1SS

] . . . . fer SSR markers are being developed by a number of labora-
4 For dm‘lf“y genetic studies the DNA markers of choice are (oo 0ng have increasing application in conifer genetics
erived from simple sequence repeat’ (SSR). or micro- quih and Devey 1994: Kostia et al. 1995; Echt et al. 1996
satellite, DNA because such markers are highly informative. Devey et al. 1996: Karhu et al. 1996: Moreante et al. 1996,
codominant. unequivocal, and abundant in the genomes of van de Ven and'McNicol 19'96, Echt a;d Nelson. 19973
nezllrky all eukaryotes. SSR markers are assayed using the Fisher et al. 1998: Hicks et al !‘598' Paglia et al. 1998) |
olymerase chaij i i - : ’ - : Blhe : e
?vpg data Ocn d::u;ee?‘(c:»:ﬁsmlél:iciz; w; ich I:T e_ans:j tha; gen? A less favorable aspect is that it is expensive, technically
i h be obtuincd refatively demanding. and time consuming to develop robust and in-
formative SSR markers. SSR marker development is all the
more laborious in species. such as conifers, that have large
C.S. Echt! and P. Marquardt. USDA Forest Service. North and highly répetitive genomes because of the low proportion
Ceptrai Forest Experiment Station, 3985 County Road K. of DNA that contains single-locus marker loci. Fortunately,
Rhinelander. WI 54501, U.S A, the possibility exists to leverage SSR development efforts by

G.G. Ve_&ndramin: Istituto Miglioramento Genetico Pixnte utilizing DNA sequence similarities between related taxa. N
Forestali, Censiglio Nazionale delle Ricerche, Via Atio '
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among conifer species &E .
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Abstract: Polymerase chain reaction (PCR) primer pairs for 21 simple sequence repeat (SSR) loci in Pinus strobus L. A %
and 6 in Pinus radiata D. Don, were evaluated 1o determine whether SSR marker amplification could be achieved in P{ E
L0 other conifer species. Eighty percent of $8R primer pairs for (AC), loci that were poiymorphic in £ srrobus also w a b
amplified SSR loci in two other soft pines of the subgenus Strobus but not in seven hard pines of the subgenus Pinus, % 8 @ :
nor in Picea glauca (Moench) Voss or Pseudotsuga menziesii {(Mirb.) Franco. The six P strobus SSR primer pairs that ] g ED
did amplify loci from cenifers other than soft pines were those that were specific 10 loci monomorphic within 8 %‘ d
P strobus. These six loci were also monomorphic within seven other species tested. but four of the loci were 8 1'-_-'_, %
polymorphic among species. A comparison of allelic variation among the three soft pine species found only 213 shared =Rl
atleles among a total of 122 allefes at eight toci. Primer pairs for dinucleotide SSR loci that were polymorphic in l;lh ‘5 8
Pinus radiata aiso specitically amplified loct from various other hard pines but not from the soft pines or from the ﬁ 9 ? ‘_
other conifers tested. % Q
Résumé : Les auteurs ont évalué le potentiel d'un certain nombre de paires d'amorces de réaction de pelymérisation % .U
en chaine de I"ADN permettant d’amplifier 21 loci 4 motit répété de séquence simple (SSR) chez le Pimus strobus L.
et 6 toci du méme type chez le Pinus radiate D. Don.. 1 diriger I'amplification de marquenrs SSR chez 10 autres
espéces conifériennes. Quatre-vingt pour cent des paires d amorces SSR pour les loci de type (AC), et qui
démontraient du polymorphisme chez le P strobus ont également permis d’amplifier des loci SSR chez deux autres
espéces de pin mou du sous-genre Strobus. Cependant. aucun résultat positif n'a été obtenu pour sept espéces de pin
dur du sous-genre Pinus. ni pour le Picea glauca (Moench) Voss ou pour le Psendotsuga menziesii {Mirb.) Franco. Les
six paires d'umorces SSR dérivées du P. strobus. qui permettaient & amplifier des loci chez les espéces conifériennes Fg
autres que les espéces de pin mou, élaient celles responsables de 'amplification de toci menomorphes chez le in %
P. strobus. Ces six loci étaient également monomorphes au sein de sept autres espéces testées. mais quatre de ces loci E E
démontraient un polymorphisme interspécifique. En ¢omparant la variabilité allélique parmi fes trois espéces de pin a 8
mou. les auteurs ont découvert que seulement 25 ailéles étaient partagés sur un total de 122 afléles détectés pour huit U
loci. Les paires d amorces dirigeant 1"amplification de loci SSR dinuciéotidigues polymorphes chez le Pinus radiata ’ '
ont permis |"amplification de loci spécifiques chez plusieurs autres espéces de pin dur. mais pas chez les espéces de &5’ E
pin mou ni chez les autres espéces conifériennes érudides. . &
[0 N ol
[Traduit par la rédaction) % g
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Table L.

