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Specific genetic markers for wheat, spelt, and

four wild relatives: comparison of isozymes,
RAPDs, and wheat microsatellites

Roberto Guadagnuolo, Dessislava Savova Bianchi, and Francois Felber

Abstract: Three types of markers—isozymes, RAPD: (random amphfied polymorphic DNAs), and wheat microsatellites—
were tested on wheat, spelt, and four wild wheat relatives (degilops cylindrica, Elymus caninus, Hordeum marinum, and
Agropyron junceum). The aim was to evaluate thewr capabality to provide specific markers for differentiation of the culb-
vated and wild species. The markers were set up for subsequent detection of hybnds and introgression of wheat DNA into
wild relatives. All markers allowed differentiafion of the cultrvated from the wild species. Wheat nmcrosatellites were not
amiphfied in all the wild relatives, whereas RAPDx and 1sozymes exhobited polymorphism for all species. The
dendroprams obtaimed with RAPT) and mozyme data separated Swiss wheat cultivars from those collected in Austna and
England, while no difference was found between Swiss spelt and wheat EAPD data provided a weak discnmination be-
tween English and Austnan E camimus. The mocosatellite-based dendrogram discrmumated populations of de. cylindrica,
but no clear separation of H marinum from E conimes was revealed. The similanty maimnces based on the three different
sets of data were strongly comrelated The Inghest value was recorded between the matnces based on RAPD: and
1sozymes (Mantel's test, r = 0.93). Comelations between the siomlanty matnix based on mucrosatellites and matnces based
on RAPDE and 1sozymes were lower: 0.74 and 0.68, respectively. While microsatellites are very useful for compansons of
closely related accessions, they are less smtable for studies mvolving less-related taxa Isozymes provide mterestmg mark-
can produce a large set of markers, which can be used for the evaluation of both between- and within-species genetic
vanation, more rapidly and eaaly than 1sozymes and mucrosatellites.

Ezy words: Tnbceae, 1sozymes, RAPDs, microsatellites, polymerphism.

Resnme - Trois types de marguenrs—les 1sozymes, les RAPDs (« random amphfied polymorphec DNAs ») et les microsa-
tellites du blé—ont &t festés sur six especes appartenant 3 la tnbu des Totceae, le ble, I'épeautre et quatre espéces sau-
vages apparentées (degilops cylindrica, Elymus canimus, Hordeum marinum et Agropyron junceum). Le but de I'étnde était
d’evalner lenr capacité de pénerer des marquenrs spécifiques pour la differenciation des especes culiivées ef sauvages. Les
marquenrs ont & produts afin de pouvorr détecter ulteneurement de 1'mirogression d’ADN do blé dans les espéces appa-
rentées. Tous les types de marquenrs ont permuis de séparer les espéces cultivées des sauvages. Les microsatellites do blé
n'ont pas eété amphfies dans toutes les espéces sauvages, alors que les BAPDs et les 1s0zymes ont deecte du polymor-
phisme chez toutes les espéces. Les dendrogranmmes obtemns a partir des données BEAPD et 1sozymes distingnatent les va-
nétés de blé autnchienne et anglases des smsses, alors qu’aucime séparation entre blé et épeantre smsses n'y était
observée. Une légere discnmination enfre populations anglases ef auinchiennes d'E. caninus a éte obtenue avec les mar-
queurs RAFD. Les populations d’Ae. cplindrica etmient séparées dans le dendropramme obtenm avec les mictosatellites do
blé, alors gque ce dermer groupart . marinum et E caninws. Les matnices de sinmlanté basées sur les trois types de mar-
queurs étaient fortement comrélées. La valeur la plus élevee a éte obtemme entre la matnice des RAPD et celle des 1sozy-
mes (test de Mantel, r = 0,93). Entre la matrice basée sur les mictosatellites et celles basées sur les RAPD et les
1sozymes, la comélation était plus fable, 0.74 et 0,68 respectivement. Alors que les nmcrosatelhites sont trés ubiles pour la
comparaison de hgnées fortement apparentées, 1ls sont moms appropmss pour I'éude de taxons relatvement élognes. Les
1sozymes peuvent penérer suffisamment de marqueurs pour différencier les espéces, mas 1ls sont moms adaptés pour
I'émde de la diversité genefique mfraspecifique. Les RAPDs peuvent prodwre mn grand nombre de marquenrs ufiles pour
I'émde de la diversité mter- ef mira-speécifique, plus rapidement et facilement que les 1sozymes et les microsatellites.

Motz cles - Tnheeae, 1sozymes, RAPDs, microsatellites, polymorphisme.
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Introduction

The usefulness of molecular tools for identifying species
and clanfying intergenenc relationships in the tribe Triticeae
15 well docomented (e.g., ©Qrgaard and Heslop-Hamson
1994; Svitashev et al. 1996, 1998; Sun et al. 1997). More-
over, hyhmdshatweeumheatandmanjrmldaﬂdmﬂmrated
Triticeae have an mmpact on crop breeding (Limin and
Fowler 1990; Friebe &t al. 1992; Seifers et al. 1995; Yoan et
al 1997). They are also imporiant for the cuoltrvation of
transgemic wheat in regions where wild relatrves are abun-
dant and close to cultivated areas, becaunse of the nsks of
transgene escape into the wild (Seefeldt et al 1998; Zemetfra
et al. 1998). A set of specific markers 1= thus needed to eas-
ily idenfify species, hybrids, and cross-dernved mdiniduals.

