'un dels progenitors sobre I'altre, en congruencia amb les
dades morfologiques i amb algunes de sequéncies de DNA. A més, el valor sistematic de
la hibridacio in situ fluorescent i el bandatge de fluorocroms sén utilitzats per a elucidar la
posicié sistematica d'Artemisia bigelovii, una espécie classicament considerada com a
membre del grup Tridentatae perd taxonomicament conflictiva, i en la qual es detecta un
patré diferencial de marcatge respecte a la resta del subgenere. Finalment, la presencia
de la seqléncia telomeérica de tipus Arabidopsis és detectada per primer cop en el

génere.
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Ribosomal DNA changes during polyploid and hybrid formation in the North

American endemic sagebrushes (Tridentatae, Artemisia).

Sonia Garcia®, Teresa Garnatje?, Jaume Pellicer!, Joan Vallés' and Sonja Siljak-Yakovlev?

'Facultat de Farmacia, Universitat de Barcelona. Av. Joan XXIII s/n 08028 Barcelona, Catalonia,
Spain.

?Institut Botanic de Barcelona (CSIC-ICUB). Passeig del Migdia s/n 08038 Barcelona, Catalonia,
Spain.

’Ecologie, Systématique, Evolution, UMR CNRS 8079, Université Paris-Sud, Batiment 360, 91405
Orsay Cedex, France.

*Corresponding author: E-mail: soniagarcia@ub.edu

Abstract

Subgenus Tridentatae (Artemisia, Asteraceae), also known as the North American
endemic sagebrushes, can be considered a polyploid complex. Autopolyploidy and
allopolyploidy, as well as different kinds of hybridization and introgression processes are well
documented factors involved in the evolution of these species. Fluorescent in situ
hybridization and fluorochrome banding have been used to detect and analyze ribosomal
and heterochromatic DNA changes linked to the process of polyploidization in this group;
additionally, we also made use of FISH for detecting the presence of the Arabidopsis-type
telomere repeat for the first time in the genus. Loss of rDNA loci was observed in some
polyploids, whereas others showed the double expected from their diploid relatives, hence
different models in polyploid evolution are detected for these species. Banding patterns (of
GC- and AT- rich DNA) are also different depending on the diploid-polyploid species pair
studied. Although GISH failed to distinguish between the parental genomes of a putative
allopolyploid, differential labelling of paternal probes seems to indicate one progenitor’s
dominance over the other at some rDNA loci, consistently with plant morphology and some

chloroplast DNA sequence data. Additionally, the taxonomic value of FISH and fluorochrome
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banding is exploited for elucidating the position of Artemisia bigelovii, a species classically
considered as a Tridentatae member but with a questionable systematic position, and a

differential pattern with respect to the rest of the group is found.

Key words: Arabidopsis-type telomere, allopolyploidy, autopolyploidy, Compositae, FISH,
fluorochrome banding, fluorescent in situ hybridization, fluorocrome banding, genome

organization.

Introduction

The subgenus Tridentatae of genus Artemisia (Asteraceae) makes up a natural
grouping of species called sagebrushes, which are endemic to western North America.
Sagebrushes are about a dozen of landscape-dominant species, probably the most
common woody plants in terms of area occupied and number of individual plants in the
western region of the United States (McArthur and Sanderson, 1999). The Tridentatae have
been the subject of countless research works from many points of view due to their
ecological and economical interest, and classical cytogenetic studies are particularly
abundant (see a review in McArthur and Sanderson, 1999). Additionally, reports on banding
and fluorescent in situ hybridization of the 55 and 185-5.85-26S rDNA have been performed
(Torrell et al,, 2003; Garcia et al, in press), which have established a characteristic signal

pattern of these taxa, as compared with the other subgenera.

Polyploidy in the sagebrushes

Interspecific hybridization and polyploidy are widespread phenomenon in flowering
plants, considered some of the key elements involved in plant diversification (Levin, 1983;
Stebbins, 1950). As many as 70% of plants may have experienced one or more genome
duplication events in their evolutionary past (Masterson, 1994), and even Arabidopsis
thaliana, one of the lowest-genome-sized plants, is thought to be a paleopolyploid (Vision
et al, 2000; Bowers et al., 2003). The prevalence and success of polyploidy implies that it may

confer some evolutionary advantage. This is usually attributed to the genetic variability of
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polyploids, as they can harbour greater genetic diversity than their diploid relatives,
especially in the case of allopolyploids (Doyle et al., 1999). Nevertheless, the mechanisms by
which polyploidy contributes to this variation are not yet well understood, partly because a
number of genetic and epigenetic phenomena are involved (Soltis et al, 2004, and
references therein).

Particularly in the Tridentatae both processes are believed to have facilitated their
speciation and diversification (McArthur et al., 1981; McArthur and Sanderson, 1999). From
the results of many of previous studies it became evident that Tridentatae species exhibit
abundant polyploidy, a feature that is also widespread in Artemisia as a whole (Ehrendorfer,
1964; Estes, 1969; Stahevitch and Wotjas, 1988; Garcia et al., 2006; Pellicer et al., 2007). All the
most abundant species (A. arbuscula, A. cana, A. nova and A. tridentata) and others less
common or less widely distributed (A. bigelovii, A. longiloba, A. rigida, A. rothrockii, and A.
tripartita) include diploid and polyploid populations, and it seems that the Tridentatae
exhibit broad polyploidy and hybridization phenomena which are also evident at ecotonal
interfaces and within populations (McArthur and Sanderson, 1999). Hence, given their
extensive and overlapping areas of distribution in many cases, it could be stated that
Artemisia subgenus Tridentatae fits well in the definition of a polyploid complex, in which
interrelated and interbreeding plants with different ploidy levels can allow genetic
exchanges between species, creating a complex network of interrelated taxa (Babcok and
Stebbins, 1938).

Fluorescent in situ hybridization (FISH) of rDNA loci and fluorochrome banding of
heterochromatic DNA constitute reliable landmarks for chromosome identification (Castilho
and Heslop-Harrison, 1995), and can contribute elucidating genomic rearrangements in
polyploids (Heslop-Harrison, 1991, 2000). As the number of rDNA chromosomal loci mostly
vary between related taxa, this can also help revealing interspecific relationships
(Maluszynska and Heslop-Harrison, 1991; Cerbah et al,, 1998). Indeed, the use of FISH and
fluorochrome banding has yet contributed interesting data to the study of evolutionary
relationships in the genus Artemisia (Valles and Siljak-Yakovlev, 1997; Torrell et al., 2001, 2003;
Garcia et al, in press) and close genera. Moreover, many other chromosomal regions of
repetitive DNA are also susceptible to be revealed by FISH, such as telomeres, transposable
elements, or intersimple sequence repeats (ISSR) among others, which can provide more

characteristics for the description of the karyotypes. The telomeres are repeated sequences
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highly conserved which stabilise and protect chromosome ends, and most plant groups
posses the Arabidopsis-type telomere (TTTAGGG)", although this sequence is not ubiquitous
to all flowering plants (see Fajkus et al, 2005, for a review on this topic), and to our
knowledge, its presence has never been assessed in Artemisia, although it has in a related
and close genus, Chrysanthemum (Abd-el-Twab and Kondo, 2006).

Genomic in situ hybridization (GISH), is a useful technique that can shed light on the
origin of hybrid taxa by the use of fluorescently labelled DNA probes of the putative
progenitors to paint metaphase plates of their presumed hybrid progeny (Parokonny and
Kenton, 1995). Bennett (1995) described the GISH technique as a “dream come true”, and
the ability to “paint” genomes with different colours has enhanced understanding of cellular
organization and evolutionary pathways in recent years (Borgen et al.,, 2003); the application
of GISH for such evolutionary studies is illustrated in several works on species from the
genus Nicotiana (Lim et al., 2000, 2005, and references therein).

Hence, the application of techniques like these is essential in any cytogenetical
approach to solve questions related to chromosomal evolution. With all these ideas in mind,
we conducted fluorochrome banding and in situ hybridization assays with the objectives of:
a) determining the number and distribution of GC-rich bands and rDNA loci (55 and 18S-
5.85-26S genes) in diploid and polyploid representatives of subgenus Tridentatae; b)
detecting in Artemisia the presence of the most usual plant telomeric repeat (TTTAGGG),
and of the intersimple sequence repeat (ISSR) (GT1,)" isolated from representatives of a close
genus (Chrysanthemum, Yang et al, 2006), in order to provide more elements for the
description of their karyotypes; c) describing changes in number and signal strength of
ribosomal DNA loci or any chromosomal rearrangement related with ploidy level increase;
d) establishing, with the help of GISH, the hybrid origin of the presumed allopolyploid A.
arbuscula ssp. longicaulis, whose putative parents are A. arbuscula ssp. arbuscula and A.
tridentata ssp. wyomingensis and observing possible genomic changes related with
allopolyploidy in this taxon, e) linking observed changes in genome size in increasing ploidy

levels (Garcia et al., submitted) with the signal pattern differences of these species.
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Material and methods

Plant material--- Ripe achenes from adult plants were collected from wild populations of each taxon. Root tip
meristems from seedlings were obtained by germinating them on wet filter paper in Petri dishes in the dark at
room temperature. An indication of the provenance of the species studied is shown in Table 1.

Chromosome preparations--- for FISH assays, root tips were pretreated either with 0.05% aqueous colchicine
or with a saturated aqueous solution of Gammexane® (hexachlorocyclohexane; Sigma Aldrich) at room
temperature, for 2 hours 30 minutes to 4 hours. The material was fixed in absolute ethanol and glacial acetic
acid (3:1) and then stored at 4°C for 48 hours. Subsequently, the materials were transferred to 70% ethanol and
stored at 4°C.

Most chromosome preparations for fluorochrome banding and in situ hybridization were done using
the air-drying technique of Geber and Schweizer (1987), with some modifications: root tips were washed with
agitation in citrate buffer (0.01 M citric acid - sodium citrate, pH = 4.6) for 15 minutes, excised, and incubated
in an enzyme solution [4% cellulase Onozuka R10 (Yakult Honsha), 1% pectolyase Y23 (Sigma) and 4%
hemicellulase (Sigma)] at 37°C for 20 to 25 minutes, depending on the species and meristematic thickness. The
lysate of 8-10 root-tips was centrifuged twice in 100 pl buffer and once in 100 ul fixative, at 4000 rpm for 5
minutes for each centrifugation, and removing the supernatant each time. The final pellet was resuspended in
50 ul of fixative, about 10 pl were dropped onto a clean slide, and air-dried. Alternatively, some chromosome
squashes were prepared following the enzymatic softening of material, as described in Leitch et al. (2001).
Fluorochrome banding--- in order to reveal GC-rich DNA bands, chromomycin A; was used, following the
protocol described in Vallés and Siljak-Yakovlev (1997).