{Pinny radicte) oo

Ros Vol 29, 1909

canrepoerted S8R primer paty sequenves Tor RPS (Pias obes) und NAPR

Loous Repest olement? Forward and reverse primer sequences
RPS3 AT, Fr AATGAAGGS
Ry TGOTE
RPSG] fALY, N
RPEIDS Ay AT
RPS1ED FANALENY JUAG A,
NZPR! {0 ) ; :
B3 TATTCTAACAAGAUGAGOGATGTON
NLPRS (Al By CTCCCTOTATGTGTTTOTCC
Ry GAAAATCTTICT TTCUAG
NZPRS {AGy By CTCCTT AXTCL
Ry GAGATATOUAGTOACATAGTGACTC
NEPRS (AL Py GOAAGAAAAATTGGE

Ry CTCTCTATCTCTGLCCU!

THRased on sequence of cloned plasmed insers

19s . Wresovich ot al, 1995 Brown ot ol 1996 Sweinketiner
ot nb. 1997, Westman ongd Kresovich [998) For exampie,
o 55R markers developed from Pinuy radiaia [0 Don
were used 1o study aliele divessity v Plnus svlivestris L
fKarhu g1 al, 1996 In that case. both pine species belong
ditferent tazonomic subsections but are within the same sub-
gerus of Pl (Lude and Critchiteld 1969y, I suttabie
numbers of miormative 35K marker primer pairs developed
from one conifer species could be used for genotyping in re-
laged species, then overall SSR muacker-development costs
wonld be reduced, more S5R markers would be available.
and S8R enarker analysis could be more widely incorporated
in many conifor ganelics progrims.

Twentv-one primer puirs developed for eastern white ping
{Pinus sirebas 1, subgenus Strobusy [Echi et all 1996) werg
gvaluated in two other soft pues of the same subgonus
(Pinus cembrn Lo angd Piny lomberiana Dougl), in seven
hard pines of the subgenus Pirus (Pinus Brutia Ten., Finus
hadepensis ML Pinus Teacodermis Antoine, Pinus pinaster
AW Pl radian, Pinug resinosa An, and Pinus raeda L),
and in beo non-pine contfers, Picea glaaca {Moench) Voss
and Paewcdonsugo menziesd (Mirh) Franco, Six SSR primer
pairs developed for Monterey pine (P radiatn) (Smith and
Devey 1994; Fishor ot al. 1998) were also evaluated in this
group of conifers.

Materials and methods

DNA sources

Terminal buds from vegetative clones of Pinus sirobus individe-
als repeesenting 17 eustern L5, provenaaces were Kindly provided
by Jarses . Bailey of the Penmsylvania Bureou of Foresiry, while
those reprasenting 12 northecentral VLS. and Ontario, Canada,
provesances werg collecied from the Forest Service’s Oconto
River Seedd Orchard in Wisconsing, US.A. Buds from individuals
woresenting 24 Pinuy lamberiiona provenances were kindly pro-
vided By Dove Johnson of the Instiute of Forest Genetics in
Plagernitle. Uolif. DNA sumples from bud or leaf dssus of Pinus
bruti, Pinus cembra, Pinus halepensis. Pinas funhartiona, Pinus