Isozymes have largely been used in population genetic
studies becanse of their codomunance and their aphinde for
detecting genetic vanation among and within natural popula-
tions (Heun et al. 1994; Linbart and Grant 1996). In the past,
they have also provided useful markers for selection 1n sev-
eral crops (Amsworth et al. 1984; Nielsen and Johansen
1986). More recently, PCR-based markers have allowed the
characterizsation of the highly vanable noncoding sequences

of the penome. They permitted the detection of high levels
of genetic variation, even in faxa considered to be highly

monomorphic, such as cultivars or autopamous species,
which is the case for most of the Tnficeae. BAPD (random
amphfied polymorphic DNA) and mucrosatellite (or simple
sequence repeat (S5R)) markers have become two of the
most useful tools in population genetic studies (Williams et
al 1990; Dhar et al. 1997 Bauert et al. 1993; Cao et al
1998: Gabnelsen and Brochman 1998; Strelchenko et al.
1999} and marker-assisted selechon (Yang et al 1994
Plaschke et al. 1995; Sanchez de la Hoz et al. 1996; Akagi et
al. 1997; Milbourne et al. 1998). In particular, microsatellite
markers are presently considered to be the most powerful
tool for detecting penetic varnation befween and within
species (Morgante and Olivier: 1993; Roder et al. 1995; Sun
et al. 1999).

In recent years, the effictency and usefolness of some of
the most-used genetic markers—isozymes, EAPDs, S5Bs,
AF1Ps (amplified frapment length polymorphisms), and
RFLPs (resiriction fragment length peolymorphisms)}—have
been compared and discussed in several papers (Le., Powell
et al. 1996; Chan and Sun 1997; Sun et al. 1999). Most of
these comparisons were performed to study crop genetic
variability (Bobn et al. 1999), to find markers for crop selec-
tion (Schachermayr et al 1995, 1994; Liibberstedt et al.
1998), and to study relationships between and within closely
related taxa (Sun et al. 1997; Svitashev et al. 1998) or wathin
the same species (Sun ef al. 1999). All these studies, per-
formed mostly on very closely related taxa, searched for the
maximum level of polymorphism between and within spe-
cies. In the present study, our first priority was genetic vana-
tion between species, whereas vanation between populations
of the same species was of secondary relevance. Therefore,
companscns among the three different techmiques used—
wsozymes, RAPDs and microsatellites—focused on the abil-
ity of the techmigue to provide a large set of specific markers
for interspecific differenbiation rapidly and easily rather than
on the possibility of detecting polymorphism at a low taxo-

nomic level The markers set up were necessary for subse-

quent studies related to concemns hinked to the coltvation of

genetically engineered crops and were aimed at detecting
possible introgressions of wheat DNA into the penomes of
wild species (Guoadagnuolo et al. 20014, 20015). Thus, with
regard to the choice of markers, particular emphasis was
placed on the differentiation of wheat from the wild species.

For the same reasons expressed above, the choice of wild
species was based on thewr aptitude to hybndise naturally
with spelt and wheat, as mferred from the hterature, and was
restricted to species growing in the northern part of Europe:
Aegilops cylindrica Host., Elymus caninus L., Hordeum
marinum s.str. Hodson, and Agropyron junceum (L.) Beaov
(Fedak 1985; Sharma and Baezinger 1986; Maan 1987; van
Slageren 1994).

The chjectives of this study were (i) to differentiate wheat
from four wild relatrves with specific penetic markers and
(if) to compare the efficiency of three different types of
markers—isozymes, RAPDs, and mucrosatellites—for fhis
differentiabion.

Materials and methods

Plant material

Saadsufthefumwﬂdsp&:i&sfﬁblel]mmﬂedﬂdmﬂwﬁ—
zerland, Austna, and In each (Ta-
ble 2). a representative sample of 2040 s[lspikﬁ"p ) was
collected Three } of de cylindrica (Switzerland), two
of 4. junceum , two of H marinum and six of
E caninus and Anstria) were sampled In Aunstma and
England, wheat (Trificum mstivum) seeds were also collected m the
mmediate proximity of the wild-relative populafions, to detect
possible mirogression of wheat DNA mio wild genomes. In addi-
tiom, 13 Swiss wheat vaneties (seven winter wheats and six sprmg
wheats) and three spelt vanetes (Iriticum spelia; seeds obtamned
from Enec Schweizer Samen AG (CH-3602 Thun) were inchided in
the study. Seeds were sown and plants cultivated in the Botanical
Garden of Neuchatel.

