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Microsatellite DNA as shared genetic markers

among conifer species

Abstract: Polymerase chain reaction /PCR) primer pairs for 21 simple sequence repeat ISSR) loci in Pinus strobus L,
and 6 in Pinus radiata D. Don. were evaluated to determine whether 8SR marker amplification could be achieved in
IO other conifer species. E ghty percent of SSR primer pairs for (AC),, loci that were polymorphic in /_ sn'obus also fl

amplified SSR loci in two other soft pines of the subgenus Strobus but not in seven hard pines of the subgenus Pinus, Om

nor in Picea glauca (Moencb) Voss or Pseudotsuga menziesii /Mirb.) Franco. The six R sit'obits SSR primer pairs that _d¢
did amplify loci from conifers other than soft pines were those that were specific to loci monomorphic within _ ""

P. _trobus. These six loci were also monomorphic within seven other species tested, but four of the loci were O _
polymorphic among species. A comparison of allelic variation among the three soft pine species found only 25 shared _ _
alleles among a total of 122 alleles at eight loci. Primer pairs tbr dinucleotide SSR loci that were polymorphic in ;-h

Pinus radiata also specifically amplified loci from various other hard pines but not from the soft pines or from the _

other conifers tested, _ O

R_sum_ : Les auteurs ont 6valu_ le potentiel d'un certain nombre de paires d'amorces de r6action de polymff:risation _ 173
en chai'ne de FADN permeaant d'amplifier 21 loci .5motif r6p_16 de s_quence simple (SSR) chez [e Pirrus strobus L.
et 6 loci du m6me type chez le Pinus radiata D, Don., '_diriger l'amplification de marqueurs SSR chez 10 autres ,
esp_ces conif_!riennes. Quatre-vingt pour cent des paires d'amorces SSR pour les loci de type IAC),, et qui
d6montraient du polymorphisme chez le /_ strobus ont _galement permis d'amplifier des loci SSR chez deux autres
esp_ces de pin mou du sous-genre Strobtts. Ceper_dant. aucun r6sultat positff n'a 6t_ obtenu pour sept esp_ces de pin
dur du sous-genre Pinus, ni pour le Picea glauca IMoenchl Voss ou pour le Pseudotsuga men.ziesii tMirb.) Franco. Los
six paires d'amorees SSR d6riv6es du /_ strobus, qui permenaient d'amplifier des loci chez les esp_ces conif_riennes ':;001

amres que les esp_ces de pin mou. 6talent cellos responsables de Famplification de loci monomorphes ehez le _

f£ strobus. Ces six loci 6talent 6galement monomorphes au sein de sept autres esp_ces test_es, mats quatre de ces loci __ _"
d6montraient un polymorph s'ae n ersp6c fque En comparant la variabilit6 all61ique parrot les trois esp_ces de pin
mou, [es auteurs ont d6couvert que seulement 25 alleles _taient partag6s surun total de 122 alleles d6tect_s pour huit I::5"
loci. Les paires d'amorces dirigeant ramplification de loci SSR dinucl6otidiques polymorphes chez le Pinus radiata

ont pernds Vamplification de loci sp_cifiques chez plusieurs autres esp_ces de pin dur, mats pas chez les esp_ces de ts_
pin mouni chez los autres esp_ces conifEriennes 6tudi_es. D_

i_ i.a.

[Traduit par la rddactiont _
I

Introduction quickly from small quantities of tissue. Consequently, coni- _

r,

for SSR markers are being developed by a number of labora-
For many genetic studies the DNA markers of choice are tortes and have increasing application: in conifer genetics

derived from simple sequence repeat" {SSR/. or micro- Smith and Devey [994: Kostia et al. 1995: Echt et al. 1996:
satellite. DNA because such markers are highly informative. Devey et al. [996: Karhu etal. 996: Morgante et al. 1996: O
codominant, unequivocal, and abundant m the genomes of van de Ven and McNico 1996: Echt and Nelson 1997:

nearly all eukaryotes, SSR markers are assayed using the Fisher et al. 1998: Hicks et al. 1998: Paglia etal. 1998). _l

polymerase chain reaction (PCRL which means that geno- A less favorable aspect is that it is expensive, technically
type data on numerous loci can be obtained relatively demanding, and time consuming to develop robust and in-

formative SSR markers. SSR marker development is all the
Received August 28. 1998. Accepted January I0. 1999. more laborious in species, such as conifers, that have large