feucodermis, Pinug strobns, and Piaus oeda were Solated using
standard provedures (see Bohr and Nelson 1V Additoned DRNA
for Pinws famberaang was obaned from Dave Nesle, Institate of
Forest Giepetics, Placervitle, Calif Pinus pingorer DNA wis b
famed from Chrstophe Plomien, Instiong nationsl de 0 recherche
sgronomigue, Gaeiset Cédex, France: Pesns radiar DNA from
Tom Richardson, New Zealand Forest Ressurch, Lid, Rotorum
Pinns resinpsg DNA from Linda DeVerno, Canadian Forest Ser
vice, Fredericton, New Brusswick, Conads Plesa glavca DBA
from Heather Cobhin, Unverssity of Albona, Sdmonton, Casndan
and Pseadotsuge menziesii DNA from Sheila Vollmer, Oregon
Swate University, Corvalhis, U5 A, DINA vamples from 2-17 indi
viduals representing cach apacies were pouded for use as wmplstes
when testing for general success of PCR amplificaton. When
marker polymorphism withae species was evalumted, DNA samples
fram individual trees were used Tor 3SR murker genotyping.

Primer pairs and PCR amptification

SSR narker repeuat and primer information for Piauy sirobus
joct RPSib, RPSL. EPS6. BRPSIT. RESIE RPSI0. RPELSh,
RPS34b, RPS30. RPS3D, RPSY4, RPSOUO. RPS1I8D, RPII
EPS 2T RPSISD, and RPSTAD are deseribed by Echt et al, {1998,
Al logi comain (ACY, repeats. An addinonad four SSR primer
opirs from Pinus strobus were also eveluated in the current study
{Table 13 OF the six Pinus rodiote prirner pairs evaluated, o
PR4.6 and PRD,D were developed by Smith and Drevey (19943 The
other four loci in Table §, NZPRL NZPRJ, NZPRI, and NZPRO.
were developed by Fisher et al, (19981 and ey sequences wery
generously provided by Tom Richartson of New Zesland Forest
Research, Lid, Al SSR primer pair sequence mipmmation ased in
this study is alse avaifable from the Dendrome Web site @
nup:/fdendrome. ucdavis.edwDat/prisecuml. Primer puir oligoe
nucieotides were purchased as MapPairs (Ressarch Genetics, Ins
Hunstvitle, Alabama, 1L.5.A0 _ _

The PCR reaction and amplificasios conditions. sgarose and de-
natuciag polyucryiamide gol electraphoresis, uad silver staining
procedures were o deseribud previously {Echt ot al 19963, sscept
ihat g DNA polymerase wis used in this study instend of TH

DNA potymeruse. Several togchdown POR {Don et al Y-S B

Hecker and Rowx 19961 proweols were ::s‘zzluawa_é 1o Gg?:imize
marlcer amplificativn for specific combinations of primer pairs and
specics. The nucleatide tengths of the PUR products were determined
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‘Fahle 2. PCR cyeling programs used 1o smplify S5 foct
pines and other tonifer specics.

Soft pines

Prausg Pinus Finng Flard pines
cembten {iembe rtiana strohus and other
Locus o= 3 (= 3 (¥ = 3: conifers?

Polymarphic n Pinus strobus

RPSIb SERTSS S8R SSRTSS

RPS SSRYI0 S5RT SSRTAD e

kPsSH SSRTSG SERTAD SERTED - -

RPSIZ SHERTSS SSRTSES SSRTES

PS8 SERTS0 rwy SSRTI0 fwy  SSRTED

’PSz0 SSRTH S5RTSS 35 SR

RPSIEh SSRTIO {wy  S3RTES e

RESWE  SSRTSD S5RTSO SRS e

RP53G o SSRTEG SSRTEE

RPS30 S5RTED SERTSS SSRT2: —

RPSHd SRYSD SERTE0 SSRT3D -

R PS8 SSRTH SERT34 SSRTSD o

RES1EL SERTIG SSRT30 SSRTSD —

®PSII — SSRT30 twy  SSRTS0

BPSI?T BSRTSD SERTS0 SERTSS e

Sonomorphic in Plaus strobus

RESE SERTES SRRTED S5RTS0 SSRTSO

RPhA! SERTEE SSRTES SSRT35  S5RTS0

RePSHs  SERTAE SSRTES SERTSS RERTIN
SERTES SHERTSS SERTSS BSRTES
S5RTSS SERTES SSRTS3  SSRTAE

@Psish  BERTIS GERTES SERTSS SSRTHD

Polvmorphic b Pinus radiam

NZPRL O - e - S8RTSE3

HLPRA e e - RSSRTIR

WAPRE — o S8RTSS

NEPHE o e - RESRTAE

PRAG — 35(30)