Isozryme analysis

After testing three different extrachon buffers, protein extraction
from all regenerated plants was camed out by grinding two young
leaves per plant m 1 ml. of 0.1 M sodium acetate solubon
(pH 7.2). The extracts were then centnfiged at 12 000 rpm and the
supernatant stored at —80°C for subsequent isozyme amalyzis. A
representative sample of each species or was chosen to be

tested with 22 systems on starch and pelyacrylamode gels.
Polyacrylanmde gels (2.5 mom thick) were prepared accordmg to
Gasquez and Compomnt (1976), as modified by Lumaret (1981):
e gels were 9% acrylammde plus 0.165% bis-acrylanmde;
mg gels were 2.5% (1 cm lomg); sqﬂ.mtmngels
were 9% acrylamide and 0.165% bis-acrylanmde (7.5 cm long).
Forty mucrohitres of each sample (puxed with 20 pl. of bromo-
phenol blue ) was mn Tns-glycme buffer
{pH £.6) at 4°C under the fo condibions: 10 nom at 600 V
and 6 pulsabons/s (pps), 20 oun at 230 V and 7 pps, and 2.5 h at
600 V and 7 pps.
Starch gels (12%) were prepared according to Pasteur et al
(1987) and Wendel and Weeden (198%). Two gel-mugration buffer
were tested: borate (pH 82) (Pasteur et al 1987) and
histicdine—citrate (pH 6.5) (Poulik 1957).
Proten separation was withm 2
Zyme staming was ot a3 descnbed m Baancha (1996).
Several 10s of plants of each species were analyzed m other shadies
{Guadagmmiolo et al. 2001a, 20015), but only those also amalyzed with
DNA nrkers were considered m the present study (Table 2).

after extraction. Fn-



Table 1. Species studied and their genetic charactenistics.

Species Common name Genome formmla Ploidy level — Reference

Triticum stivum L. Common or bread wheat AABBDD In=6x=42 Miller 1987

Triticum spelta L. Spelt wheat AABBDD In=6x=42 Miller 1987

Aegilops cylindrica Host. Jomnted poatprass CCDD n=4x =128 Mller 1987

Elymus caninus L. Bearded wheatgrass or bearded couch S5HH n=4x=128 Sunetal 1997
Agropyron junceum (L) Beauv. Sea wheatprass Jalu n=2x=14 Sharma 1996

Hordeum marinum ssit. Hudson  Sea barey XX n=2x=14 Bamm and Johnsom 1998

Table 2. Species and individuals sampled for penetic analyses (performed in 1998).

No. of plants analyzed with

Species Country Populations/vanetes Code 1sozyme and DNA markers
Agropyron junceum  England (GB) Wells-next-the-Sea (32°39N, 0°31'E) A 4GB 3
Old Hunstanton (32°58N, 0"3XE) Aj5GB 2
Elymus caninus England (GB) and Warboys Wood Nature Reserve Ec2GB 10
Austna (Amnt) (2 subpopulations) (32°25N, 0°05W)
Homcastle (530N, 0°08W) Ec 6GB 5
Scottleborpe (52°46'N, 0°26'W) Ec7GB 5
Sonthey Wood, Peterborough Ec 8GB 5
(32°35N, 0°F22W)
Achleiten (2 subpopulations) Ec 1Aut 10
(48°5N, 14°11'E)
Kaltenbach (2 subpopulations) Ec 2Aut 10
(48°16N, 13°5YE)
Hordeum marimim  England (GB) Wolferton, Norfolk (2 subpopulations) Hm 3GB 10
(32°51'N, 0°27FE)
Sonthey Wood, Peterborough Hm 9GB 5
(32°35N, 0°22W)
Aegilops cylindrica  Switzerland (CH) Bng (46"19N, 8°00E) Aec 1CH 11
Sieme (46°18N, 7°33E) Aec 2CH 11
Saillon (46°11°'N, 8°11'E) Aec 3CH 10
Triticum estivim Switzerland 13 Swnss vanetes (Anna Galaxie, Tae CHvar. 13 bulks of 10
Tamaro, Boval, Funal Hessischer
Landweizen, Probus Golin, Balom,
Greina Albis, Frisal, Lona)
Amstria 1 Anstrian vanety (Favont) Tae Amtvar. 1 bulk of 10
Enpland 3 English vanetes (unknown) Tae GB1-3 3 bulks of 10
Triticum spelia Switzerland 3 Swiss vaneties (Oberkulmer, Ostro, Ts. CH.var. 3 bulks of 10
Sertel)
DNA analysis

Total DNA exiraction from a
nrllsanq:lesperpq;mlatmnfur & cylindrica, on five samples
per population (or won) for H marinum and E. caninus,
and cn all five samples of 4. jumcenm obtamed. For each wheat and
spelt vanety, the extraction was performed on a bulk of 10 plants.
A simple 5DS — sodium acetate protocol was used DNA was re-

mm a TE sohlohion (1* TE: 10 mM TnsHCL 1 mM
EDTA, pH 80) at a concentration of 30 ng/ml. and stored at —
20°C

leaf was camed out om 10

P(innrhnﬂlRAPDandnﬁmsate]]itemqﬂiﬁcaﬁnmmspn—
formed m 25ul. volumes under the following conditions.