Fluorescent in situ hybridization--- DNA hybridization was carried out according to the protocol described in
Torrell et al. (2003), with minor changes: the 185-5.85-26S rDNA probe was labelled with direct Cy3 -red-
(Amersham) and the 5S rDNA probe with digoxigenin-11-dUTP -green- (Boehringer Mannheim). Plant
telomeric repeat probe (TTTAGGG)" was also labelled with digoxigenin-11-dUTP and the intersimple sequence
repeat (ISSR) (GT;2)" with biotin; in these cases the protocol was carried out as described in Leitch et al. (1994),
with modifications as described in Lim et al. (1998). The preparations were counterstained with Vectashield
(Vector Laboratories), a mounting medium containing DAPI (4-6 diamidino-2 phenylindole).

Genomic in situ hybridization--- The hybridization mixture contained 8 pug ml" digoxigenin-labeled A.
tridentata ssp. wyomingensis DNA and 8 ug ml" biotinlabelled A. arbuscula ssp. arbuscula DNA (probes obtained
by nick translation following the instructions of the manufacturer). After overnight hybridization at 37°C, slides
were washed in 20% (v/v) formamide in 0.1XSSC at 42-C at an estimated hybridization stringency of 80-85%.
Sites of probe hybridization were detected by using 20 ug ml' fluorescein-conjugated anti-digoxigenin IgG
(Roche Biochemicals) and 5 ug ml" Cy3-conjugated avidin (Amersham Biosciences). Chromosomes were
counterstained with 2 ug mI" DAPIin 4XSSC, mounted in Vectashield.

The best plates were photographed with a digital camera (AxioCam MRc5 Zeiss) coupled on a Zeiss

Axioplan microscope and images were analyzed with Axio Vision Ac software version 4.2. FISH preparations
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were observed with an epifluorescent Zeiss Axiophot microscope with different combinations of Zeiss
excitation and emission filter sets (01, 07 and 15). Hybridization signals were analysed and photographed using
the highly sensitive CCD camera (Princeton Instruments), and an image analyser software (Metavue, version
4.6, Molecular Devices Corporation). Alternatively, for telomere and ISSR FISH and for GISH assays, plates were
examined using a Leica DMRA2 epifluorescence microscope (Wetzlar, Germany) and photographed with an
Orca ER camera (Hamamatsu Photonics, Welwyn Garden City, UK). Images were processed for colour balance,
contrast and brightness uniformity with Adobe Photoshop (version 7.0.1). Graphics of the haploid idiograms
were performed with PowerPoint (Microsoft Office XP Professional v. SP3) based in the results from Garcia et al.

(in press).

Results

Chromosome complements are 2n=2x=18 for diploids, 2n=4x=36 for tetraploids and
2n=6x=>54 for the only hexaploid studied (Table 2 summarizes results obtained for both 2x
and 4x populations). In every taxon analyzed, FISH signals belonging to 55 and 185-5.85-265
rDNA genes appear always colocalized, located at the distal ends of the short arms of either
metacentric or submetacentric chromosomes (Figure 1). Chromomycin (GC-rich DNA) stains
always the same loci that rDNA, although in some cases, particularly in the polyploids,
additional chromomycin rich bands are present. Diploid A. bigelovii has two loci (four sites)
of both rDNA located at the distal ends of the short arms of one metacentric and one
submetacentric chromosome pair. The remaining diploids show different number of marked
loci: A. tridentata ssp. tridentata shows metaphase plates either with five or six sites, and both
A. nova and A. tripartita ssp. tripartita show always six sites (three loci). Particularly in the first
and the second some loci are larger than the other, which allows distinguishing
homologues at metaphase. In regard to tetraploids, A. bigelovii shows four rDNA loci, two
weakly stained and the other two more strongly; A. tridentata ssp. tridentata presents 18
bands stained with chromomycin (one chromosome pair marked in both ends) of which 11
sites also present rDNA FISH signals. The tetraploid A. nova presents 16 GC-rich bands, of
which one chromosome pair is also stained at both ends, and 12 of these sites also show
both rDNA. The tetraploid A. tripartita ssp. tripartita follows a different pattern, with 12 GC-
rich bands, 6-8 of which are also colocalized with both rDNAs. The hexaploid A. nova ssp.

duchesnicola present 8 rDNA loci and DAPI used as a counterstaining in hybridization
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experiments revealed 30 bands in this taxon, but as these bands were not visible in all the
species they have not been considered for systematic purposes.

To assess the existence of Arabidopsis-type telomeres in Artemisia, we conducted an
in situ hybridization assay in the tetraploid A. nova, where the plant-type telomere probe
efficiently hybridized to the ends of chromosomes, although the signal strength was quite
faint in most cases (Figure 2, B). Additionally, with the purpose to characterize a novel
tandem repeat for Artemisia, an attempt was done in order to isolate the intersimple
sequence repeat (ISSR) (GT2)" from a representative of the family, Chrysanthemum indicum,
obtained from Yang et al. (2006). This species is quite close to our genus, as it belongs to the
same tribe (Anthemideae) and even to the same subtribe (Artemisiinae) (sensu Bremer and
Humphries, 1993); however, we were unsuccessful and this ISSR appears dispersed
throughout the whole chromosome complement of A. nova (results not shown).

GISH is used to recognize the genomic origin of the chromosomes in allopolyploids
(Heslop-Harrison, 1992; Gill and Friebe, 1998). We conducted a GISH assay in a taxon of
putative hybrid allopolyploid origin, A. arbuscula ssp. longicaulis, however, this assay has also
been unsuccessful, as it is unable to distinguish each parental genome in the metaphase
plates of the hybrid. Nevertheless, ribosomal DNA signals from A. arbuscula ssp. arbuscula,
appear stained stronger than those from the other parent in the merged image (Figure 2, C

to F).

Discussion

This study confirms what previous findings on Artemisia (Torrell et al., 2003; Garcia et
al, in press) cytogenetics had pointed, namely, that repeated units of the two different rDNA
multicopy families analyzed appear always overlapped, colocalized with GC-rich regions,
and always located at telomeric position. This unusual organization of ribosomal DNA (for a
review on this subject see Garcia et al., in press), confirmed by PCR assays and more recently
by Southern blot hybridization (A. Kovarik, pers. comm.) is not only exclusive of Artemisia
(also reported in Abd El-Twab and Kondo, 2006), but seems to be common in the branch
holding the tribes Anthemideae and Gnaphalieae (sensu Bremer and Humphries, 1993;

Kubitzki, 2007), and ongoing studies will determine the precise distribution of rDNA units,

129



PUBLICACIO 7

Sonia Garcia 2007

the possible existence of different gene families and the extent of this trait in the Asteraceae

(Garcia et al,, in preparation).

Signal pattern and systematic position: the case of A. bigelovii

The signal pattern of A. bigelovii (two rDNA loci in the diploid and four in the
tetraploid) differs from the structure of the Tridentatae karyotype, which typically shows six
rDNA sites at diploid level (Table 2). This finding contributes additional evidence to the
possible misplacement of this species within the true sagebrushes, as floral morphology,
essential oil composition, and molecular phylogenetics (Holbo and Monzingo, 1965;
Geissman and Irwin, 1974; Kornkven et al, 1998; Garcia et al., unpublished) also suggest.
Actually, A. rigida, another species classically included in the Tridentatae but with
problematic taxonomic placement from many points of view, also revealed a differential
signal pattern with respect to the typical of the sagebrushes, which argued for exclusion of
this group (Garcia et al, in press). Artemisia bigelovii, although generally treated as a
Tridentatae on the basis of other characters (wood anatomy, leaf form, karyotype
morphology, RAPD genetic markers and cpDNA restriction site analyses; McArthur et al,
1981, 1998; Kornkven et al.,, 1999), it has also been considered to occupy an unclear position
between the true sagebrushes and subgenus Artemisia, particularly because floral
morphology, previously mentioned, is remarkably different from the Tridentatae, their flower
heads being heterogamous instead of homogamous. Indeed, FISH on A. annua, from
subgenus Artemisia, revealed the same signal distribution (Torrell et al., 2003). Additionally,
Artemisia filifolia, a species classically considered a member from subgenus Dracunculus but
closely related with the sagebrushes, also shows the same two loci (Garcia et al,, in press)
and a molecular phylogeny based on chloroplast DNA restriction site variation had placed
both species together in the same clade (Kornkven et al, 1999). Molecular phylogenetic
studies based on different nuclear and chloroplastic DNA regions may shed light on the

relationships between these species (Garcia et al., unpublished).
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Change of rDNA loci sites and polyploidization

The other diploid taxa of the study, A. nova, A. tridentata and A. tripartita present three
rDNA loci, as usual in the sagebrushes sensu stricto (Garcia et al., in press). This confirms the
existence of a typical banding and FISH pattern, for which, together with their increased
genome and chromosome size (Torrell et al,, 2003; Garcia et al.,, unpublished), the Tridentatae
could be cytogenetically recognized and differentiated from the remaining Artemisia
subgenera. In A. tridentata, however, cells with either five or six sites have been found (Figure
1, E, only shows the cytotype with 5 sites); although uncommon, a gene loss process could
account for a missing site in this species. Alternatively, instead of occasional deletion of one
locus, it could be that this site was very small and hardly visible due to size differences in
rDNA loci (probably as a consequence of outbreeding, hence higher heterozigosity). If this
was the case, however, we would see more pronounced differences in rDNA size in the
other homologous loci, but conversely, homologous loci can be paired up and no size
differences are apparent, so we believe that deletion of one locus might have taken place (K.
Lim, pers. comm.). With respect to this, studies have shown that polymorphism in the
number and chromosomal distribution of 55 and 255 rDNA can occur both among different
subspecies and varieties of a given species, and within a population (Hasterok et al., 2006).
As one of the main goals of the present paper was to characterize and discuss rDNA change
linked to polyploidy (whether in number, whether in signal strength), the corresponding
tetraploids of these species, and a hexaploid taxon of A. nova (A. nova subsp. duchesnicola)
have also been analysed. In all cases, genome size loss is detected with ploidy increase
(Table 2), confirming the general trend towards genome downsizing with increasing ploidy
level (Leitch and Bennett, 2004), already reported in Artemisia (Garcia et al., 2004; Pellicer et
al., 2007) and particularly in the Tridentatae (Garcia et al., unpublished). However, in some
other Asteraceae genera, genome sizes of polyploid taxa present additivity with respect to
diploid genome sizes (Price and Bachmann, 1975; Marchi et al., 1983; Cerbah et al., 1999).