C.S. Echt t and P. Marquardt. USDA Forest Service. North and highly repetitive genomes because of the low proportion
Central Forest Experiment Station. 5985 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. Yendramin. lstituto Migtioramento Genetico Piante utilizing DNA sequence similarities between related taxa.
Forestall Consiglio Nazionale delle Ricerehe. Via Atto The evolutionary conservation of DNA sequences that flank
Vannucci 13. 50135 Firenze. Italy. SSR sites allows pre, iously developed SSR primers to be
C.D. Nelson. lnternationnl Paper Co.. Southlands Experiment used m various other related species. This approach is used
Forest. 719 Southlands Road. Bainbridge. GA 31717. U.S.A. tit geneoc studies of mammals Moore et at. 1991: Hearne et

_Author to wb,ont all correspondence should be addressed, al. 1992: Roy etal, 1994: Blanquer-Maamont and Crouau-
Present address Forest Research. Lid Sata Street. Private Roy 1995: Forbes etal. 1995: Pepin et aL 1995: Kayser et
Bag :,0_O R,,)torua. N.Z. e-mad: echtc@fri.cri.nz al 1996t. insects ( HInT et a] 1998). and plants (Kijas et al
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I'abIe 1. Pre',iousi_ ul_repor!ed SSR p_mer p;_r _:_u_n_:c_ _)r RPS i_'i_u_ ,;r,d,_) and NZPR

R_ __ _V_" C'_" I_\T( _('_i_ _

_PS t s !,_U,ili, _i_I'_ _'_ _GA_:WCCT_\_T_I_I_I_\_-\_ _

RPS ! _ _'_NA(. _l N _2__ _(_ A __ t_ A_\C C_" _V_( _I_'_VI'_ ,\_ _\ " _)

_/,_ t _ _CtC_,A_I'_\I(._L_\(,_._\_ _C_

"_[_elJ Oil >e_l_ll_llc_ !!_" i_l(_I/l_l _I_P;_II_ iIl_!rI

!_ 9_ _r_2_t_ich _ _11,_9_ "_ _ro_I_ _ _I_ !l_!_ _I_il_k_hler _¢l_'_r_IL_ _i_l_ _b'_i_ and _i_ !_e_ ,._er_ i,_l_l_ile_ u_ii_
N

_9_, _d Kre_Ich 19_8/_ For l_l_le_ _d_rd pmce_lr_ I_e _!_I and N_ !99_, _\d_ili_ _ _

_re _ I/il _I_l_!v _I_le v_r_ _/ ilt _irIll_ _'_'_tr_ |_, F_r_I _el_c_ic_ Pl_lc_i!l_ C_i_ Pi_ _ _I_ _N_\ _v_l_ /_t_
• • I_ned from _hri_top_ _!_nlP_l_ _n_litl_ m_ti_i_l_ _ i_ _'ech_ch_

{_ilrh_,_ e_ _1_ l_ii In t_I case_ both !_i_e _p_ci_s be_o_g f_ _r_i_e_ _i_zi_e_ _d_x, _r_e_ _ <_i_it_ DNA f_
di_i_!r_t !_x/_n_i_ s_l_;_cti_ns b_ are wi_hi_l II_e s_lI_e 5_. T_I_ Ric_rd_, New 'Z_ _ n_l F_r_ Re_:_c_ LI_I_ R_torua_
_'nus of Pimt_ (Little md Critch(ield 1969}. if

mlmbers of informative S,SR marker primer pair:.; devdoped vice. Yred_:ricton. New _.run,;wick. C:mad_: ?icea _thmca DNA

from ogle coniier species could be _iscd for genotyp, ing in re- from Healher Cobbin, I.'ni_ersity _t ,-Mb_rla, [!.d_tonloll, Canada:

{aled pecl_"< Ihen overall SSR n;arker.developmen_ costs and P_ei.dotsuXa me_ciesi DNA from .'Sh¢ila Vo[lmer. Oregon
w,.mM b_: reduced, more SSR markers would be _vailable. SIate I..qfiversity. Corvallis, LSA, DNA ";alnpies from 2..,12 indi-

lnd SSR marker aaa]ysis coLlld be more widely incorpo;ated viduals repres,.:ndng eaci_ s_ecies v,,ere pooled for u_e us temptale_
when teMing lot general -,uccess oi PCR ampiificatMn. Whomm many conifer genetics program:_

"f,,,.e m,-one ?rimer pairs developed for eastern white pine marker po[ymorphism ',_ilhin species _.as evah_aIcd, DNA sampIe_
" irom individual Irees were used h>r SSR marker genolyping.