RAPDs

In each PRC tube, the concentrates were 1= PCE buffer,
1.5 mM MgpCl, 04= Qschotion ((Qiagen AG, Basel), 0.2 mM
dNTP, 0.2 pM pnmer, 0.03 UpL Taq polymerase (Chagen AG,
Baszel), and 1 ngjul template DNA_  Amplifications were performed
in a Biometra I thermocycler usimg the following profile: imitial de-

mmhunatgd“ﬂfnrjmfu]lmu&dt%ﬁqrclesnflmat
93°C, 1 nun at 45°C, and 1 mun at 72°C. Final extension was
10 min at 72°C. PCRpmdmtswmmmﬁdmthal.-S volhme of
loading buffer and separated on a 1.6% (w/v) agarose gel (contam-
mg 0.4 pg/ml. ethidium bromide) m 0.5= TBE (1= TBE: 90 mM
Trns-borate, 2 mM EDTA, pH 8.0) at 60 V for 2 h. DNA frapments
wa'eﬂmviam]izadlmderW]jght

five of the senes OFB 1-20, OFP 1-20, and OPT
—EﬂThaa‘m% Alﬂ.nnrla,ﬂa]lﬂwa'etestﬁdmﬂ:me
mdnrldmlsper species; eight primers were

selectad{(}PEﬁ E,andl[landDPPﬁ 7,8, 9, and 14), as they am-

maﬂ-:ﬂ'sfureachspamm The selection was also
based on the mumber of fra and on the
reproducibility of the results (at least two for each sample

and each prmer). The selected pnmers were then uwsed on the
whole set of samples.

Microsatellites
In each FR.C tube, the concentrates were 1» PCR. budfer, 1.5 m



MgCl,, 0.4« Q-soluhon ((hagen AG, Basel), 0.2 mM dNTP,
0.6 oM each primer, 0.03 UpL Taq polymerase (Qiagen AG.
Bazel), and 1 ngul template DNA WETE PeT-
formed in a Biometra I thermocycler nsing the fi I ;
imtial denaturation at 93°C for 3 mun, followed by 45 cycles of
1 num at 93°C, 1 mum at 35°C, and 2 min at 72°C. Final extension
was 10 mun at 72°C. PCE were mixed with a 1/5 volume
of loadmg buffer and separated on a 6% polyacrylanmde gel

0.5= TBE at 100 V for 6 h. Gels were stamned m a 0.4 pg/mL
%m&mmmnmﬁmmmmm

Six wheat mumatelhteprmmspm (WhS 43, 44, d-ili?
106, and 1359) of the more
fragments were selected from 12 tested and publcly le
wheat microsatellife pnmers pams c the A, B, and D
genomes of wheat (Plaschke et al. 1995; Rider et al. 19935).

The nmerosatellites chosen were descnibed as being present i a
specific genome of T @stivum and T spelta (Plaschke et al 1995;
Rider et al. 1993). Moreover, only those situated m the I
were to be amplified n de cplindrica. Despite these con-
siderations, we used the same pn for all the species, because
some of them were able to amphfy species-specific bands m wild
relatives not necessanly possessing the D) genome, as already dem-
onstrated by Sun et al. (1997) for Elymus species.

Data analysis

The data obtaed with the three t s were scored o a bi-
nary form as presence or absence (1 and 0) of bands for each nds-
vidual or bulk (in the case of the wheat DNA samples).

In a first step, the data were analyzed by cluster analysis usmg
the CLUSTER package (hitp:/www. biology ualberta cafjbrzusto),
to deternune 1f species and populations formed groups according to
their penetic charactenistics. The a Jaccard’s coefficient
() was used to calculate similanty between samples:

I =afla+b+¢)

where a 13 the mumber of fragments present m both indviduals and
b and ¢ are the number of fragments present exclusively m indrid-
ual 1 and exclosively in mdividual 2, - This coefficient
does not take mto acoount the double absence o ﬁagnmﬂgw]:uch
15 closer to reality, considenng that the absence of a DNA fragment
or 1sozyme band m towo samples 15 an absence of mformaton
rather than an element of sumilanty.

The simmlarity matrices obtained with the three sets of data—
wereusadtugenﬂzteUPGhLﬂL{mwmghtedpangrmpmﬂmd
with anthmetic averaging) dendroprams,
TREEVIEW (Page 1996).

To test the statistical =i of s determimed by clus-
ter analysis, uwe]lastlﬁmﬁmd]smmmamngrmgf sandh}rpnpula-
tions for each gemetic marker, Mantel tests (999 permmtabions)
were performed using the B4 [E-Eta version) package (P. Casgram
and P. Legendre, Département des sciences hiologiques, Université
de Montréal Montréal, Guebec). Simmlamity matrices obtamed
genetic data were converted mto distance mainces and
pairwise (mucrosatellite—RAPD, mucrosatellite-isozyme, RAPD-
1sozyme, 1sozyme — combined data, RAPD) — combined data, and
microsatellite — combined data) and with a matrx m
which a distance value of 0 was assigned between two samples of
the same species and a value of 1 was assigned between two sam-
ples of different species. Mantel statistics calculate a lmear comrela-
tion between the distance matrix and the generated matnx and test
its sigmficance.