PREG - 55030

The nehted spesies were b bra 40 = 300 Pl hulepenyis (Y =

Yy Pus fewoderm I8 = 33 Pinns pingster 14 = b, Pins radiata (V=
i Pinag resimoss A8 = 3 Pl foeda (X s 3 Ploeg glagoa (8 = 10
and Preadotnya wentivsd (Y= I)

o mnphfication wis observed.
ation veas observedd

Da . weeak amplific

oy amp v

by ABI Prism GeneScan ansiysis on ap ABL373A amomated DNA
sequencer using fluorescently labeled markers sccording 10 manu-
fucturst'> instructions (PE Applied Biosysterns, Foster City, Cadi-
fornia, 125400

The standard wuchdows PCR thermal cyeling protocol used For
# strobuy primers was SSRTI0. The first two thermal eyeles in-
cloded 3 denataring step at 94°C for 60 5, an annealing step at
S for 6 s, and an 2xtension step at 70°C for 35 5. The aext 18
ayeles vonsisied of 2 denaturing step at 93°C for 45 5. an annealing
sep st 39°C for 4% s (which subsequently was de¢reased by 0.3°C
every oyvole unil o final wmperatsre of 30.3°C was reached). and
an extession slep w 70°C for 43 5. Conditions for the fast 20 cycles
were 9290 for 30 s, 3070 Tor 30 5. and 70°C for 60 5, followed by
a final exqension ot 70°C for 3 min, A modification of the SSRTSG
protecol, SARTSS. wus used 1o increase priumer specificily and de-
wrense huckground amphification in certain cases. The first two oy~
cles of SSRTSS wied a 63°C Gather than H0°C) anncaling
wmperature, o the next 18 cycles the onnenling temperauire
stacted af &M, and decreased 1o 33.5°C by 05370 Incremenis

(]
b
)

: oot he Daad 20 oaveles havisg an
anneabing tomperatere of 3370

Three thormmal oveling pr
HTS5 RESRTAR
f

.
srotoenls ased by the

were wsed wih Praas radioe

primers. 8%

300 The tatter rwo wore de-

fabiratorigs thad sdeveloped the

- -- 4E
rived from

N

;
Finas radiata SSR mackens (P10 Fisher aed TE Riwhaslon, pet

wonal communication, Smith and Devey 1994y
ter an bl denaturaton of B for D omin, the i
mad of temperature swps of 93 AL und 7 ear M
next five cycles had stops of 93, 68 and 7270 for 30 5 each, while
the tast 30 cveles had steps of 920 38 and 7090 for 30 5 each, fol-
owed by o final exiension step at T0°C for 3 mun fn the 3330)
protoval, afler an iniflal denatueaton step of 9370 for 5 min, the
pent 30 cveles had sieps of 94, 33 and T2, cach swp lasting
60 s, ending with u final extension swep at 7270 for 3 men

five cycles
o ogachy, The

Hybeidization analysis

To confirm the presence of o mwrosatellite repeal e Plaws
strobus (ACY, markers that were monornorphic Wil A spRSies,
DNA probe hybridization assavs were done on the amplified frag-
ments. Following POR amplificuton with selecied primer paes, |
ul of POR product was doped o nylon membrancy ilmenobiton- 5,
Milliporer und siedrigd. Denaturation, neutralizaion, and cross.
fioking of the DNA o the avlos membranes wis done according
 New Bngland Bisdabs Phototope protcols, Hybadization of an
alkaline phosphataie conjugated oligonuclestide (037}, probe and
chemiluminescent sigmal detection were dose 3z previpusly de-
seribed (Eoht and Moy -Margquards 1997