In some cases the decrease of DNA amount is higher than in others, a fact that could
be related with the age of the polyploid, although rapid genomic rearrangements in few
generations involving a considerable loss of genome size have also been found (reviewed in
Levy and Feldman, 2002; Leitch and Bennet, 2004). With regards to the number of rDNA loci

of the polyploids with respect to the diploids, two tendencies seem present in the studied
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species. On the one hand, the number of rDNA sites of the tetraploids is twice the number
found in diploids in the cases of A. bigelovii and A. nova. An additive pattern of both parental
rDNA loci had been previously reported for the allopolyploid Nicotiana rustica with gene
conversion to the parental rDNA type (Matyasek et al, 2003; Kovarik et al, 2004). In
Tragopogon, another Asteraceae genus, the number and distribution of the rDNA loci in
some of the polyploids studied were also additive of those observed in the diploids (Pires et
al,, 2004). Nevertheless, some weaker signals are detected in both polyploid taxa, hence loss
of gene copies might be taking place at these loci. Additionally, translocations have
occasionally been detected in A. nova (Figure 1, D —chromomycin stained, arrow).

On the other hand, there is a decrease in the expected number or rDNA sites during
polyploid formation: the uncommon case of A. tridentata ssp. tridentata, where only eleven
sites are present instead of the twelve expected, might be a consequence of hybridization
between the diploid cytotype carrying 5 sites and the habitual cytotype with 6 sites (also
present in another subspecies, A. tridentata ssp. spiciformis; see Torrell et al, 2003).
Conversely, A. tripartita shows a different behaviour, as cells with either six or eight rDNA loci
are found in the polyploid taxon where twelve were also expected; hence a dramatic
decrease in rDNA amount per haploid chromosome set has taken place in this polyploid.
This could be related with the higher percentage of genome size loss for this diploid-
polyploid pair (see Table 2), although this data have to be taken with caution, as genome
size for the tetraploid corresponds to a different population (population 2845 of A. tripartita
ssp. tripartita was initially described as diploid, and genome size estimates available for this
one correspond to the diploid cytotype; Garcia et al, unpublished). Finally, the single
hexaploid studied, A. nova ssp. duchesnicola, shows 16 rDNA sites, instead of the 18
expected from the diploid A. nova. rDNA loci loss after polyploidization has also been
reported in other Asteraceae genera such as Xeranthemum (Garnatje et al., 2004), and in
other plant groups, i.e. Sanguisorba (Mishima et al, 2002) and Zingeria (Kotseruba et al.,
2003), among others. rDNA loci loss in polyploids is probably a widespread phenomenon
which might well be involved in genome size loss in polyploids with respect to the
monoploid chromosome complement of diploids, and in the diploidization of the new
polyploid cytotypes.

The case of A. tripartita, where both the diploid and tetraploid cytotypes belong to

the same population has yet been detected in Tridentatae populations, and it is thought to
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be quite common (McArthur et al, 1981) among the sagebrushes. Indeed, previous work
had suggested the autopolyploid nature of many of the Tridentatae (McArthur et al.,, 1981),
although the wide occurrence of hybridization processes including allopolyploidy is another
major force in the evolution of this group. It is suspected that there is a relative frequency of
unreduced gametes formed in such populations, one of the most common mechanisms for
the production of polyploids (Lewis, 1980). Actually, the possibility of in situ de novo
production of 4x plants in 2x populations has been verified in A. tridentata ssp. vaseyana. In
some populations of this species the recent origin of the polyploid cytotype has been
supported by RAPD (2x and 4x individuals had the same RAPD profile, apart from being
morphologically and chemically identical; McArthur et al,, 1998). We have no such available
data for both A. tripartita of this study, but as this population was originally described as
diploid, we might suggest the recent origin of the tetraploid cytotype, as well. Was this the
case, however, rapid genomic rearrangements, probably resulting in genome imbalance
following hybridization could have contributed to such loci loss, as suggested by different
authors in other plant genera (Hasterok et al., 2006). For comparative purposes, it will be
interesting to dispose on data of a recognized and long-term tetraploid A. tripartita

population.

GC-rich, AT-rich DNA and polyploidy

Chromomycin positive bands, those which reveal GC-rich DNA, are always
colocalized with rDNA in diploids, and in the same number of those. The interspersion of
185 rDNA genes in chromomycin positive regions corresponds to nuclear organizing
regions (NORs), which are codified by 185-5.85-26S rDNA, are linked to GC-rich DNA (Siljak-
Yakovlev et al,, 2002), although not all GC-rich DNA bands include NORs. In the tetraploids,
however, different patterns in its distribution seem to occur. The case of A. bigelovii and A.
tripartita, with double number of GC-rich DNA bands with respect to the diploids, contrasts
with both A. nova and A. tridentata tetraploids, showing 16 and 18 bands, respectively, and a
special chromosome pair with GC-rich DNA bands in both ends. A similar case was
previously described for A. argillosa, another Tridentatae tetraploid showing 16
chromomycin positive bands and also two chromosomes marked in both ends (Garcia et al,,

in press). In this previous paper, this high number of GC-rich DNA was considered
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unexpectedly high as compared with previous findings not only in the Artemisia but also in
the Asteraceae. Moreover, a high number of AT-rich DNA was also detected for A. nova ssp.
duchesnicola (around 30), similarly to that found in A. argillosa (26 bands); and always at
distal position (for both types of heterochromatin). Unfortunately we do not have
information about the number of AT-rich DNA bands in the other tetraploids of this paper,
as no DAPI positive bands were visible. However, our present results add evidence to the
previous, and it seems that an expansion of both kinds of repetitive DNA might be linked
with polyploid formation in these species, but its biological significance is still to uncover,
although differentiation leading to diploidization of their karyotypes (to prevent from
hybridization, i. e, enhancing reproductive isolation), or a protective function of

chromosome ends were previously suggested as possible causes (Garcia et al., in press).

GISH of the putative allopolyploid A. arbuscula ssp. longicaulis: possible gene

conversion?

Hybridization and introgression have been important in the evolutionary history of
Tridentatae taxa (Ward, 1953; Beetle, 1960; McArthur et al,, 1981, 1988), and many taxa are
thought to have originated as hybrids, such as A. arbuscula ssp. longicaulis, A. argillosa, A.
spiciformis, A. tridentata ssp. xericensis and A. tridentata ssp. wyomingensis, among others. We
investigated in this study the hypothesis of hybrid origin for the first of these taxa, the
putative allohexaploid A. arbuscula ssp. longicaulis (2n=54). Well documented ecological,
morphological, chemical and cytological evidence points that diploid A. arbuscula ssp.
arbuscula (2n=18) is one putative parent and tetraploid A. tridentata ssp. wyomingensis
(2n=36) is the other, and general morphology and ecology suggest that it is best treated as
a subspecies of A. arbuscula (see figure in Winward and McArthur, 1995). Additionally, both
putative parental species share distribution areas. Genome size data are also consistent with
the possibility of hybrid origin of this taxon and subsequent genome downsizing (A.
arbuscula ssp. arbuscula, mean 2C=9.16 pg, A. tridentata ssp. wyomingensis, mean 2C=15.07
pg, A. arbuscula ssp. longicaulis, mean 2C=22.97 pg, expected mean= 24.23 pg; from Garcia
et al., unpublished). However, no discrimination of the parental origin of the chromosomes
could be detected by GISH. Few studies have succeeded in distinguishing between

genomes of congeneric Asteraceae species (reviewed in Borgen et al,, 2003). The recent
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divergence of these taxa and the lack of enough genomic differentiation between them
may have prevented GISH to work properly.

Nevertheless, this assay might have been useful in elucidating gene conversion,
which can have influenced the structure of rDNA loci in this taxon. In metaphase plate of A.
arbuscula ssp. longicaulis (Fig. 2, C to F) it seems that the probe corresponding to A. arbuscula
ssp. arbuscula genomic DNA (red, Figure 1, D) paints rDNA loci stronger than the probe
corresponding to the other parent (green, Figure 1, E). In the composite images this
difference is also apparent, and particularly two decondensed rDNA loci are clearly more red
than green (Figure 1, F, arrows). Therefore, it is possible that A. tridentata ssp. wyomingensis
rDNA is being converted by that of A. arbuscula ssp. arbuscula, and the fact that those
decondensed rDNA loci are preferentially stained in red suggests that also the most active
rDNAs come from the last one. However, low levels of nucleotide sequence divergence are
found between these three taxa in rDNA regions, although some shared polymorphic sites
and a 15 bp indel in the trnS-trnC region of the chloroplastic DNA by both the hybrid and A.
arbuscula ssp. arbuscula would suggest that the last one might be the maternal genome
donor (recent studies, however, have documented a surprising amount of variation in the
inheritance patterns of chloroplast DNA; see Hansen et al,, 2007). The nucleocytoplasmatic
interaction hypothesis states that the paternal genome of newly formed allopolyploids is
most likely to reorganize to accommodate an alien cytoplasmatic background (Gill, 1991),
which would be consistent with our suggestions, although other studies show that the
maternal genome donor undergoes the greatest change (Volkov et al,, 1999; Matyasek et al.,,
2003; Lim et al, 2000). Anyway, the possibility of a different model might not be
underestimated, as this hybrid could have a multiple allopolyploid origin and a different
behaviour could be observed in another population. In this sense, multiple origins of
Tragopogon allopolyploids have occurred since the introduction of the diploid species into
America (Soltis and Soltis, 2000).

Detection of the plant-telomere repeat

As far as we are aware, there is no available data regarding characteristics of
telomeres in Artemisia, although Abd-el-Twab and Kondo (2006) detected telomere repeats
in one species close to our genus, Chrysanthemum zawadskii. As in that case, hybridization of

the Arabidopsis-type telomere probe took place exclusively at chromosome ends, although
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telomere repeats may be present in a lower copy number than in Chrysanthemum, as the
faint signal strength detected seems to suggest (Figure 1, B). The absence of such
sequences at centro- or pericentromeric positions also indicates that chromosome fissions
or fussions might not have been involved in the karyotype evolution of these species.
Previous karyological studies in this group do not suggest any of these rearrangements in
the typical Tridentatae karyotype (although translocations are occasionally observed, see
above); however, this goes beyond the goal of the present study, which was mainly
detecting the presence of the typical plant telomere. Such studies in other subgenera of
Artemisia would be desirable, particularly in those that have x=8 as basic chromosome
number (Absinthium, Artemisia, and Dracunculus), which is thought to come from a
descending disploidy process involving chromosome fusion (Valles and Siljak-Yakovlev,
1997).