Results

Izozymes

Among 22 i1sozyme systems tested on starch and poly-
acrylamide gels, four were monomorphic and 16 did not
produce interpretable bands. Two enzyme systems, GOT
(glutamate oxaloacetate transaminase) and PRX (peroxidasze)
on polyacrylammde gels, were selected to be used for the
whole set of individuals, as they were polymorphic. Twenty-
one 1sozyme bands were produced m total, of which 19 were
polymorphic between species (Fig. 1). Eleven bands were
polymorphic between as well as within species. The number
of bands produced by the two systems was almost 1dentical,
10 and 11 for the GOT and PEX systems, respectively. Howr-
ever, GOT showed less polymorphism within species than
FEX, although it produced at least cne specific band for
each PEX was polymorphic both between and
mtl:unspecms_ but two bands were present in all samples of
all species.

RAFPDs

The eight BAPD used on the whole set of planis
produced a total of 126 polymorphic frapments (none of the
fragments was present in all the species) (Fig. 2). For all
individuals, a maxmmum of 20 frapments were amplified
with pnmer OPB-08, while only 10 were obtained with
primer OPP-07. An average of 42 7 frapments per indrvidual
were prodoced. Swiss vanefies of wheat amplified between
40 and 55 fragments, while only 44 were amphfied by Auns-

Pnmer OPB-10 amplified one frapment that was present
only m individuals of the populations Aec.l and Aec 3 of
Ae. cylindrica, while pnmer OPP-08 amplified a band spe-
cific for population Aec 2.

Microsatellites

Among all mdividuals, 27 polymorphic fragments (ie.
none uftheseﬁagmﬂmsmaspresmtmaﬂﬂl&spames} were
amplified using the six wheat muecresatellite primer pars.

Three pnmer pairs (WMS 43, 44, and 159) amplified four
fragments each, whereas one (WMS 47) produced five frag-
ments (Fig. 3). The primer pair WMS 46 produced eight
polymorphic markers, whereas only two were produced by
WMS 106. In spite of its low polymorphism, this latter
primer pair amplified one marker specific for populations
Aecl and Aec3 of de cylindrica that was absent 1n all

samples of population Aec ? of the same species.
Prlmerpau“s WMS 47, 106, and 159 did not amplify any

fragments m E caninus, A junceum, or H marinum.

Genetic differentiation

Cluster analyses based on sumilanty matrices clearly sepa-
rated wild species from cultrvated ones, regardless of type of
marker.

In the dendrogram obtained with i1sozymes, the species
formed separated clusters, with the exception of T @sfivum
and T spelta, which gm-uped. together (data not shown). Al-
most no pol hism was detected within the populations
of wild species. The ability to differentiate the species by
this technique was confirmed by a high Mantel test correla-



Fig. 1. Zymopgram of the species for two enryme systems: glutamate oxaloacetate transaninase and peroxidase.
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Fig. 2. Genetic polymorphism between species as revealed by RAPD primer OPB-08. Lanes: M, 100-bp DNA ladder (GibcoBRL®,
Life Technologies); 1 and 2, Tae CH; 3, Tae.GB; 4, Tae Aut; 3, Ts.CH; 6-8, Aec CH; 9-11, Hm GB, 12 and 13, Ec GE; 14 and 15,
Ec Aut; 16-18, Aj;.GB; and NC, negative confrol
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tion value (r = 0.90) between 1sozyme and species distance  lated between RAPD and species matnces was even pher
matrices (Table 3). than for isozymes, namely, r = 0.94.

With regard to the separation of the species, similar re- Both EAPD and isczyme data indicated that Ade
sults were obtained with RAPT) data (Fig. 4). In this case as ~ cylindrica was the closest relative of wheat among the spe-
well, individuals of different species, with the exception of  cies studied with a mean distance ranging from 0.6 for
wheat and spelt, clustered separately. The correlation calen-  1sozyme dafa to 0.7 for RAPD data In addition, little separa-



Fig. 3. Example of polymorphism between species as revealed by wheat microsatellite pnmer WhS-43. Lanes: M, 100-bp DNA ladder
(GibcoBRL®, Life Techmologies); 1 and 2, Tae CH: 3, Tae GB; 4, Tae Aut; 5, Ts.CH; 6-8, Aec CH: 911, Hm GB; 12 and 13, Ec.GB;

14 and 15, Ec Aut; and 16-18, A GB.
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tion of Austrian and English wheat vaneties from Swiss
ones was obtained with either data set. Moreover, the Man-
tel test comelation calculated between the izozyme and
EAPD distance matrnices (r = 0.93) confirmed the congru-
ence of the results obtained with these two types of markers.