i['b!llg _tr d_u_ [., 5;ubgenus 5';rob..o fEch_ et aI, t996) were

evaluated in _wo other sot_ pines o( the same subgenus

iPim_x c_.zz_bra L. and /_'i#m_ h_mber;iana Dot@& irt seven Primer pairs aful PCR amplilicalio,_l

httd phle_ of the subgem_s Pimps (Pinus brulia _[erl,, Pinup- SSR marker repeat and prirIter inf_mna!ien for PL*!t_S strobe,s

h4dep#_l,_is Mill,. Pinu5 [e_codermis Antoine, Pinusp,igl_l_ter loci RPSIb, RPS2, RPS6, RPgl2. RPSl8, RPS20, RPS25b.

AiI, Pinus radi_tm, Pi_ul._' re_inosa AiI.. and Pimls _aeda [,.), RPS3_tb, RPS3!;, RPSS0, RPS84. RPSgO, RPSI_Sh, RPSI24,
P.PS 127. RPS [50. and R PSi60 are described by Ech_ el aL ( 1996/

_md in v,',,o non.pine conifers, Picea glam:'a {Moench) Voss
All loci contain (AC},, r_:peap,. An addi_Rmll four SSR primer

and Pse_m'o g mer :. e_i (M rb ) Fr r c _ Six SSR primer pairs fro, m Pinus" strobu_ were ab;o e_ _ualeii in Ihe currem amd?
pairs de,,¢loped for Monterey pine (f_ radiata) (_m_th and /Tab[e I}, Of the six Piau._ rodia:u primer pairs evaluated, kx:i
Devey 1994; Fisher et al. [9981 were aiso evaluat,e¢t in Ibis PR4,6 and PR9,3 were de,elope ly Smith ;rod Devey (_994). The
group of conifers, other four _oci in Table ,. ,.ZPRt, Z, R4. NZPRS. and NZPR6.

,,,,ere developed by Fisher el al. ( _9981. aad [he_r sequences ,,,,,ere

generouMy provided hy +Rm_ Richard!;on of Nev, Zea[and Fores.'
Materials and methods Research. l.td, ,a.tl SSR pdmer pair sequence iafom_alion used m

ibis sttldy is also avaiiabIe from _he Dendrome Web site al

[INN s(tur('es hftp:lldendrome._cdavis.edulI)ai_dprimcr, h_m_ Pm_,.er pair oIigo.

%rmim_l buds from vegetaPve clones of Pilll_ _lfobl_d ir_db,'idu- nucieotides were purcha ed a:. MapPairs (Re';earch Gene_ics, lnc.

al:_ :epresenling I2 _:i_s_em US. pro,,erlances were k nd y prov (ed Ihmsgvit[e, Alabama, USA_
by James K. Bailey ol Ihe Pennsylvania Bureau of Forestry, while the PCR reaction aim amplificalio!_ conditions, agarose and de-
_h_se reptese_m,ng 12 nor_h-cenlrat U.S.. and On!arJo, Canada. n_Iur ng po!yucryh_mide gel eieclropho_'esis. _md silver stainhlg

pro',e._ar_ces were collected _rom the Foresl Service's Ocof}{O pr0cedufes were as described prevkm:dy _Ech_ et ah 1996), excepl
Riv_r Seed Orchard in Wiscun:dn, U.S.A. Buds [mm individuals [hat ?ilq DNA pf)Iymera_:e was used in _his _:udy instead of 7)'7

fepreeec_ing 24 Pim)i hmrber_iana pro.'enances were kindly pro. DNA poIymerase. Several trucildo',,.n PCR {Do_ et aL [991;
,eidcd b_ Dave Jolmsor_ or lhe |nsdlule of Fores_ Oenegics in ttecker and Rous 1996i protocols ,,;ere evaJuated Io oplimize