Conclusions

The present study confirms a typical Tridentatae signal pattern at the diploid level,
with three rDNA loci located at telomeric positions of metacentric and submetacentric
chromosomes and that Artemisia presents the Arabidopsis-type telomere repeat. At the
tetraploid level, congruent similarities with previous research have been reported (Garcia et
al, in press), and processes involving locus gain and loss of GC-rich (and possibly AT-rich)
DNA are found to be linked to polyploid formation. Given the differential signal pattern of A.
bigelovii with respect to the other Tridentatae, additional support is provided to the
hypothesis of an improper placement of this species in the core of the Tridentatae, as
previous research claimed. GISH failed to ascertain the hybrid origin of the putative
allohexaploid of this study. However, it would be interesting to carry out more detailed
studies on these species involving other techniques such as Southern blot hybridization,
which would help revealing the hidden processes linked to polyploidy which may involve
homogeneization, gene conversion or epigenetic silencing, among others, and this study

contributes a first step to this purpose.
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FIGURE 1. Fluorochrome banding with chromomycin, fluorescent in situ hybridization genomic in situ
hybridization and a diagrammatic representation of the chromosomes carrying rDNA loci of the different taxa
studied (the chromosome marked with asterisk does not represent a chromosome pair, but a single one). (A, B)
A. bigelovii; (C, D) A. nova (arrows in the chromomycin plates indicate a chromosomal translocation); (E, F) A.
tridentata ssp. tridentata; (G, H) A. tripartita ssp. tripartita.

Scale bars =10 um.

[] Chromomycin [l 185-5.85-265SDNAloci [l 5S rDNA loci
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FIGURE 2. (A) Fluorescent in situ hybridization of A. nova ssp. duchesnicola and a diagrammatic representation of
the chromosomes carrying rDNA loci; (B) Arabidopsis-type telomere probe hybridized in a metaphase plate of
A. nova (4x); genomic in situ hybridization in a metaphase plate of A. arbuscula ssp. longicaulis, (C) DAPI staining,
(D, E) labelling of putative parternal genomes, A. arbuscula ssp. arbuscula (red) and A. tridentata ssp.
wyomingensis (green), (F) composed images; arrows indicate decondensed rDNA chromosome ends.

Scale bars =10 um.

0 Chromomycin [l 185-5.85-26S rDNA loci [l 55 rDNA loci
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TABLE 1. Provenance of the populations of Artemisia studied. The superscript indicates: ' E. D. McArthur
collection numbers; vouchers are deposited in the herbarium of the Rocky Mountain Research Station, Provo,

USA (SSLP). (*) These populations were originally described as diploid, but spontaneous tetraploid cytotypes

have also been found.

Taxa Origin of materials Ploidy level  Colin.

A. arbuscula subsp. Bruneau, Owyhee Co. Idaho. 1012 m. 6x 2855

longicaulis Winward &

McArthur

A. bigelovii Gray Emery Co. Utah. 1801 m. 2x 2869

A. bigelovii Gray 15 km east of Fremont Junction. Emery Co. Utah. 4x 3050
1777 m.

A.nova A. Nels. Birch Springs Road, Mount Borah, Custer Co., 2X 3053
Idaho. 2120 m.

A.nova A. Nels. Tunnel Spring, Desert Experimental Range. 4x 2876

A. nova var. Tridell Road, Uintah Co., Utah. 1702 m. 6X 3029

duchesnicola Welsh &

Goodrich

A. tridentata Nutt. Salt Cave Hollow, Salt Creek Canyon, Juab Co. 2x 2871
Utah. 1870 m.

A. tridentata Nutt. Juab Co. tri. 4x uz4

A. tripartita Rydb. Dubois Sheep Station, Clark Co. Idaho. 1650 m. 2x and 4x* 2845

145



PUBLICACIO 7

Sonia Garcia 2007

TABLE 2. Chromomycin positive bands, rDNA loci and genome size of the diploid-tetraploid pairs of species
studied. Data on genome sizes corresponds to the mean values of the populations assessed up to now (Torrell
and Valles, 2001; Garcia et al, 2004; Garcia et al, unpublished). (*) Between parenthesis, the percentage of

diminution of monoploid genome size (1Cx) of tetraploids with respect to diploids.

2x 4x
CMA FISH 2C CMA FISH 2C*

A. bigelovii 4 4 8.00 8 8 1532
(4 weak) (4.25%)

A.nova 6 6 9.09 16 12 17.10

(6 weak) (5.9%)

A. tridentata 5/6 5/6 8.24 18 11 15.87

(3.7%)

A tripartita 6 6 8.85 12 6-8 1532
(13.44%)
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8. Estudis de sistematica molecular en el subgénere Tridentatae (Artemisia,
Asteraceae) i espeéecies afins: discordanca entre les filogénies nuclears i

cloroplastiques.

Sonia GARCIA, Jaume PELLICER, Joan VALLES i Teresa GARNATJE.

La taxonomia i la sistematica del subgenere Tridentatae no gaudeixen d'un
consens clar, possiblement a causa d'una manca de caracters morfoldgics per a distingir
les seves espécies inequivocament, amb multiples confusions en el nombre i la
circumscripcié dels seus membres. El punt de partida d'aquest treball fou analitzar dues
regions nuclears (ITS i ETS) i dues de cloroplastiques (trnS-trnfM i trnC-trnS) amb la idea
d'obtenir una filogenia molecular en la qual es pogués analitzar-ne la historia evolutiva.
El treball inclou, a més d’'una mostra completa de totes les espéecies i subespecies del
subgénere, una representacio de la majoria d'artemisies d'altres subgeneres endemiques
també d'’Ameérica del Nord i de dos géneres estretament relacionats amb aquest,
Sphaeromeria i Picrothamnus. Els arbres filogenetics generats a partir de I'analisi de I'TS i
I'ETS, per una banda i d'ambdues regions cloroplastiques per l'altra mostren filogenies
moleculars incongruents la qual cosa suggereix una historia complexa d'evolucié
reticulada en el subgeénere. Possiblement fenomens d'hibridacié, poliploidia i
introgressio, tan freqlents en aquest grup, hi estiguin relacionats. No obstant, i malgrat
també la poca resolucio, arees de congruéncia entre els arbres donen suport a clares
conclusions taxonomiques respecte d'especies historicament problematiques. A més, el
geénere Sphaeromeria és parafiletic, i conjuntament amb el monotipic Picrothamnus,
apareix immers dins del génere Artemisia i estretament relacionat amb les seves espéecies
americanes. La sistematica molecular d'aquest grup exemplifica els problemes que
poden apareixer en intentar abordar la reconstruccid filogenética de taxons tan
estretament relacionats i d'evolucié relativament recent. D'acord amb els resultats
obtinguts, és possible que no s'arribi a desenvolupar un marc filogenetic robust perquée
la historia evolutiva probablement contingui un excés de reticulacié i les relacions entre
especies, més que ajustar-se a una topologia d'arbre, s'entenguin millor com a part d'una

Xarxa.



PUBLICACIO 8

Sonia Garcia 2007

Molecular systematics of subgenus Tridentatae (Artemisia, Asteraceae) and allies:

discordance between nuclear and chloroplast phylogenies
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Abstract

A molecular phylogeny based on two nuclear (ITS and ETS) regions has been
performed for all members of Artemisia subgenus Tridentatae, as well as all the other
North American endemic Artemisia, and also including the monotypic genus
Picrothamnus and a representation of the genus Sphaeromeria, both closely related to
Artemisia. Additionally, two chloroplastic (trnSYA-trnfMY and  trnSeU-trnCc“") DNA
regions were sequenced with the purpose of improving the resolution and statistical
supports of the phylogenetic inference. However, the phylogeny obtained with these
two regions was incongruent with that produced by nuclear ribosomal DNA. On the
basis of the I[TS-ETS combined molecular phylogeny some relationships among
Tridentatae and other Artemisia taxa appear to be clearer. The resulting phylogeny
advocates for the monophyly of the Tridentatae with the exclusion of various species
whose position has been historically questioned; hence, this paper claims for a more
restrictive concept of this subgenus. From these data, there is no evidence of the
existence of different lineages within the Tridentatae, despite notable morphological
differences. Some North American endemic taxa classically embedded in the subgenus
Artemisia appear also closely related between them, forming a well supported clade in
the ITS phylogeny and separated from the Tridentatae; however, subgeneric boundaries
with other subgenera of Artemisia are less well defined for the North American endemic
taxa. Genus Sphaeromeria appears nested within the Artemisia clade and does not

constitute a monophyletic association, with some of its representatives closely related
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with the monotypic Picrothamnus, also embedded in the Artemisia clade. Processes
involving reticulate evolution may contribute to difficult the interpretation of

relationships among these species and genera.

Key words: Compositae, chloroplastic DNA, diversification, evolution, external
transcribed spacer (ETS), incongruence, internal transcribed spacer (ITS), molecular

phylogeny, reticulation, sagebrushes, speciation, trnSeV-trnC“, trnSYsA-trnfM“.

Introduction

The genus Artemisia L. is the largest of the tribe Anthemideae (Asteraceae),
comprising around 500 species (Valles and McArthur, 2001; Valles and Garnatje, 2005),
many of them ecologically and economically relevant. It is widely distributed along the
Northern hemisphere, with five subgenera currently accepted by most authors:
Artemisia, Absinthium, Dracunculus, Seriphidium and Tridentatae, although subgeneric
classification is still subject of rearrangements in the light of recent molecular studies
(Watson et al, 2002; Valles et al, 2003; Sanz et al, submitted). The exclusive North
American Artemisia are of particular interest in the evolutionary history of the genus, in
which the most representative group is its endemic subgenus Tridentatae, also known as
sagebrushes. These species characterize the landscape of Western North America, and
are probably the most common shrub plants in the whole United States. Sagebrushes
consist in about a dozen species (depending on the authors), all of them perennial,
woody and xerophytic, although they can colonize a broad ecological range, from dry

valley floors to mesic mountain tops with higher precipitations (West, 1983).