The resulits obtained uvsing microsatellite data differed
considerably from the others (Fig. 5). The separation of the
species was less clear, with some mdividuals of H marinum
clustering together with £ canfnus. This led to a Mantel test
correlation value for the separation of the species that was
clearly lower than those for the RAPD and 1sozyme data
0.72 versus 094 and 090, respectively (Table 3). Asgilops
cylindrica clustered far from wheat, and the calculated dis-
tance between these two species ((0.85) was even ligher than
those between wheat and the other wild relatrves. In con-
trast, microsatellite data clearly separated one population of
Ae. cylindrica (Aec.2, Sierre) from the other two, which
were situated about 50 lm east (Aecl, Bnpg) and west
({Aec 3, Saillon). Moreover, Mantel test correlation values
between microsatellite and RAPD simlanty matrices (0.74)
and between microsatelhite and isczyme matnices (0.68)
were consistently lower than those between RAPD and
1sozyme matrices (0.93) (Table 3).

None of the markers showed sipmficant genetic differ-
ences between Enplish and Austrian populations of
E. caninus. However, the RAPD-based dendrogram_ as well
as the one constructed using the combined data, separated
the six populations mto two groups: one composed of the
Anstnan populations and the English population of Wistow
Wood Nature Reserve (Ec2GB) and one that included the
other three Enghsh populations. The separation of Swiss
from Austrian and English wheat cultivars was clearer in the
dendrogram based on the combined data (data not shown)
than in those based only on RAPD or isozyme data

The dendrogram obtammed using the combined data
showed a higher similarity with those based on RAPDs and
1sozymes than with the cne based on mucrosatellites. Thus
was confirmed by Mantel tests companng the combined data
similarity matrix with those obtained with the three separate
data sets (Table 3).

Discussion

All three methods used provided vseful markers for spe-
cies differentiation. The highest snmber of specific markers,
which was clearly correlated with the large number of frag-

M123 45678 9101112131415161718 M

Table 3. Mante] tests on the distance matnces obtamed with the
three types of genetic data compared with a mainx generated for
the species (where a distance of 1 was assipned between mdmid-
uals of different species and 0 was assigned between individuals
of the same species) (compansonl), parwise (companson 2),
and with a matnx obtamed with the combmed data set {(obtamed
by grouping the three sets of data (1sozyme, RAPD, and
mucrosatelhite)) (companson 3).

Comrelation

Comparison 1

Isozymes vs. species
FAPDs vs. species
Microsatellites vs. species
Combined data vs. species
Comparison 2

Isorymes vs. RAPD=
Isorymes v=. mucrosatellites
RAPDs vs. microsatellites
Comparizon 3

Combined data vs. 1sozymes
Combined data vs. RAPDs 0.0g**
Combined data vs. microsatellites 0.77**

Node: The r statistics were calculated from Maniel's permutation test.
Bonferroni’s comection was applied to adjust significance levels for
multiple comparisons. All differences were highly significant (**, P <
0.01).

0.90**
ﬂ_gq_#t
0.72**
0.95%*

0.03**
068+
0. 74%*

'194##

ments amphfied with short primers, was obtained with the
RAPD techmue.

The nmumber of polymorphic 1sozyme markers 1= limuted
and reflects only variation in the coding parts of the genome,
which 15 by nature more conservative and thus less polymor-
phic. The screeming of enzyme systems m this study con-
firmed these expectations. Indeed, only ftwo among 22
enzyme systems tested provided markers nseful for differen-
tiating closely related and essenfially autogamous species. In
addition, within Triticeae, several amphiploids, and espe-
cially the hexaploid wheats, often produce complex electro-
phoretic patterns that are difficult to mierpret because of the
presence of multilocus 1sozymes (Hart 1983). Despite these
da.sadvantages which are specifically related to polyploid
species, the two enzyme systems used prodoced clearly dis-
tinpuishable specific markers.

The reliability of isozyme markers has been demonstrated
{e.g., Sharp et al. 1988). However, the activity of several en-



Fig. 4. UPGMA dendrogram obtained using the RAPD similarity matrix (based on Jaccard's similarity coefficient).
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Fig. 5. UPGMA dendrogram obtamed using the wheat nmerosatellite smmlarity matrmx (based on Jaccard's similanty coefficient).
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zyme systems (e.g., the peroxidazes) may be modified, qual-
itatively and quantitatively, during a plant’s life cycle. These
modifications are related to several physiological and eco-
logical factors, such as flowenng, senescence, atiack by
pathogens, or extreme temperatures (e.g., Akatsu and
Watanabe 1978). This may caunse biases if protem extrac-
tions are performed on samples of tissnes collected at differ-
ent stapes of plant development. To avoid such biases, the
leaves sampled were all collected at the same stage of devel-
opment.

RAPD amphfications provided the largest set of polymor-
phic markers. This 1t not surprnising, since EAPDs can detect
variation in both coding and noncoding sequences, and the
length of the pnmers allows the amphfication of a larpe
number of frapments with a single pnmer. Compared with
the other two techniques used, it appeared to be the most
suitable for this kond of study and had the lowest cost mn
time and money. Even if the domunance of RAPD markers
remains a problem for population genetic studies, it 15 possi-
ble to overcome it, if specific frapments for each taxon or
group of taxa compared are produced.