Pl_cefviHe. Calif DNA samples [rom hud or leaf tissue (_f Pim_r m;_rker ampl[ficatiun for apecitic combiaa_ions of primer p;firs and

bra_zi(¢, Pi_u,_ __mo*,' . f>i_u¢_halel_e_s_.. Pi)tu_ lamberti_l_ia. Pinu_ species. -the nucleolide [eng_iv, _t {he _KJR _)r¢niuc_s were delermined
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II,_A L ul,., {,llll! 2,!!Table 2 PCR c clm_ e_"Jms used to amtflif_ 5SR i_-_ m ...._.+,,,., .. _ _, s S C _.,i_U>: hind "• , "It i_a_m_4,au

i.,iile_; a0d other coRiier species. /_lll¢,/_;n,.: oqnp<_lluri: i_t 5<(

So[lpines primers. SS;R{'5% RSSRI'58. m.t sgi}i) (he !x_er!',_o ware dm

Pmu_ Pmus PMu_ [(ard pine'; PM._ _M_at_ SSR raark_rs iPJ _id_er md f!" Ri_h_d_m, per-
sona! conlmtmic!_ion, >;milh md Dc_c? 1991} _q,r R>;SI_{'g8, af _
k'r an illRItl deIuut_rati(m _i c4 ( _ r 2 lIlllt, _h<' ]IS_ ['ive Cycles

prflymt)rphie in ,Pimps _-tro_I_$ htd _)_ leiiI )_.rKtlfe _tcp_ o_ '); t,]. _llld 7_"(_.... i_{ t!! $ carl1 ['hc
RPS/b SSR'F55 SSRT55 SSR'['55 --_' ne*Ih_evy'.,a:> had stepsut ! { ), md 72'C_ ;bcacn. wmle

RPS2 SSRTg0 SSRTg0 SSRTgO ..... the lasl 30 cycles hid steps o_ 92 58. and 7 "(7 _/,* _t/ s each. Jot-

RPS6 SSR'F50 SSRT50 SSR'I50 ,-. Ill,red b_ a fimtl extension step aI 7t)'C lc>r 5 ram. hi _hc 55(30)
protocol, a_tcr an h_itial denalvlr;l(i<m slep t_l 0<4<'Cfor 5 mira _h_

F?.PSI2 SSRT55 SSRT55 SSRT55 ..... next [() c?cles hid sleps of 9a 55. ;rod 72_{ `, e_ch step tasting

RPSI8 SSgFg0 f,a! SSR'F5'0 (wl SSRTgO 60 s ending _ith a lhlal exterlsii!u _te I _1 72'( f*_r 8 mm
RPSe0 SSRTgt SSRT55 SSR['55 --

, -.gR
RPS25b ...... SSRTg0 {w) SSR{ ........... Ivlu'idization analysis
RPS34b SSRTg0 ?';SRTg0 SSRT55 ....... Fo coitiirtrl tile prestmcc ,>J a mlc'rosatellite _cFel! m the t:'i,iu_r
RPgS_t _. SSRT50 SSRT55 -- moi,!_s 4AC),, markers that welc rnmumiorphic ,,v_!hm ,l species.

RPSg0 8SRT5 ) SSRT55 SSRT55 -- DNA pu!be hybridi_'ation assa_,s were done on _he ;tmp!iBed flag-

Rp$84 S,SRT50 SSRTgO SSRT50 rr/ents, Foliowim3 PCR ampliflca!10n with _elccled prl _cr pa s, I

RPS90 5;SRTg0 SSRTg0 SSR{'5{) ...... _. l. oi PCR pro c was cloned (o nThxl mealbeancs Ammobilon-S>

RPSllgb SSRTg(I SSRTg0 SSR'rgo N lorel and ak.dded I}enamrt_Ii_m, _eumfiiza_oa, arid cross-

RPS 24 --- SSRT50 {w) SSP.T50 .... linking o[ die DNA ca UIc ayhm membranes was dime according

RP$127 SSRFi( SSRTg0 SSP.F55 ...... u bey England B ) t_s ' }oeope {mlioctds Hybridization ofatl
alkaline phosphalase col/jtl_Zl{ed ,_ligonucleomte t( ' j prot'_ and

Moilofnorphlt' ill l)/tux_ *trobu._ chellliltlefirlescc{n sigml{ clelect_{m were done as p'ev ouslv de.
Rps >_ SSRT55 SSR'I'50 SSR'['50 SSRT50 scribed ([!ch_ and May-Marquarch 1997_
Rps61 SSRT55 SSRT_ 5 SSR I'55 SSRT50

RPSlU5 SSRT55 SSRT55 SSRT55 SSRT50

RPSlgO SSR1"55 SSRT55 SSRT55 SSRT55 FleSUIIS

gPSI72 SSRT55 SSRT55 SSRT55 SSRT55
._SRr.o SSRT55 SSRTg0 Pinus strobus SSR primer pairsRPSi60 SSP, T55 e - <"

Pol)morphK" in Pi*lus radiata Pi:u_._ ._trobus SSR h_ci were previously classified as ei-
NZPRI ............. SSRT55 ther p(ly r rp c or onolnornhic hased _m _heir gem)types

.;ZPR ........... RSSRT58 in 16 unrelated R ,vu-ov_.' i_dividuats (Ec,ht e[ at. 1996).