Results

Pinus strobus SSR primer pairs

Pims strobus SSR loct were praviously classified as et
ther polvmorphic ot monomophic based on thelr ZE0lYpes
in 16 unrelated £ strobus individuals (Echt et ol 1996)
Primer pairs for 13 polymorphic (AC), loui were tested 10
two other soft pines. in seven hurd pines. and in two other
conifers (Table 23 OFf these primer pades. 12 amphfied spe-
cific products in the expeced size rmanges from Pinus
combro DNA, and all did so from Pinus lambertiana DNA
{(Table 23 When amplification oceurred, POR vields were
genernlly high, but lower yields were observed for three logl
in Pinus cembra and Pinns lombertiaan {Table 23 With few
exceptions, only single bands, some possibly comslning sev-
eral allelic fragments within a narrow Size renge, were oh-
served on agarose gels for wach species. This s consistent
with amplification of single foci by most of the primer pairs.

Allelic varistion at eight loci was compared among 24 in-
dividuals from cach of the three soft pine species {Table 3).
fvidence for amphification of two foct prowred with only
two primer pairs: RES6 in Piaus lamberdana, and RPSS5O in
bhoth Pirnus cembra and Pinas famberiiana. For the cight logci
surveved, a total of 122 alleles were ohssrved among the
three species, but only 25 alieles were shared between any
two, or among alt three, species, The primer pait for RPS39
did not amplify a product in Pits cembru, and RPS12T was
Aot tested In this species. The genotyping survey revealed
it the primer pair for RP5119 described by Eeht et al.
(1996) is actually specific for locus RES 127, In the prior.
study o duplicate clone for this joeus was seguenced, and
ditferent primes pairs were designed from each sequence, Te-
sufting in amplification of differently sized markers for the
locus.
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Table 3. S5R ailele size range. in bp. and aumber of alleles G
parentheses} in three soft pine spevies. using primer pairs
derived from Pls sirobus.

Species
Pinus Pinns Finies Mooof
RPS  cembra lambe riiand srpbus sharet!
logus {1V = 241 (N = M (N = 2y aligies”
2 149157 (1 143383 11D P30T 6y 4
6 134.160 (8 135185 (1 1AD-18T (& 2
12 113843 134164 (8 1SO-189 {13y 6
b (o148 oy 34108 (1D PGS By 3
39 Nong 137-171 {5y PAR-179 {3} 2
Y {69173 43 157-117 (99 159185 (1Y 7
84 P32 700 7 P30 16y ta7-162 (%) I
127 Npp tested L8201 €T 101193 {2y i

sPCR amphificaion did not ocguoan several samples. snggesting that
wome trees were homnoeygous for a pull affele. Null alleles were not
coumted as alleles.

“The number of slleles commmon ameng any hwo ot all thrse spoTies. as
derermmned by alisle lengihs

Mooes not inciede slieles ot o sevond losus that amplified i the 138- w0
P42y rangs w several samples.

Dees not include alleles 21 8 second focus that amplified in the 139 w0
L4 i-bp rangs w half of the samples.

Thoes aot melude a (Hby fmgment from 3 second logus that ampiiied
tn all samples

The 15 primer pairs for polymorphic soft pine (AL, loc
did not ampiify marker fragments in the seven hard pines
rested. nor in the other two conifers (Table 23, Weak and in-
consistent amplification was occasionally observed for some
of the primer pairs, but PCR conditions could not be opti-
mized to relinbly amplify single bands in the expected size
ranges for any of them,

Primer pairs for the six Pinus strebux loc classified as
muonomorphic {Table 27 all strongly amplified single specilic
DNA fragments from vasous bard pines and other conifers,
as well as from Pinus lambertiana and Pinus cembra
{Table 4. Only the peimer pair for RPS150 strongly ampli-
fied fragments from every species twsted. However in
Prevdotsuga menziesii it amplified six fragments, while in
all other species it amplified only a single fragment, The
primer pair for RPS132 generated two fragments of gqual in-
wensity in Pinus pinaster, suggesling the presence of a single
potymorphic foeus in that specics. Ampgplification of two logi,
cach themselves monomorphic, could not be ruled out. how-
ever. as segregation duta from individual Pinus pinaster
progeny were not obtained,