Advantages and disadvantages of each techmique are de-
termuned by, among other factors, the ease of use, the cost in
time and money, Bﬂﬂtl:lﬂtj’pe of information produced. Not-
withstanding the progress in population genetics and plant
breeding due to PCR-based markers, several studies have
gquestioned their reliability as well as their efficiency
(Haymer 1994; Lynch and Milligan 1994) Crticism about
the reproductibihty of RAPD results is also often expressed.
Nevertheless, accurate application of protocols allows possi-
ble artefacts due to random amphfication with short pnmers
to be avoided Moreover, in the present study, most of the
amphfications were performed at least twice and even three
times for the samples used in the preliminary screening of the
primers, to ascertain their effectiveness and reproductibality.

The mumber of frapments amplified with wheat micro-
satellite primers was relatively low compared with the num-
ber of RAPD frapments (27 vs. 126). The prmncipal reason
was probably the higher specificity of amphfications with
microsatellite primers, which are longer than RAPD primers
and allow the amplification of only a few fragments with a
single primer pm.t In addition, the amplified microsatellites

were identified in wheat DNA | thus only a few were discov-
ered in the wild species.

The hypervariability and codominant character of micro-
satellites, as well as thewr reliability, have already made them
the ideal substitute for the robust but less polymorphic
RFLPs in plant marker-assisted selection (Rader et al. 1993;
Taramino et al. 1997; Milbowmne et al. 1998; Semior et al
1998). Their usefulness in population genetic studies 15 also
well documented (Sun et al. 19984, 1998h). However, their
use as nonspecific primers could require extensive screeming
of primers to amplify enough specific markers.

Regarding the use of crop-specific microsatellite primers
to differentiate one or more closely related species, the prin-
::ipalquestiunsare[”}tﬂdeﬁnewhﬂhutesﬁﬂgagmatmlm-
ber of existing primers for a related species consumes less
umea:dmnﬂeythanldenﬁ.ﬁnngspﬂclﬁcsequen:esand
prnimers and (i) if the accuracy of the “random™ amplifica-
tion of frapments with nonspecific primers i1s reliable
enough The steps of identifying, cloming, and sequencing

prior to the synthesis of specific microsatelhte pnmers for
PCR. amphfication are labonous and expensive and have
been well documented (e.g., Powell et al 1996). Neverthe-
less, with regard to the results of the present study and thosze
in the hierature (Sun et al. 1997, Labberstedt et al. 1998),
we can conclude that only in the case of a large screening of
non-species-specific pnmers would it be possible to avoid
the steps necessary to identify mucrosatellites 1n the species
studied. This iz reinforced when such primers are used on
remotely related species.

Nevertheless, if the goal 15 to differentiate crops from wild
relatives, the use of crop-specific microsatellites can easily
produce crop-specific markers. which can be extremely use-
ful for detecting the intropression of crop DNA into wild rel-
atives.

Nonspecific amplifications may canse difficulties m the
genefic determmumsm of the amplification products, which are
avolded if bands are scored as presence—absence (Plaschke
et al 1995; Sun et al. 1997, 1999; the present study).

Data analysiz and genetic differentiation

Isozyme data (not shown) separated most of the species
clearly but showed almost no genefic vanation withm the
species. Only two enzyme systems could be used and, con-
sequently, a relatively small number of bands were pro-
duced, which explains these resulits. More unexpected was
that, with these markers, English and Austnan cultivars of
T @mstivum formed a separate cluster withan that of the Swiss
ones, while no clear separabion between Swnss cultivars of
T spelta and T @stivum was observed. This reflects the fact
that each country started to develop 1= own cultivars of
these two species a long time ago, which has probably led to
a divergence m their genetic characteristics, while hybridisa-
fion between them (performed either m Switzerland or m
other countries) for wheat improvement (Wmzeler et al
1993} has brought the two species closer penetically. These
observations were confirmed by the RAPD-based dendro-
gram. This confirms that the ability of enzyme markers to
generate polymorphism at a low taxonomic level 15 hmated,
as discussed above.

The best-resolved dendropram was obtained using RAPD
data (Fig. 4). Pnocipal-coordinate analysis camed out on
distance matrices based on the three types of genefic data
(data not shown) confirmed the results obtained with the
clustermng calcolations. Indeed, the best separation of the
species, with the ion of the cultivated ones. was also
obtained with RAPD data. As described above, this 1= cer-
tainly due to the much larper number of markers obtamned
for each species with this techmque compared with the oth-
ers.

High levels of genetic diversity have been detected by the
RAPD techmique, even for plants considered to be lughly
monomorphic (e.g., see Gabrielsen and Brochman 1993).
The separation of the E. caninus populations into two groups
(three English vs. one English and the fwo Austnan popula-
tions) usmg BEAPD data agrees with these results. Con-
trasting with this, Sun et al (1999) have already described
E caninus as a highly monomorphic species in a study that
included the analysis of a large number of geographically
distant Eurasian populations using isozymes, RAPDs and
microsatellites. Genetic diversity found within and between



these populations was very low, even with data obtained us-
ing specific microsatellites, which are considered to be the
most polymorphic type of marker (Powell et al. 1996; Sun et
al 1999}

Sun et al (1997, 1999) established the usefulness of
microsatellite markers for finding polymorphism within and
among populations of wild species. As well, the penetic di-
versity 1n several crops was assessed using mucrosatellite
polymorphism (Plaschle et al. 1995; Sanchez de la Hoz et
al 1996; Akam et al. 1997; Chan and Sun 1997; Semor et
al 1998; Bohn et al. 1999). It is important to point out that
all these sindies were performed to find polymorphizm at a
low taxonomic level (species, subspecies, or even variefies
of crops) or 1n highly antogamous species. In all these cases,
the genetic polymorphism was expected to be low, but
microsatellites could generate specific markers because of
the upgh mutation rate in repetitive DNA (shippage, efc.).