NZPR5 ........... SSKP55 Primer pairs fur 15 potymorphic IAC),, loci ,.,,ere tested in

NZPRb ........ RSSRT58 Iwo other soR piues, in seven imrd pines, and in iwc, other

pR_I 6 ............ 55(30; conifers (Table 2), Of d_ese primer pairs, 12 amplified spe_

PR9 ', .......... 55 30) eific products hi the expected size ranges from Pinus.... , i N...... cetnbr{* DNA, arid all did so item t)inus tomogrglrma D. A

th_: inttluaed 5f_,:c}_sv,erv PinuJ ,Sru_ia_{N = _). Pfm_', halepenli_ IN = 2).
!1 Pulu* e._!,der_l iV a _)pirlus p_tlgl_ge_(N = -IL Pitu_r radia_lI {N = Il'able ½VheR aill[}iifica_ioll occurred, PCR vieMs were
l Pm_i _enevoa<_V = 3_ 1hints Iaedl _' ,_ _ . > e _ i "a N = t2). eellerally high, bat tower yields were observ_:d for three loci

;mci s, e.&_m,7<i *nenZle_e_th' 2) m Pinu_ {e:nbrlt aud Prints tomberti_ he* (Table 2). With few

'N,; a_nplli]caU_>a_.as >b er<+ed exceptions, or y single btlrid's_ ',(lillep )ssiblv cpntair_ing sev-

,a. weglk am?llilca(ion v,a_ observed oral allelic fragments withilt a uarrow size rauge, were ob-

served on agarosc gels for each species. This is cmisisten_

b:, ABI Prism GcucScan ana]ysi_ on an ABI 373A aalornated DNA with an pt fication of s 11_ze loci by I psi of the primer pairs.
seque_ccr using fb.iorescently labeled marker,'; according _o maau- Attelic variatku; at eight !oci was compa'ed among 24 in-

I _cu._rer% irlstru,cdons {PE Applied Biosv'qems Fos er Ci ,i, CaU- dividuals from each of tile U_ree soft pine species Cl'able 3).
orIlla, L SA.J

The s andard touchdowr_ [)OR thermal cycling protocol used for Evidetlce tpr amplification of iwo loci occun'ed ,,*¢it:hoflly

[" ftroM_ primers was SSRTg0. The firsl I_vo !ber_rtal cycles in+ two primer pairs: I_.PS6 in Pt:!_ll5 [gt:#jbertTdtl(L _md RPSg0 ill

clud_-d a del_amrima step at 94°C for 60 s, all tl_ifl_alifl_ Jilep at both Pinu8 cetnbra aud Pi#ul.v I(lln_J£rlTonIl, For t_e eight locithe.
6( C _o, 6t) s, and an extension s_ep al 7(<'C o 35 s. The next tg surveyed, a total of 19_; alleles v,,ere observed amor_g

cycles consisted M a denaturing s!ep a! 93"C for 45 s. an a_meali_lg three species, but only 25 alleles ',,,'ere shared beiweell any

saep al 59<'C [,ur 45 s {which subsequeetly was decre tsed by O.5°C twp, or among all three, species, The pdmer pair for RPS39

e,,er], cF'de until a final _ernperamre of 50,5°C ,*as reached, and dkl not arnpUfy a product ie, Pul _s eembrg, r d RPS127 was

_Ii exlef_sion step u 70_C for 45 s. Condiuons for the last 20 cycles UOt tested in this species. The genotypiPg st_p;ey revealed
,,,,ere 92".<'(:for 3{) s> 5l°(2 lot 30 s, and 70°C for 60 s foltowed by Ihat the primer pair for RPSII9 described by Echt et a|

a tb_ai exlenqon a_ 70"C for 5 rain, A modiRcath:m of Ihe SSRTg0 (t996) is ac uatly specific for locus RPS t27. In the prior
protocol SSRT55. was _lsed to increase pri ier specificltv and de- c}olte lor U,,is locus was sequenced, and ,
_;.ease b;_cKgr¢ _md ampfific _,ion in certairl cases. The fTrs_ two c,.- sludv a duplicate
de-, of SSRT55 _._sed a 65°C (rather Ihan 60"_C) aaneaUng diffemu_ primer pairs were designed from each sequence, re-