Marker polymorphism was surveyed in Pinus brutia (N =
247, Pinus cembra (N = 24, Pinus halepensis (N = 24},
Pinus lambertiane (N = 24), Pinus leucodermis (N = 24},
Pinus resinosa (N = 38). and Pinus taeda (N = T) for cach of
the primer pairs that amplified a monomorphic locus from
Pinus strobus. Despite that only monomerphic fragments
were observed within each species in which amplification
occurred. four of the markers (RPS61. RPS103, RPSISZ.
and RPS1607 were variable in length between species
{Table 43, Hybridization of a (G probe to the PCR prod-
uets confirmed the presence of an (AC), repeat at loci RPS3.
RPSHL. and RPSI0S, In ol but two cuses the repeat was
present in the amplified {ragments. No (AC), repeat could

t

PR f e Ddewer W Aemi RGO
Gar g For Fes ol 2900

be detected in e RPS3 fragment from Pinus faeda nor in
the RPS61 fragment from Pines pinesier. The size of the
fragrment in the latter cosy was 170 base pairs (bph shortest
among the seven species Trom which amphfication pecurred
far the RPSEL primer poir {Table 43, suggesting that the re-
peat may have been oo short 1o successiudly hvbridize with
the probe. The RPSI fragment from Pinus tweda. however.
was the same size as it was in Py sirabus and Pinus
resineva {Table ). indicating that o substingtion of all or
part of the repent sequence may have ocgurred. The repests
in loci RPS150, RPSIS2, and RPS 160 were not of the (AC),
class. and their presence in the amphitied fragoems was not
confirmead by hybridization,

Pinus radiata SSR primer pairs

Primer patcs for six dinucleotide SSR loct that are poly-
morphic in Pinus reddiam were evaluated in i1 other conifer
species. with the resalts summarized in Tables 2 and 3. The
Pinus radiata primers did a0t amplify oot from the three
soft pines tested. nor from the wo app-pine  specics
(Table 5). They did amplify loct from various other hard
pine species, but ao primer pair araplified a product from ol
of the hard pine species tested. Ay determined by agarose
gel analysis. afl of the fragments that were amplified from
other species were near the expecied size of the Pinus
sadicta marker. For PR4.6, PR9.3, NZPRS, and NZPRG.
variation in [ragment sizes on agarose gels was observed
among species, but the presence of the SSR in the amplified
fragments was not confimed by hybridization. Primer pairs
were tested on pools of DNA from individuals within each
species, and [ragment sizes were not determined,

Discussion

The identification of tnformative PCR-based markers Is
ditficult in species with large. complex genomes because of
the relative scarcity of unigue, nonrepeated, DNA sequences.
Consequently, ouly a small fraction of 35R clones selected
from genomic libraries can be converied 10 informative SSK
markers. For example, suitable markers were obtained from
only 20-24% of the primer pairs designed for Pinus strobus
(Boht et al. 1996), Picea abies (L) Karst. (Pfeiffer o1 ol
1997}, and Triticwm aestivum L. (Ma et al. 1996). It is ex-
pected that, if some SSR motifs were associated with highty
conserved regions of the genome, primer pairs for such loc
would work in a broader range of species or genera. This
certainly is the case with conifer chloroplast microsateliite
markers. The high degree of sequence conservalion among
conifer chioroplast genomes allows PCR primer pairs de-
signed from the Pinus thunbergii chiproplast DNA sequence
to amplify homologous sites in distantly retated species
{Cato and Richardson 1996; Powell et al. 1993 Vendramin
et ul. 1996 Echt et al. 1998 Vendramin and Ziegenhagen
19983, -