Systematic and taxonomic problems of the Tridentatae

Since early works of Pursh, who described the first Tridentatae species, A. cana
Pursh (Torrey and Gray, 1843; Rydberg, 1916), sagebrushes classification over and under
subgeneric level has been classically difficult. Subgeneric placement is controversial,
because traditionally, section Tridentatae has been placed in subgenus Seriphidium,
based on floral morphology (Rydberg, 1916), although we follow McArthur and Plummer
(1978) and McArthur et al. (1981) who raised the Tridentatae to subgeneric status, and

explained the similarity between both groups as a result of convergent evolution, which
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is consistent with their appearance as two independent clades in a first phylogenetic
survey of the genus (Valles et al, 2003). Indeed, Seriphidium itself has sometimes been
segregated as a genus (Bremer and Humphries, 1993; Ling, 1991, 1995), although its
separation from Artemisia is not supported by neither cpDNA restriction site nor ITS
sequence phylogenies (Kornkven et al., 1998, 1999; Torrell et al., 1999).

The interspecific relationships and boundaries of the sagebrushes are unclear,
although it is generally considered as a monophyletic group (Kornkven et al,, 1998, 1999).
Indeed, two lineages had been proposed within the subgenus (Ward, 1953; Beetle, 1960;
Shultz, 1983; see Table 2), but the available molecular and morphological data do not
support their recognition. Moreover, several species have been included and
subsequently excluded in countless studies based on different approaches such as
morphological, cytogenetical, and chemical (Rydberg, 1916; Hall and Clements, 1923;
Ward, 1953; Beetle, 1960; Holbo and Mozingo, 1965; Kornkven et al, 1998, 1999).
Artemisia bigelovii, A. californica, A. filifolia, A. palmeri, A. pygmaea, and A. rigida are
particularly renowned from this point of view. In situ hybridization assays and genome
size data (Garcia et al, in press; Garcia et al, unpublished) may shed light in some
particular cases. Additionally, two North American endemic subgenera closely related
with Artemisia, Picrothamnus and Sphaeromeria, have also appeared embedded in the
North American endemic Artemisia clade in recent works (Watson et al., 2002; Valles et al,
2003; Sanz et al.,, submitted). Unfortunately, and despite continuous research efforts, we
have not yet an adequate phylogenetic framework in which to analyze relationships

among these species and relatives.

Molecular approach

Given the above-cited problems that most researchers have faced when working
in this group, our attempt to resolve its phylogenetic relationships includes a combined
set of molecular data, as well as considering recent works including genome size and in
situ hybridization data (Garcia et al., in press; Garcia et al., unpublished).

As nuclear gene regions, the rDNA internal and external transcribed spacers (ITS
and ETS) have been our choice. The ITS region had been previously tested in the
Tridentatae (Kornkven et al.,, 1998), although it yielded no high resolution of interspecific
relationships within the group; however, we decided to try this region again as all

subspecific entities of the Tridentatae, most of the remaining North American endemic

151



PUBLICACIO 8

Sonia Garcia 2007

Artemisia and two closely related genera (Picrothamnus and Sphaeromeria) were included
for the first time in a single molecular phylogenetic analysis. The virtues of this region
(biparentally inherited, high rates of base substitution, ease of amplification with
universal primers) have made the ITS extensively used by molecular systematists
(Baldwin et al,, 1995), although either complete or incomplete concerted evolution can
be a source of problems in phylogenetic reconstructions (Mayol and Rossello, 2001;
Alvarez and Wendel, 2003; Nieto Feliner and Rosselld, in press). However, for some
recently evolved angiosperm lineages, the ITS is not enough informative due to
insufficient sequence variation (Francisco-Ortega et al.,, 1997; Susanna et al., 1999). Hence
we decided to include data from another rDNA region, the ETS, which represents a good
candidate for augmenting or replacing the ITS (Baldwin and Markos, 1998; Bena et al,,
1998). It is generally longer than ITS, easily amplifiable with universal primers and has
been proved useful at low taxonomic levels (Linder et al., 2000), with recent examples in
the family Asteraceae (Hidalgo et al, 2006; Garnatje et al., 2007), although, as the ITS
region, it is not free from problems related with concerted evolution.

Since the combination of different genomes is considered one of the best tools
for phylogenetic reconstructions (Qiu et al, 1999), we decided to add chloroplast
sequence data to our molecular study. Even though many noncoding chloroplastic
regions are known, the majority of phylogenetic investigations based in cpDNA have
basically used trnl-trnF and trnK/matK regions, although in comparative studies their
phylogenetic utility at low taxonomic levels is often limited with respect to other regions
(Sang et al,, 1997; Small et al.,, 1998). Previous work with trnL-trnF in subgenus Tridentatae
(Stanton et al,, 2002) and in subtribe Artemisiinae also proved uninformative (Vallés et al,,
2003). Based on the pioneering work of Shaw et al. (2005), trnSY“A-trnfM“"Y and trnSS-t-
trnCc* were selected. Although three genes are embedded in this region, trnSY**-
trnfM“*Y has recently shown high variability in some plant groups (McKenzie et al., 2006;
Mort et al, 2007), but its use is restricted to date. The second is exclusive of the
Asteraceae, and has never been used with phylogenetic purposes up to now. The
Asteraceae present two DNA inversions in the LSC region of the chloroplastic DNA,
originated simultaneously during its early evolution (Kim et al,, 2005). The region trnS®--
trnC* corresponds to part of the regions rpoB-trnC“* and trnSeV-trnGUY“-trnGYY¢ in
subfamily Barnadesioideae (Asteraceae) and in the rest of angiosperms. Indeed, this two

last regions, together with trnSYA-trnfM“Y, are three of the five regions providing the
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greatest number of potentially informative characters across all phylogenetic lineages
(Shaw et al., 2005).

On the basis of this knowledge, we thought that both trnSY*-trnfM“V and
trnSSY-trnC could be a good choice. We also tried to use for the phylogenetic
reconstruction a single copy nuclear gene, the chloroplast-expressed glutamine
synthetase (ncpGS), as different studies stated its potential application for resolving
relationships among closely related species, particularly at lower taxonomic levels
(Emshwiller and Doyle, 1999). However, a preliminar approach did not yield enough
variation to infer phylogenetic relationships (data not shown).

In summary, the present study attempts to resolve phylogenetical relationships
for these taxa, with the specific goals of: a) examining the monophyly and
circumscription of subgenus Tridentatae; b) studying the link with the close genera
Sphaeromeria and Picrothamnus with respect to the genus Artemisia; ¢) resolving
interspecific relationships; d) identifying the subgeneric placement of the other North
American endemic Artemisia; e) examining congruence between nuclear and

chloroplastic phylogenies, in order to assess possible interspecific gene flow.

Material and Methods

Plant material--- Plant material for 42 populations was obtained, including at least a representation of
every species and subspecies of Artemisia subgenus Tridentatae as well as all the remaining North
American endemic Artemisia, five Spaheromeria species and one population of the monotypic genus
Picrothamnus. Additional representatives of each subgenera which were not endemic from North America
were chosen as outgroups. Table 1 shows the provenance of all the species investigated.

Molecular techniques--- Total genomic DNA was extracted using either the CTAB method of Doyle and
Doyle (1987) as modified by Soltis et al. (1991), or the Nucleospin Plant (Macherey-Nagel, GmbH & Co,,
Duren, Germany), depending on the quality of the vegetal material, either from silica gel dried leaves
collected in the field, fresh leaves of plants cultivated in greenhouses (Institut Botanic de Barcelona;
Facultat de Farmacia, Universitat de Barcelona) or herbarium material (see Table 1). PCR was performed
using either GRI Labcare or MJ research thermal cyclers in 25 ul volume. A key for the PCR parameters is as
follows: initial denaturing step (temperature, time); number of repetitions of the amplification cycle [#X
(denaturing temperature, time; primer annealing temperature, time; chain extension temperature, time)];
final extension step (temperature, time). All reactions ended with a final 10°C hold step. Subsequently, PCR
products were purified with either the QIAquick PCR purification kit (Qiagen, Valencia, California, US.A.) or
the DNA Clean & Concentrator-5 D4003 (Zymo Research, Orange, U.S.A). Direct sequencing of the
amplified DNA segment was performed using the Big Dye Terminator Cycle sequencing v3.1 (PE

Biosystems, Foster City, California, U.S.A). Nucleotide sequencing was carried out at the Serveis
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Cientificotecnics (Universitat de Barcelona) on an ABI PRISM 3700 DNA analyzer (PE Biosystems, Foster City,
California, US.A.). DNA sequences were edited by Chromas 1.56 (Technelysium PTy, Tewantin, Queensland,
Australia) and aligned visually. This matrix is available fom the corresponding author. The deposite of

sequences at GenBank is pending.

ITS region: Double-stranded DNA of ITS region (including ITST, ITS2 and 5.85 gene) was amplified by PCR
with either 1406F (Nickrent et al,, 1994) or ITS1 (White et al., 1990) as forward primers, and ITS4 (White et al,,
1990) as the reverse primer. The PCR profile used for amplification was: 94°C, 2 min; 30X (94°C, 1 min 30's;
550C, 2 min; 72°C, 3 min); 72°C, 15 min. Because the average length of this region is relatively short (around
800 bp), only the ITS4 primer was used in sequencing in most cases, although both forward primers have
also been used some times when necessary.

ETS region: Double-stranded DNA ETS region was amplified with the ETS1f as forward and the 18SETS as
reverse primers (Baldwin and Markos, 1998), and occasionally, also with the 18S2L as reverse primer (Linder
et al,, 2000). The PCR profile used for amplification was: 95°C, 5 min; 30X (94°C, 45 s; 50°C, 45 s; 72°C, 40 s);
72°C, 7 min. Due to the length of this region (around 1700 bp) both strands had to be sequenced, mostly
using the ETS1f and 18SETS as sequencing primers, although AST1R and ASTTF were used some times.
However, only the most conserved regions at the 3" and 5 ends were utilized for the phylogenetic
reconstruction.

trnSY-trnfM“Y: This region was amplified with trnSY®* (forward) and trnfM“V (reverse) primers (Demesure
et al, 1995). The amplification parameters were 80°C, 5 min; 30X(94°C, 30 s; 62°C, Tmin 30 s; 72°C, 2 min)
72°C, 5 min. The trSY* was used as sequencing primer, but occasionally the trnfM“VYwas also needed.
trnSeU-trnCe™: The primers trnSY (Shaw et al,, 2005), as forward, and trnC*R (modified by Shaw et al,
2005, from Ohsako and Ohnishi, 2000), as reverse, were used to amplifly this region. The PCR parameters
were the same as for trnSY“-trnfM“Y. This fragment was sequenced with trnSY* primer, although the

trnCS“*R was occasionally needed.