!emp,:_ m_re. la _he nexl _8 c7cles the annealing temperature suhing ia ampli(icatiott of differendy sized markers for the
_" "S" . 0,5"C in,.'remems locus.starled ;It 6-a_(:', _lftd decreased m _o.. C by

) b4)9 NRC Canada
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'['ahie.I,SSR allelesi_eran£e,m bp.and numberol.llb{e>,m b_'dci_clcdm dle RDS _ ira£111cnt_rom Pblultddda nor Ill

paten ese_ if! lhree MR! plne Specie% t>iilg _Flmer p:lll_ dle l_dlS;bl Iragnlenl _ro]l] [_!/IH_ f)III{L_£r, "]'it(!51ze of the

derived [rOlll Piltll5 _D'O_]IS lfB_fi/en[ Ill tile hl[tdr c3,,e %,i_ i 7f ba_c lulir_ bp < sht rte_

among dlcxevcn_peciexfrom ,.QHchaMtplificatiOlloccurred

Sp.+,._e. h}r the RPSGI prhner pan-/I'ai4c -il, _,,,.< n.............................................................. ,,¢?c H g lhattilere.
P/m+v [>/m+s Pim+_ No ol peat if]a} have i_eeuIoo*)lOFt)%t:ce_s"I y y )rc 7e w} h

RPS cg*_Ibtd /anlberrkmd _trtd_us shalred dl¢prt 3< The RPS. t (raiment from Pmmr NIeJ_I. hclwcver+
k_c/1S iN = 24) L¥ = _4 (.V = 2.b alleles' \_[ls the xtUlleglZe _IS it ','/a_ in [J/_tttv _tZlObu,rand P/t((_$

2 149-i57 14__ 143 183 /12) 151-171 it>) -1 resblosd St'able 4), indicating that , _LlbSl}ttnion O[ all or
6 13,1-Ib9 iS)" )53-1S.5 /H))" 160-)S7 _rJ 2 part of _he repeat _cquence ilta) ha_,e t_t:cnrred+The rept'al_

12 14a-158 /5) 15+l-lb+t fu i50q89 lt3) 0 nl loci RPSI50, P,P.St52, and {{PS/bO _ere not of the (A(.'l,
_t74h 120-Ll8 /lls* /,t-l-16f] (11) /4)-(16 (it y c}ass, and theh' presence In lt)c amplified lr<,_menls wns not

39 None /57-!7l (5) _ 169-179 13) 2 confirirted by hvbrkii4ati m.

50 (6g (73 t3Y i57d77 {?)'Y (57-(8,5 (PZt 7
8a 132q70 t7P I It- 142 t6) _ 1-17-162/5> 0 Pinus #'adiata SSR primer pairs

(-, Not tested !87-.20(17) (91 -[g) {2) { Pritller pairs tin" six dnlucteoticie "+g.g_ a Cl fhtlt tire pc)it- 7

<POP. arrtpla;callon chdno¢occurm _¢_era),ample< _uggeShnglhat nlorphic in P/nits r_lJi(ltn were et'_duaied in I 1 other conifer :
_um',:tre_:swerehomoy}gouk['ora null ,lil¢le Null allc)_'_werenot species, wiIti Citerosettes Stlftllnarlzcd in Tables 2 and ), "['he "i
counteda, alh;h:', Pilltl,f rfldifltU 1)rillleP; did not ampiif'e h)ci fronl tile thr_e :

_<tlt" f/ _tl2C O L[e r2_ <O lllllOll dill( 1_}_<Hly tWO 0f all fhr_:e _gcl_. u_ _o('t pint:s tested, In.)r 1'rein (tie t',_;O non-pine species

,leu'rmmedb? :l/lele bng_t> f]'able "i). They did cunplil'Y loci [rom Vilrioas other hard :
"floe5 sl_){ ;r/ci_ldt, _Ilcl<'_u_;1 _ecorta [tY.:US that ,llnphiled )i1 the 138- lit " "

i.i7 np ranger m .e_¢r,i) _amples. pine specieS, bur no prin/er pair amplified a product from all ;
[)t>e_ nol mchMe allele- .it _Ixecorla Iocu_ that amphtled in Ikc i39. to of tile hard phle _pecie_ tested. ,-\5 determined by agarose

bll-bp fringe: !n h,ll)" tJl IllC >alnple_ gel analysis, all of ttle fragments that were an/ptifk_d fronl ,7