When Pings strobus SSE primer pairs were used In
closely related species. 86% of them amptified toci from
Pinus cembra. and 2l amplified loci from Pins lambertiona
fTable 21 When only potymorphic Pines strobus SS5R oot
are considered, 80% of the primer patrs amplified loci from
Pirs vembra (Table 23 Pinuy Jamberriana and  Pinus
strobus are txonomically classified in the Strobi subsection.
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Table 4. Sizes. in base pairs, of PCR products from virious coppier speeies ampitfied using primer paies specific Tor

monomorphic Pirus sprobus S5R toct

Locus

RPS3 RPS6L RPS1035 RPSIS0 HEREER RPS16D
Species 1AL A tAC) (CGAGY EAGAL {ACA
Soft pines’ 3568 179 140 243 i 245
Hard pines
Pinus brutig — 176 44 143 - 2
Pinus halepensis — 176 141 243 o 245
Pinus leucodermis e 176 {41 243 182 a4
Pinus pinaster — {760 {1 243 RIS ) 240
Pinug radicia o - fdy Y e e -
Pins resinosa 268 173 jdl 243 10 245
Pinus taeda 268 172 ey 243 — e
(iher conifers
Picea glayca e - - 43 - e
Preudotyuga menliesi e e e Multiple - -

products

Npte: Repest motils ase given in parentheses. The nurabers of individuals used in the podled DNA sarnples for sach species were

a3 indicated in Table 2

“The fragment sizes ampiified from cach primer pair were e same in Pl cembra. Pinas Tambertions, s Pinus strobus.

*mmplification did not occur.

Table 5. Ability of SSR primer pairs from polymorphic Pinus radiai (AGH, loct to amplily single DNA

fragments from various conifer speeies,

Locus

PRAG
[ty

PRY.3
{100y

Species

NZPRI
[REID)

NZPR4
tH45)

NEPRS
(13

NZPRO
{200

Soft pines
Pinus cembra - .
Firus famberticed j— -
Pings strobus - .
Hard pines

Finus brutin — +
Finus halepensis - -
Pinus fenvodermis +

Pinus pinaster —

4+

Pinus resinosa

Finug taeda + ¥
Other conifers

Pieea glauca - —
Psprdotsuga menziesi e —

Note: The approximate size of the fragment {hp) in Pinus radivta is given in parentheses.

“Amplification did not ocour,
A Trugment in the expected size range was amplified.

while Einus cembra is in the Cembrae subsection, of the
section Strobus (Litde and Criwchfield 1969). The greater
taxonomic distance of Pines cembra from Pinus strobus was
evidest in fewer successful PCR amplifications in Pinwes
cembra than In Pinus lambertinna when using Pinus strobus
SSR primer pairs. Greater DNA sequence divergence at
primer target sites iy expected between members of different
subsections than among members of the same subsection.
In contrast, only 29% of all Pinus strobus primer pairs
amplified fragments from hard pine species {section Pinus),
and none of the polymorphic Pinus strobus primer pairs did
so i Table 21 The Plaws strobus primer pairs were not tested

with other soft pine species in the Parrve section of the sub-
genus Strobus, and the Pinus radigeg primey pairs were not
rested with other hard pines in the section Pinea of the sub-
genus Pinus, so no conclusion can be made about how well
the SSR mmarkers are shared among members of & subgenus.
But the results show that masy are shared at least among

members of the same 1axOnoOmic section. _ '
. Our results differ somewhat from those reported by Fisher
et al. (1998) in their characterization of some of the same
Pinus radiata primer pairs. In contrast to the single-locus
PCR products we found. they reported. that the primer pairs
for NZPR1. NZPR4. and NZPR5 amplified three to five
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fragments of widely differing sizes from Pinuy radiala.
They also reported that NZPRO amplified a fragment from
Pinus serobus, while we obtained no amplification from any
soft pine DNA using the Finus radiata primer pairs. All of
these discrepancies may be accounted for by the more sirin-
gent primer annealing lemnperalures we emploved during
PCR cycling that would have resulted in higher sequence
discrimination between the primers and the target sequences.
The lower annealing wmperatures employed by Fisher et ai.
(1998) may have allowed amplification of addiional loc
with minor nuclectide differences in their primer target sites.