The use of crop microsatellites to characterize related spe-
cies 15 probably not the most appropniate but its usefulness
has already been demonstrated (Sun et al. 1997; Libberstedt
et al. 1998). Moreover, n our stody, it allowed wheat to be
separated clearly from the other species studied, which was
owr first prionty. Compared with BAPDs and isozymes,
microsatellite data showed a weaker separation of the spe-
cies, especially for those more remotely related to wheat.
This 15 certamnly due to the small oumber of frapments am-
plified in these species using wheat microsatellite primers.
As expected, the repetitive sequences siiuated on the D ge-
nome of wheat and spelt were successfully amplified in e
eylindrica, whereas none of the mucrosatellites srpated n
the other two genomes were identified in thas wild relative.
However, three of the wheat microsatellite primer pairs am-
plified fragments in all the wild relatives. The presence of
these sequences in different species (or genera) 1s probably
doe to the reticulated relationships existing within tnbe
Triticeae.

Among the species studied, mucrosatellite analyses mdi-
cated that Ae cylindrica 15 genetically the most distant from
wheat, even though it 15 considered to be one of the most
closely related species among all the Triticeae, with one par-
ent in common (Aegilops squarresa L.) supplying the D ge-
nome. This contradiction depends on the way the data were
scored and on the type of analyses that were performed. In
the present study, bands were scored for presence—absence
and no inference on genetic determinism was carned out.
Becaunse most of the amplified mucrosatellites were situated
in the D genome, more fragments were amplified in Ade
eylindrica than in the other wild relatives and most of these
fragments were specific. Jaccard's similanty coefficient 1s
negatively comrelated with the number of specific markers.
The large number of specific bands of de cylindrica allowed
good discrimmation of this species from wheat and led fo
low Jaccard's similarity coefficients. Comparatively, the
other wild relatives amphfied fewer specific markers. Ths
led, paradoxically, to higher Jaccard's similanty coefficients
between unrelated species than between de cylindrica and
wheat. It should be noted that all binary coefficients.
whether double absence is included or not (e.g., Serensen’s,
simple matching Kulczynski’s, etc ), produce such biases.

In spite of a hmited set of primers, only microsatellites al-
lowed the separation of a newly discovered population of de.
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cylindrica (Aec.2, Sierre) from two others (Aec. 1, Bng and
Aec 3, Saillon). Jointed poatgrass is an advenfive species in
Switzerland (Hess et al. 1967) and no previouns indications
for thms population were found in the flonstic hteratore and
herbaria. The populations of Brig and Saillon, however,
have been known to exist for at least 90 years (van Slageren
1994 J. Keller Senften, personal commumcation). Neverthe-
less, all population sites that were found are in very dis-
turbed habitats (train stations and roadsides). Therefore, the
genefic differences observed befween populations could be
due either fo (i) a different ongin for the new population
(jointed goatgrass is supposed to have been introduced into
Switzerland by road or rail transport from the Aocsta Valley
(Italy) (Hess et al. 1967) but it 15 possible that population
Aec 2, Siemre, denves from another geographic region (e.g.,
France)) or, less probably, (i) longer selective pressure op-
erating on the two old populations (e.g_, by the common and
larpe use of herbicides m the types of habitat where these
populations were found).

The results obtained using the combined set of data syn-
thesized the resulis obtained with each technique considered
separately. However, it 15 interesting fo observe that, in the
combined-data dendropram Swiss varieties of wheat were
separated more clearly from the Ausinian and Englhish ones
than in the dendrograms based on BAPDs and i1sozymes.
This supports the results obtamned by Sun et al (1999) and
suggests that the combmation of different kinds of markers
to detect genetic diversity could be more useful and perhaps
less labonous than searching for the most polymorphic type
of marker.

The extremely high simmlanty between the combined-data
and RAPD similanty matnces can be easily explained by the
fact that each descnptor (isozyme band, RAPD, or
microsatellite frapment) is considered in the same manner
and the mumber of EAPD descriptors (126) was much mgher
than the number of 1sczyme or microsatellite descriptors (21

and 27, respectively).

Conclusions

In contrast with data in the literatore, our results indicate
that RAPDs and isozymes resolve the separation of the spe-
cies more clearly than microsatellites and are probably more
appropnate for differentiating taxa that are genetically rela-
tively distant However, mucrosatellites are parficularly use-
ful for differenfiating very closely related or npghly
monomorphic taxa.

A combination of different kinds of markers can penerate
enough polymorphizsm to evaluate genetic relabionships even
within monomorphous species.
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