Data analysis--- The outgroup species were A. absinthium, A. deserti, A. dracunculus and A. frigida
(following the criteria of choosing a representation of each subgenera of Artemisia and not being endemic
to North America).

Parsimony analysis: These analyses involved heuristic searches conducted with PAUP 4.0b4a (Swofford,
1999) with Tree Bisection Reconnection (TBR) branch swapping and character states specified as
unordered and unweighted. All most parsimonious trees were saved. To locate other potential islands of
most parsimonious trees (Maddison, 1991), we performed 100 replications with random taxon addition,
also with TBR branch swapping. Bootstrap analysis (BS) (Felsenstein, 1985) was carried out to obtain an
estimate of support of the branches. Bootstrap analysis was performed using 100 replicates of heuristic
search. Calculations were performed with PAUP.

Model selection and Bayesian inference analysis: To determine models under the Akaike Information
Criterion (AIC) and hLRT (Posada and Buckley, 2004), data set was analysed using MrModeltest 2.2
(Nylander, 2004), subsequently used to perform a Bayesian analysis with MrBayes 3.1.1 (Huelsenbeck and
Ronquist, 2001). Four Markov chains were run simultaneously for 1,000,000 generations, and these were

sampled every 100 generations. Data from the first 1000 generations were discarded as the burn-in period,
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after confirming that likelihood values had stabilized prior to the 1,000 generation. Posterior probabilities

were estimated through the construction of a 50% majority rule consensus.

Results and Discussion

Combined data set analysis and incongruences among gene trees

Table 3 summarizes the characteristics of the data sets studied. Phylogenies
produced with ITS and ETS regions (both in separate and combined analyses, Fig. 1)
agreed to some extent with the results obtained in previous work (morphological,
chemical, phylogenetic and cytogenetic studies; Kornkven et al,, 1998, 199; Watson et al.,
2002; Valles et al, 2003) much better than with chloroplastic DNA phylogeny; both
phylogenies had several points of incongruence, so we did not combine the data from
chloroplastic DNA regions (Fig. 2). The controversial results could be due to past events
of chloroplast capture, previously suggested as a cause of incongruence (Kornkven et al,,
1999) or past hybridization events. Other causes such as taxon density, sampling error,
convergence and heterogeneity of evolutionary rates can potentially produce erroneous
phylogenetic reconstructions leading to incongruence between phylogenetic trees
based on different genomes (Soltis and Kuzoff, 1995).

By and large, results are consistent with previous work on the whole genus,
which characterized a North American endemic group including species from subgenus
Tridentatae and the other genera Picrothamnus and Sphaeromeria (Watson et al., 2002;
Valles et al,, 2003; Sanz et al.,, submitted), this time with a complete representation of all
the Tridentatae, most of the other North American endemic Artemisia and a larger set of

Sphaeromeria representatives.

The group of true sagebrushes and their hybrids

The clade embracing the Tridentatae s. s. is supported in the combined ITS+ETS
analysis (Fig. 1) with a value of 98% of PP; we believe this is a natural group, as all the
species within this clade are recognized Tridentatae members whose placement within
this subgenus has never been put into question. So, according to these results, the
monophyly of subgenus Tridentatae is supported, with the exclusion of A. bigelovii, A.
rigida and A. pygmaea (sensu Shultz, 2006), three species classically included within the

true sagebrushes. ITS and ETS inference propose two potential sister groups to the
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subgenus Tridentatae s. s.. A. argillosa, and a clade whose composition is difficult to
explain on morphological basis, including A. californica, A. nesiotica, A. pygmaea and two
members of genus Sphaeromeria, S. cana and S. diversifolia; however, although this is a
highly supported clade, with 97% PP in Bayesian inference, maximum parsimony analysis
of the ITS region (Fig. 3) shows that A. californica and A. nesiotica are separated from the
remaining species of this group (88% BS, not shown), and appear in a more basal
position within the North American endemic Artemisia.

The close relationship between A. argillosa and the Tridentatae s. s. suggested in
our phylogenetic inference is also supported by the fact that this taxa presents the
morphological characteristics defining this subgenus (shrubs, with leaves in lateral
fascicles, discoid, homogamous heads with hermafrodite flowers and glabrous
receptacle). The specific status of this taxon is not yet currently accepted, and it appears
as a synonym of A. cana subsp. viscidula in the Flora of North America (Shultz, 2006).
However, A. argillosa is never closely related to any other species in the distinct
phylogenies produced, which would reject previous hypotheses about its hybrid origin
between A. cana subsp. viscidula and A. longiloba (Beetle, 1959). Additionally, the groups
more closely related to A. argillosa are well supported and segregate from this species.
Together with previous findings (Garcia et al,, in press), these results also claim for the
uniquity of this taxon and indeed to its best consideration at the specific status.

However, ETS and ITS combined phylogeny does not fully resolve interspecific
relationships within this group, with subspecific entities of the same taxon (A. arbuscula,
A. cana, A. tridentata) spread within well supported clades. Previous work (Ward, 1953;
Beetle, 1960; Shultz, 1983) had suggested the existence of different lineages within the
sagebrushes (Table 2), mostly based on leaf morphology, habitat preference and ability
to layer and root-sprout after fire. Later work based on molecular phylogenetic analyses
(Kornkven et al., 1998, 1999), however, failed to discriminate any of these groupings, as
does ours. Actually, many subspecies in the Tridentatae are suggested to be hybrid
combinations between two taxa (Beetle, 1960; Winward and McArthur, 1995), which may
explain the odd groupings within this clade prima facie. Nevertheless, there is a well
differentiated clade (95% PP) and some supported assemblages. On the one hand, the
association between A. arbuscula subsp. arbuscula and A. arbuscula subsp. thermopola
(99% PP) is not unexpected, being subspecific entities of the same taxon (general
appearance and flowering period shared by both subspecies), and could be related with

the presumed hybrid origin of A. arbuscula subsp. thermopola (A. arbuscula subsp.
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arbuscula x A. tripartita subsp. tripartita; Beetle, 1960); in this case, the comparison of
chloroplastic DNA sequences of the three taxa does not reject this hypothesis (although
the possibility of other progenitor species is not dismissed), as 75% of polymorphic sites
are shared with A. arbuscula subsp. arbuscula, and 25% with A. tripartita subsp. tripartita.

On the other hand, A. nova and A. tridentata subsp. vaseyana appear also closely
related (98% PP): both species share distribution area, and are widely distributed;
moreover, the first has sometimes been described as a subspecies of A. tridentata, and
also as a subspecies of A. arbuscula which, likewise, has been described as subsp. of A.
tridentata. The close relationship between these three entities, A. arbuscula, A. nova and
A. tridentata, foreshadowed by all those nomenclatural reordenations, explains the high
support of the clade that groups them (99% PP, 89% BS).

Additionally, A. cana subsp. bolanderi and A. rothrockii are grouped (99% PP)
probably because they share geographic distribution and due to the likely hybrid origin
of A. rothrockii from a cross between representative(s) of the A. cana "complex” with
other(s) from the A. tridentata "complex” (Beetle, 1960). If this was the case, we think that
A. cana subsp. bolanderi would be one putative parent and A. tridentata subsp. xericensis
would be the other, as the ITS phylogeny groups A. tridentata subsp. xericensis with A.
rothrockii (99% PP, Fig. 3). Chloroplast DNA sequence comparison does not provide
evidence about the putative maternal genome donor, as A. rothrockii shares 50% of
polymorphic sites with either presumed progenitor.

Another well supported clade is the one joining A. arbuscula subsp. longicaulis
with A. tridentata subsp. wyomingensis and A. nova subsp. duchesnicola (Fig. 1, 98% PP).
The relationship of the two first taxa could also be explained as a result of hybridization
(A. arbuscula subsp. longicaulis = A. arbuscula subsp. arbuscula x A. tridentata subsp.
wyomingensis; Winward and McArthur, 1995); the link with A. nova subsp. duchesnicola is
not surprising; as previously commented, A. nova has been described as a subspecies of
either A. arbuscula or A. tridentata.

Repeated episodes of hybridization, which seem to be apparent in this group,
complicate the interpretation of phylogenetic relationships from sequence patterns
(Sudrez-Santiago et al., 2007). Additionally, if the hybrid hypotheses here presented were
true, gene conversion of rIDNA to one parent’s type would be also probably taking place,
as in most cases the presumed hybrid shows a close relationship with one of the

putative progenitors whereas the other putative progenitor appears well segregated.
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Placement of conflictive species

Although the monophyly of subgenus Tridentatae has also been supported by
several independent studies (Kornkven et al,, 1998; Torrell et al., 1999; Valles et al., 2003),
A. bigelovii, A. pygmaea, and A. rigida classically included in this group, have always been
subject of controversy, with countless studies proposing either their inclusion or
exclusion. Moreover, neither hybrids nor subspecific entities of these three taxa have
ever been described (differently from the other Tridentatae). In the case of A. bigelovii, its
floral morphology (the only Tridentatae with heterogamous capitula; Hall and Clements,
1923; Ward, 1953; Shultz, 1983; Ling, 1991, 1995), molecular phylogenetic data (Kornkven
et al, 1998), essential oil composition (Holbo and Monzingo, 1965; Geissman and Irwin,
1974) and our own results on molecular cytogenetics using FISH (Garcia et al,
unpublished) clearly differentiate it from the Tridentatae s. s. This species has been
generally treated as a Tridentatae on the basis of many characters such as wood
anatomy, leaf form, karyotype morphology, RAPD genetic markers and cpDNA restriction
site analyses (McArthur et al, 1981, 1998a; Kornkven et al., 1999). However, our present
results add evidence to the segregation of A. bigelovii from the true sagebrushes. The
combined ITS and ETS molecular phylogeny places this species well separated from the
core of the Tridentatae, in a particularly surprising and highly supported grouping (98%
PP, Fig. 1) together with another conflictive sagebrush species, A. rigida (commented
further on), other North American members of subgenus Dracunculus, the monotypic
genus Picrothamnus (the species of which has a nomenclatural synonymy with Artemisia
spinescens, considered a member of subgenus Dracunculus,) and two Sphaeromeria
species. Excepting A. rigida, all members of this assemblage present heterogamous
capitula (although disk flowers are perfect and fertile in A. bigelovii in contrast to the
sterile, functionally male disk flowers of subgenus Dracunculus). Chloroplast DNA
phylogeny does not clearly indicate any relationship, although A. bigelovii appears
grouped with most Tridentatae species and one member of subgenus Dracunculus, A.
pedatifida, but with no significant statistical support (PP 56%, Fig. 2).