Homozygosity for null alleles may have resulied in the
failure of five Pinus strebus SSR primers to amplify a
marker from polvmorphic SSR loct in certain Pinus cembra
and Pinus fambertiang individuals (Table 33 Null alleles in
this context are allelic sequence variants ai the primer targel
sites that prevent primer annealing during PCR, resulting in
no marker amplification. Support for Whis interpretation was
provided by the higher proportion of loci exhibiting failed
amplification in Pinus cembra, which is more distantly re-
Laed 10 Pinus sirobus than is Plnus {ambertiana. Loci may
also be heterozygous for null alleles, which may explain the
significantly higher inbreeding coefficient, . observed for
Pinus lambertiana SSR loct {(Fyp = 0.40) than for the same
Pinus strobus loct (Fpp = Qui4) (Echt 1999). The higher Fip
value for Pinus lambertiang results from a higher than ex-
pected proportion of homozygous genolypes in general, yet
exists despite @ greater number of 53R atleles v Pinus
Jamberticne than in Pinus strobus (Table 3y Isozyme data
and seed viability data from controlled crosses indicate that
Pinus lambertiana does not toterate the high levels of in-
breeding that would be associated with an inbreeding coeffi-
sient of 0.40 (T, Conkle, persbnal communication), sa the
unexpected {requencies of homozygous S8R genotypes most
likely result from appreciable numbers of nuil-aliele hetero-
zygoies, A null-allele heterozygote would be phenotypically
scored 1a diploid tissue as a hornozygote for any pagticular
amplificd $SR allele in the population with which it was
paired. thus giving o false measure of the frequency of ho-
ROZYE0US genotypes, Segregation lests on progeny from pu-
ative null allele heterozygote parents have not yet been
done to confirm this hypothests,

Several Pinus strobus SSR primer pairs amplified frag-
ments that were monomorphic within species but polymor-
ohic between species (Table 4). For RPS3 in Pinus taeda
and RPS61 in Pines pinaster the SSR could not be detected
by probe hybridization, although the SSR was detected in
the other species from which a locus-specific fragment was
amplified. 1t is possible that the SSRs in these loci in Pinus
reda and Pinus pinester were replaced by ditferent se-
guences. as the amplified fragment sizes were not short
enough for there 10 have been an outright deletion of the na-
tive repeats (Tables 1 and 4), For exarnple. the RPS3 frag-
ment from Pinus taeda was the same length as that from
Pinus strobug. yet the (AC), repeat was not detectable in
Pinus taeda. Simitarly. the RPS61 fragment from Pinus
pinasier was only 2-7 bp shorter than the orthologous frag-
ments in other species and did not contain a detectable
{AC), repeat. althongh the SSR was detectable in the other
species, Substitution of SSR clements. and nonunit repeat
mulations. among pine species has been reported by Karhu

Can,

ar fas, Vol 28, 1985

ot ab (19971 These results indicate that caution must e
taken when comparing allele sizes between distantly related
species generated by primer pairs for S5R foct, as ailele
fength difference may oot be confined 1o simple contraction
ur expansion of the repeat sequenes. Likewise, SSR muarker
alleles that share identical sives among species (Table 33
may in fact not be idemtical in their DNA sequences.

The absence of length polymorphisms within spectes is
unexpected. as probe hybridizations indigated that some loc
in species from which amplification oceurred elearly still re-
mined a SSR element (e.2.. RPSH] and RPSIDI). One possi-
ble reason why monomorphic SSR lect are more highly
conserved across greater taxopomic distances whan are poly-
morphic loci is because of natural selection. S8R repeat
fength at a locus may be constrained by the same selective
forces that constrain variation in the adjacent PCR primer
target sequences, However, with no appurent function for
ihese loct and without comparative DNA sequence data, the
selection hypothesis must remadn merely specuiative, What-
ever the mechanism, primes-pair seguences that amplify
SSR loci from species of the two pine subgengra have been
conserved since the time that the hard and soft pines di-
verged over 130 million years age (Millar 1993).

While monomorphic loci are aot uselul for. linkage or
popuiation genetic analyses. those that are polymorphic
among species coutd be used @y species-specific markers.
Although additional testing on a broadsr sampling of indi-
viduals in each species is nceded, the puttive spegies-
specific markers we identified may be o f use in phylogenetic
studies or 0 genotype interspecies hybrids.
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