Ooc_ llul include a t-lli bp [ra!:men( lmm a _ec0na Io¢u4 ilia[ _.ml)hlied other species were llCaf tile expected SlZ.."*_ of [he /}711t+3

m ,ill ,um?k'_ rudiata iltarker+ FoP PR46. PRg.3, NZPRS. and NZPR6. ]
t

variation in f[agment sizes on agarose gels was observed

The 1§ primer pairs for polynlorplfic soft pine (A(+),, loci among _pecies, but Ihe pre:_ence ot the SSR m the amplified
did not amplify marker fragments in the seven hard pines ira_nlent3 'as not confirmed by hybrid_zatnm. Primer .pa_rs
tested, nor in the other u,vn conifers dPable 2). Weak and in- were tested on pools of DNA frc, m individuals within each
consistent anlplit'iclition was tJccasionaiP/observed fo s xne specie< und fragment sizes were not determined,
of d_e primer pairs, but PeR conditic, ns could nol be opu-

mized to n.,Jiably amplify shtglc banJs in tile expected size Discussion +
ranges for ally of them,

Prir;ger pairs for tit+ six Y/tPmi .rtrcs/;&r loci clnsslfied +is The kJeatJficatlon of informalb+e PC+R-based markers b
monomorphic {Table 27 till stroogly amplified single specific dffficuh in species wkh kn'gc, complex genmnes because o)
DN,A Fragmenls froru ,._n'iuus hard piucs and other conitws, the relative scarcity uP' ntiiqLie, n(mregeated. DNA seqt/eoces.
;is well as from ['imps lambermma nnd Pinus cembt+a Consequ,.:ntly. ()lily a small fraction of SSR ckmes selected
('li*blc 4L Orlly die pdnler pair for RPS 150 strongly ampli- from genormc libraries carl be cunvcc_ed to in£k;rmative SSR
tied fragments from every species tested. However, in nlarkcrs, Fro exa/llple, snitable markers were obtained front
Pse_a'/otsuf,; nlen:lesil it amplified six fragments, while m only 20-249_ of die primer pairs designed fbr Pmus srrobus
all other ,_pecies it amplified orlty a single fragment. The (Eeitt el al. 1996), Picea abies (I.. Karst. (Prettier et al,
primer pair for RPSI52 generated two t+ragmenls of equal in- I997). and ?)+talcum aem'vnm L /Maet al. 1996). It is c×+
tensity m Pmua pi.asrer suggesting the presence of a single petted that. if some SSR motifs ;,,'ere associated whh highly
polymorphie Ioetis in that species. Arnptil+ication of two loci. conserved regions of the genome, primer pairs for such loci
each dlems¢tves nlonom0rphic+ could not bc rnled out. how- would work in a broader range of species or genera. This
ever, as segregation dam from individual Pimps pinaswr certainly is the case with conifer chloroplast microsutellite
progeny were not obtained, markers. The higb degree of seqnence conservation amour

Marker potyFaorphism was surveyed in Pimt._ br_ttia (N = conii_:r chloroplast genomes atlo,._s PCR primer pairs de-
24/. Pim+s cerebra (N = 24). Pinns halepensis (N = 24), signed from the P/nus ttumber;ffi chloroplast DNA sequence
Pinus /omberrirura (N = 24), Pinus le.codermis (N = 24), to amplify homologous sires in dislantly related species
Pi_ms resmos_+ iN = 48). and Pinus taeda (N = 7) for each of (Card and Richardson 1996: Po,,veif eta 1995. Vendramin
the primer pair:, that amplified a monomorphic locus from et al. 1996: Echt et al. 1998: Vendramin and Ziegenhagen
Pimts sire,bus, Despite that only monomorphic fragments i998).
,,,,'ere observed within each species in which amplification Whnn Pi#utr strcim SSR primer pairs were used in
occurred, funr of _he markers CRPS61. RF'SI05, RPSt52. closely rehlted species. 86_ _'_"them amplified 1o¢i from
and RPStr01 were variable in length between species Pblus eembra, and all amplified h3ci from Pim<s'la.tbertia.a
f'Iiibb: -H. Hybridization of a (G'I')r5 probe to tile PCR prod- {Table 2). When ()ill}' polyt;]orp))le P/mt,s _!;'Ob1¢SSSR loci
ucts confbmed die presence of an (ACb, repeat at loci RPS3+ are consklered+ g()g_ of the prlmei pairs amplified loci from
RPS6J. and RPStDS. In a)J but two cases the repeut wa_ />/t.l+ {'qytd>ra ITab)e 2). P/..+ /ambernana and Pi.,m'_
present hi d_e amplified fragments. No (ACt,, repeat could xI,'-,ubus arc t x m )micuilv classifbd lit me S_robi subsection.
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fragments of widely differing sizes fi'om Pim+s rddMtd el al, /_t)97). The_e re_uh_ indicutc that caution mnst t_
They also reported that NZPR6 amplified a fragment from lak,:n wi_en cnmparmg ,dlelc qze:, bcp,veea distantly relaI_d
Pines strobus, while we obtained no amplification from any ",pec_es generated hy primer pair', {or SSR ioci. as allele