Artemisia rigida is a species particularly well adapted to restricted habitats and
displays specialized morphological and anatomical modifications to extreme conditions
of aridity (Hall and Clements, 1923; Shultz, 1983). It was placed alone in another section

within subgenus Seriphidium, sect. Rigidae Rydb. (Rydberg, 1916). Holbo and Mozingo's
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(1965) chromatographic characterization point to its exclusion from the Tridentatae; as
well as our findings with in situ hybridization, genome size studies (Garcia et al., in press)
and the present results of this molecular phylogeny (ITS+ETS, Fig. 1), which place it well
separated from the core of the sagebrushes and which also suggest a tight relationship
with A. bigelovii (98% PP). Kornkven et al. (1999) stated that A. rigida may have diverged
early in the evolution of the subgenus, with its placement as sister to the core Tridentatae
species, in addition to its morphological specialization.

Artemisia pygmaea is a dwarf shrub with different leaf morphology and larger
seeds as compared with the other Tridentatae (Cronquist, 1994; McArthur and Stevens,
2004). It is a relatively uncommon species, limited to calcareous soils in the desert areas
of central and western Utah, eastern Nevada and northern Arizona (Ward, 1953). Based
on the specialized features that requires its ecology, Rydberg (1916) also placed A.
pygmaea in a separated section (sect. Pygmaea Rydb.) in subgenus Seriphidium. Essential
oil composition (Holbo and Mozingo, 1965; Geissman and Irwin, 1974), some differences
in karyotype morphology (Garcia et al, in press) and a significantly larger genome size
(Garcia et al., unpublished), also differentiate it from the core of the true sagebrushes.
Previous molecular biology studies have placed this species as sister to the other
Tridentatae (Kornkven et al, 1998; Watson et al, 2002). The results produced by the
present ITS+ETS phylogenetic analysis would also place A. pygmaea in a sister group of
the true sagebrushes, in a clade (97% PP, Fig. 1) together with other North American
endemic Artemisia and some Sphaeromeria species.

However, we cannot ignore the association suggested by the cpDNA phylogeny,
where A. rigida and A. pygmaea are grouped together with some other Tridentatae
species, in a supported clade (95% PP, Fig. 2); this is also consistent with previous
findings of a molecular phylogeny based on chloroplast DNA restriction site variation
(Kornkven et al,, 1999), where A. rigida appeared within the Tridentatae clade, but in an
isolated position, and A. pygmaea together with other Tridentatae members. Maybe an
ancient hybrid origin of these two taxa in the early evolution of the subgenus is
responsible for these apparent incongruences concerning these taxa between both
phylogenies, although we are hesitant to suggest such a possibility before additional

molecular evidence is provided to support this hypothesis.
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Other North American endemics

Several North American endemic species of Artemisia are traditionally embedded
in different subgenera on the basis of floral morphology and other morphological traits,
but sometimes their placement has been discussed, and the boundaries between
subgenera are not so clear within North American endemics as within other Artemisia
from other regions. Particularly, the position of A. palmeri has been controversial: it is a
herbaceous perennial endemic to the California coast which was placed into a segregate
monotypic genus, Artemisiastrum palmeri Rydb. based on the presence of receptacular
bracts (Rydberg, 1916), but the presence of homogamous flower heads lead various
authors to subsume it in sect. Tridentatae (Hall and Clements, 1923; Ling, 1991, 1995). As
previous work (Kornkven et al, 1999) our present findings place it well separated not
only from the Tridentatae but also from many other Artemisia and the close genera
Sphaeromeria and Picrothamnus. Indeed, the tree corresponding to the analysis of the ITS
region alone (Fig. 3) displays a clear relationship with other members from subgenus
Artemisia, particularly with those forming the A. wulgaris complex (100% PP);
unfortunately, we were not able to obtain ETS sequences for A. carruthii, A. papposa and
A. wulgaris, but the combined ITS+ETS phylogeny also shows a clear relationship with A.
ludoviciana subsp. ludoviciana, another typical member of this group (100% PP, 100% BS).
On the other hand, the relationship between A. californica and A. nesiotica is clear (the
last one was first described as Crossostephium insulare Rydb. and further combined as A.
californica Less. var. insularis (Rydb.) Munz.) and confirmed with a high statistical support
(100% PP, 100% BS) according to our phylogeny. The connection of these two taxa with
respect to their subgenus, however, is not that clear, as these two species appear
segregated with respect of the remaining subgenus Artemisia members (commented in
the previous paragraph). The chloroplast DNA molecular phylogenetic reconstruction
(Fig. 2) also places A. californica and A. nesiotica well separated of the other subgenus
Artemisia members (only A. ludoviciana and A. palmeri in this tree, as we could not obtain
cpDNA sequences of A. carruthii, A. papposa and A. vulgaris). Similar results regarding this
subgenus have been obtained in comprehensive studies of the whole genus, in which
species traditionally assigned to the subgenus Artemisia appear well spread all over the
phylogenetic tree (Torrell et al., 1999; Vallés et al., 2003); this is probably another sign of
the artificial traditional classification prevailing in Artemisia. Moreover, the fact that both

A. californica and A. nesiotica, fairly similar in overall appearance, show different floral
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morphologies (A. californica capitula are heterogamous and A. nesiotica's are
homogamous) indicates that this character, classically used for distinguishing between
subgenera would not have systematic value at this level, as it seems that homogamous
flower heads have appeared several times during the evolution of Artemisia.

The position of Artemisia filifolia had also been questioned, some authors
suggesting a close relationship with the subgenus Tridentatae: it has some cytological,
chloroplast DNA and chemical similarities with the sagebrushes (Kelsey and Shafizadeh,
1979; McArthur and Pope, 1979; Kornkven et al, 1999), although it is different in floral
characteristics, wood anatomy (absence of interxylary cork; Moss, 1940) and ITS data
sequence (Kornkven et al., 1998). Artemisia filifolia is traditionally assigned to subgenus
Dracunculus on the basis of floral morphology. The results produced by this molecular
phylogeny place it well separate from the core of the Tridentatae, although the
subgeneric placement of Artemisia filifolia cannot be entirely resolved from the present

data.

Sphaeromeria and Picrothamnus: are they disguised Artemisia?

Sphaeromeria and Picrothamnus are the only genera with exclusive North
American distribution within the Artemisiinae (apart from Artemisiastrum, which is not
frequently considered as commented above; Bremer and Humphries, 1993), or according
to the most recent classification of the Asteraceae, within the Artemisia group
(Oberprieler et al.,, 2007). Previous phylogenetic approaches (Watson et al., 2002; Valles et
al,, 2003; Sanz et al.,, submitted) did not fully resolve their actual placement, although all
agreed indicating their close relationship with Artemisia. Our own results add evidence
to the close link uniting these three genera. The present molecular phylogenetic analysis
(ITS+ETS, Fig. 1) places both genus well embedded in highly supported clades shared
with other Artemisia members. Moreover, Sphaeromeria does not form a monophyletic
group, with the five taxa studied (the genus consists of nine species) grouped in
segregated clades. Additionally, the monotypic genus Picrothamnus is also immersed in
a clade (98% PP) uniting other Artemisia and Sphaeromeria; particularly, Picrothamnus
desertorum joins Sphaeromeria argentea in a highly supported clade (100% PP, 100% BS).
These two taxa share distribution area and part of the blooming period (Shultz, 2006)
which could account for intergeneric hybridization for explaining such a close

relationship. Finally, although chloroplast DNA phylogeny does not resolve any grouping
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involving species of these genera, it also places all Sphaeromeria species and
Picrothamnus desertorum within all the other North American endemic Artemisia (98% PP,
Fig. 2).

Morphological appearance of Sphaeromeria is remarkably different from that of
Artemisia species, indeed many of its species were previously classified as members of
Tanacetum (see Shultz, 2006). However, previous work of Holmgren et al. (1976) best
treated Sphaeromeria closer to Artemisia than to Tanacetum on the basis of
morphological traits; consistent results with these observations where obtained with
RAPD analysis (McArthur et al,, 1998b). The presence of interxylary cork is a characteristic
shared by these three genera (Moss, 1940; Wood, 1966; Holmgren et al,, 1976). On the
other hand, morphological similarities of Picrothamnus desertorum with Artemisia
members are clear; it was first described by Nuttall (1841), but later considered as a
species from the genus Artemisia, A. spinescens D. C. Eaton. Hall & Clements (1923)
consider it “in all essentials an Artemisia of the section Dracunculus’, because of their
functionally male central florets with reduced ovaries and fused style-branches. The
cobwebby-pilose corollas and the spiny habit would be autoapomorphies of this species
(Bremer and Humphries, 1993). In the molecular phylogeny obtained, P. desertorum
appears grouped with other Sphaeromeria and Artemisia, mainly from subgenus
Dracunculus, and with heterogamous flower heads (with the exception of A. rigida).

These results, i. e, that the genus Sphaeromeria is clearly paraphyletic in its
current circumscription, and that together with Picrothamnus they are well immersed
(with high statistical support) in the Artemisia group, would advise for a redefinition of
these genera, including their species within Artemisia. They might form taxonomical sub-
entities within Artemisia whose position cannot be determined due to the lack of
resolution of this phylogenetic reconstruction. A complete data set including all
Sphaeromeria species, as well as molecular cytogenetic studies, to date not performed
neither in Sphaeromeria nor in Picrothamnus, might help uncover relationships within

this group in Artemisia.
Concluding remarks
The results provided by this phylogenetic approach to this group of plants point

that considering the geographic origin is very important in the systematic assessment of

closely related species, as many of the associations shown are probably more congruent
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with the geographic origin than with their subgeneric or even generic placement
(Fuertes-Aguilar et al, 1999). With regards to subgenus Tridentatae, we think that it
should be reduced to a limited number of species (A. arbuscula, A. cana, A. longiloba, A.
nova, A. rothrockii, A. tridentata and A. tripartita) and their hybrids or subspecific entities. It
is a group of closely related plants which share distribution areas and form wide
populations where gene flow is common. Because of absence of reproductive barriers,
reticulate events involving different kinds of hybridization among all these taxa
(allopolyploidy, homoploid hybrid formation, introgression) may be abundant, giving
birth to multiple and recurrent combinations which contribute to obscure true
relationships among taxa and enhance the well-deserved reputation of this group of
being taxonomically difficult. A different approach, probably involving studies at the
population level and network analyses, will be useful in elucidating interspecific
relationships in this group. Artemisia argillosa is potentially a member of the Tridentatae s.
s., however, more data are required to confirm this point.

According to the ITS and ETS phylogenetic reconstruction, other species such as
A. bigelovii, A. rigida and A. pygmaea may be segregated from the Tridentatae s. s.
Otherwise, many recognized Artemisia members from other subgenera (Artemisia and
Dracunculus), Picrothamnus and Sphaeromeria, should fit in this definition. As previously
stated, many other data from different sources support the exclusion of these three
controversial species from the core of sagebrushes (Garcia et al.,, in press, and references
therein), although chloroplast DNA results placing A. pygmaea and A. rigida together
with other Tridentatae cannot be neglected, and could point again to the reticulate
history of this group. Additionally, neither A. californica, A. filifolia nor A. nesiotica should
be included in the Tridentatae, as a previous study suggested, which also redefined
Artemisia subgenus Tridentatae as comprising North American shrubs with both
homogamous and heterogamous capitula (Shultz, 2005). Our proposal, on the contrary,
is a restrictive one, limiting the concept of the Tridentatae s. s. to a small, homogeneous
and hybridizing group of eight closely related species, in which reticulate relationships
between them (i. e. subspecific entities of the same species spread in different clades)

might contribute to their evolution and current species richness and diversity.
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TABLE 1. Origin and herbarium vouchers (BCF=herbarium of the Faculty of Pharmacy, University of
Barcelona; BCN=herbarium of the University of Barcelona, Centre de Documentacié de Biodiversitat
Vegetal; EDM=E. Durant McArthur collection numbers; and other particular collection accession numbers).

GenBank accession numbers for ITS, ETS, trnSU“A-trnfM™V and trnSCY-trnC pending.

Taxon

Collection data and herbarium voucher

Artemisia absinthium L.

Artemisia arbuscula Nutt. subsp. arbuscula

Artemisia arbuscula Nutt. subsp. longicaulis Winward
& McArthur

Artemisia arbuscula Nutt. subsp. thermopola Beetle

Artemisia argillosa Beetle

Artemisia bigelovii A. Gray

Artemisia californica Less.

Artemisia cana Pursh subsp. bolanderi (A. Gray) G. H.
Ward

Artemisia cana Pursh subsp. cana

Artemisia cana Pursh subsp. viscidula (Osterh.) Beetle

Artemisia carruthii Wood ex Carruth
Artemisia deserti Krasch.

Artemisia dracunculus L.

Artemisia filifolia Torr.

Artemisia frigida Willd.

Artemisia herba-alba Asso
Artemisia longiloba (Osterh.) Beetle

Artemisia ludoviciana Nutt. subsp. ludoviciana

Artemisia nesiotica P. H. Raven

170

Setcases, Catalonia, Spain. (BCF 43821)

Corn Creek Canyon, Millard Co., Utah., USA.
(EDM 2877)

Toulon, Pershing Co., Nevada, USA. (EDM 2860)

Yellowstone, National Park, Teton Co., Wyoming,
USA. (EDM 3032)

Coalmont, Jackson Co., Colorado, USA.

(EDM 3034)

Emery Co., Utah, USA. (EDM 2869)

Santa Clarita, Los Angeles Co., California, USA.
(EDM 3039)

Bridgeport, Mono Co., California, USA.

(EDM 3047)

Sheridan, Sheridan Co., Wyoming, USA.

(EDM 2128)

Warner Pass, Lake Co., Oregon, USA.

(EDM 2436)

Clear Creek Canyon, Sevier Co, USA. (EDM 1254)
Semnan, Iran. (BCN 13322)

Kharkhorin, Khengai Aimag, Mongolia.

(BCN 17750)

Kanab, Kane Co., Utah, USA. (BCN 13332)

Kyzyl, TGva, Russia. (BCN 16421).

Aranjuez, Madrid, Spain. (BCF 40435).

Corral Creek, Grand Co., Colorado, USA

(Linda Sanders 3)

Zion National Park, Washington Co., Utah, USA.
(BCN 13955)

San Clemente Island, Los Angeles Co., California,
USA. (EDM 3090)
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Artemisia nova A. Nelson

Artemisia nova A. Nelson subsp. duchesnicola Welsh
& Goodrich

Artemisia palmeri A. Gray

Artemisia papposa Blake & Cronquist

Artemisia pedatifida Nutt.

Artemisia porteri Cronquist
Artemisia pygmaea A. Gray
Artemisia rigida (Nutt.) A. Gray

Artemisia rothrockii A. Gray

Artemisia tridentata Nutt. subsp. parishii (A. Gray)
Hall & Clements

Artemisia tridentata Nutt. subsp. spiciformis (Osterh.)
Kartesz & Gandhi

Artemisia tridentata Nutt. subsp. tridentata

Artemisia tridentata Nutt. subsp. vaseyana (Rydb.)
Beetle

Artemisia tridentata Nutt. subsp. wyomingensis
Beetle & A. L. Young

Artemisia tridentata Nutt. subsp. xericensis Winward
ex R. Rosentreter & R. G. Kelsey

Artemisia tripartita Rydb. subsp. rupicola Beetle

Artemisia tripartita Rydb. subsp. tripartita

Artemisia vulgaris L.

Picrothamnus desertorum Nutt.

Sphaeromeria argentea Nutt.

Sphaeromeria cana A. Heller

Sphaeromeria diversifolia Rydb.
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Tunnel Spring, Desert Experimental Range,
Millard Co., Utah, USA. (EDM 2876)

Tridell Road, Uintah Co., Utah, USA. (EDM 3029)

Los Penasquitos Canyon Preserve, San Diego,
San Diego Co., California, USA. (EDM 3044)
Owyhee Co,, Idaho, USA. (Ann de Bolt, 1840)
North of Point Rocks, Sweetwater Co., Wyoming,
USA. (EDM 1138)

Fremont Co., Wyoming, USA. (EDM 3094)

Utah, Juab Co., USA. (BCN 14116).

Malheur Reservoir, Malheur Co.

Oregon, USA. (EDM 2859)

Reed Flats, White Mountains, Inyo Co., California,
USA. (L. Shultz 19803)

West of Rosamond, Kern Co.,, California, USA.
(EDM 3037)

Ford Ridge, Bristle Cone Scout Camp,

Carbon Co., Utah, USA. (EDM 2839)

Salt Creek Canyon, Juab Co., Utah, USA.

(EDM 2871)

Salt Creek Canyon, Juab. Co., Utah, USA.

(EDM 2872)

Gordon Creek, Carbon Co., Utah, USA.

(EDM 2886)

Mann Creek Reservoir, Washington Co., Idaho,
USA. (EDM 2858)

Pole Mountain, Albany Co., Wyoming, USA.
(EDM 3033)

Dubois Sheep Station, Clark Co., Idaho, USA.
(EDM 2845)

Vila Nova de Gaia, Portugal. (BCN 15273)

Winton Road, Sweetwater Co., Wyoming, USA.
(EDM 2403)

South of Chimney Rock, Sweetwater Co,,
Wyoming, USA. (Goodrich and Atwood, 22533)
North or Current, Broom Canyon, Nye Co.,
Nevada, USA (Goodrich, Smith and Tuhy 20075)
Santiaquin Canyon, Utah. USA.

(BCF 49505)
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Sphaeromeria potentilloides A. Heller

Sphaeromeria ruthiae A. H. Holmgren, L. M. Shultz &

T. K. Lowrey

Sonia Garcia 2007

South of Hill City, Camas Co., Idaho, USA. (EDM

2425).

Refrigerator Canyon, Zion National Park,
Washington Co., Utah, USA. (EDM 1775)

TaBLE 2. Comparison of the three hypotheses of interspecific relationships within subgenus Tridentatae.

Two lineages have been proposed (1) A. tridentata lineage and (2) A. cana lineage.

Ward (1953)

Beetle (1960)

Shultz (1983)

A. tridentata lineage
Seldom root sprouts after fire

A. tridentata
A.arbuscula

Mostly tridentate leaves

Xerophytic

A.cana lineage

Root sprouts and layers

A. arbuscula subsp. nova

A. tridentata
A. longiloba
A. nova

A. arbuscula subsp. longiloba A. bigelovii

A.cana

Leaves entire or deeply divided

Mesophytic

Questionable placement

Hybrid origin

Excluded taxa

A. tripartita

A. pygmaea

A. palmeri

A. rothrockii

A. bigelovii

A. pygmaea

A.cana
A. tripartita
A. rigida

A.arbuscula
A. rothrockii

A. palmeri

A. tridentata
A. nova

A.cana
A. tripartita

A. pygmaea
A. rigida

A.arbuscula
A. rothrockii

A. bigelovii
A. palmeri

TABLE 3. Summary of sequence data from ITS, ETS and trnSU-trnC%“*and trnSYSA-trnfMVY, Consistency and

homoplasy indexes are calculated excluding uninformative characters.

Data set ITS ETS Combined nrDNA Combined cpDNA
Number of taxa 43 39 39 39

Total characters 651 1456 2056 1996

Informative characters 76 220 296 28

Consistency Index (Cl) 0.5106 0.6074 0.5602 0.6905

Homoplasy Index (HI) 0.4864 0.3926 0.4398 0.3095

Retention Index (RI) 0.7079 0.7139 0.6678 0.8267

Rescaled Consistency Index (RC) 03615 0.4359 03741 0.5708

Model selected (ModelTest) GTR+4+G  GTR++G  GTR+I+G GTR+!
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FIGURE 1. Phylogenetic reconstruction obtained through combined analysis of TS and ETS sequence data
for 39 species. Majority rule consensus tree (50%) based on Bayesian inference with Bayesian clade-
credibility values (posterior probability; >50%) above branches and parsimony bootstrap percentages

(>50%) below branches.
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FIGURE 2. Phylogenetic reconstruction obtained through combined analysis of trnSV-trnC4and trnSYeA-
trnfMY), for 39 species. Majority rule consensus tree (50%) based on Bayesian inference with Bayesian

clade-credibility values (posterior probability; >509%) above branches.
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FIGURE 3. Phylogenetic reconstruction obtained through analysis of ITS sequence data for 43 species.
Majority rule consensus tree (50%) based on Bayesian inference with Bayesian clade-credibility values

(posterior probability; >50%) above branches.
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