sot_ pine DNA using the P&us radials pdmer pairs, All _f length difference may nol be confined to simple contracIion
_hese discrepancies may be accnumed for by the more strh> ur expansion of the repeat sequence t,_kewv, e. SSR marker
gent primer amlealing temperatures we employed de'mr alleles dun shaw idendcM sizes among species (Table 3i
PCR cycling that wouM have restdled in higher scq_._ence may m tact not be identical in their DNA '_equences.
discrimination between the primers and (he large+ sequences The ahse,ce of ie¢_gd_ pu+ymorph+sm_: ,,vdhm species i',
The lower annealing temperatures employed by Fisher et ah anexpccted, as probe hybridizations mdacaled thai sonic loci
li998) may have allowed amplification of addilional loci h_ species from which amplificalion occurred clearly still re-
with minor nucleotide differences in their printer target sites, rained a SSR element le.g.. RPS61 and RPS 105l. One possi*

Homozygosily for null alleles may have resuhed in dn: bin reason why monomorpbic SSR lo_:i arc more highly
failure of five Piers str_abus SSR primers to amplify a conserved across greater taxonomic distances than are poty.
marker from polymorphic SSR loci m certain Pi*ms cerebra morphic loci _s becam, e of natural seIccthm. SSR repeat
and Pim+s hm_berria_u; individuals (Table 3), Null alleles in length at a locus may be constrained by file same selective

this ctmtext are alIelic sequence variants at the primer target forces that constrain variation in the at.tlacent PCR prhner
sites that prevenl primer annealing during PCR, resulting in target seqaenees. However> ,,vilh no apparent function tbr
no marker amplificathm, Support for this interpretation was these loci and widtout comparative DNA sequence data. the

provided by the higher proportion of loci exhd)idng failed selection hypothesLs must remam merely speculative. What-
amplification in Pim<v cerebra, which is more distantly re- ever the nteehanism, pnmerq)air sequences that amplify
!ated to Pinus so-obus than is Pores :ambertiana. Loci truly SSR loci from species of die two pine subgunera have been

also he helerozygous for null alleles, svhich may explain Ihe conserved since the time flmt the hard and soft pines di-
s+gnificaady higher mbreeding cuefficienl, b'lr. observed for vmged t_ver 130 mdlion years ago IMi!lar 1993),
[-'inua bamberthma SSR luci (Frr = 0.40) than for tile san/e While nlonomorphic loci are not useful for. linkage or
P_*o*s strobes loci ([')r = 0.14) (Echt 1999). The higher [:)r population genetic analyses, those that are polymorpbic
value for Pinu_ lambertia*_a results from a higher Ihan ex- among species could be used as species-specific markers.
netted proportion of homozygous genotypes it', general, yet Although additional testing on a broader sampling of indi-
ex_sls despite a greater number of SSR alleles in Pines viduals in each species is needed, the putative species-
iambertMm+ Ihan in Pinus strobes ('/)bin 3l. lsozyme data 'specific nlarkers we identified may b_._of use in pl_ylogenetic
and seed viability data from c+.mtrolled crosses indicate that _tudies or m genotype mterspecies hybrids.
Pmus lamberti(ma does not Iolerate the high levels of m-
breeding that would be associated with an inbreeding coeffi-
ciem of 0A.0 IT. Conkle, personal communication), so the Acknowledgments
unexpected frequencies of bomozggaus SSR genotypes most G.G,V, was 'mpported by' a grant tFAIR No. CT96-1949)
likely result from appreciable nmnbers of null-allele hereto- from the European C,ammission project oa "Bin,diversity m
zygoles. A n,atl-a}leD beterozygow would be phe,olypically alpine forest ecosystem'.: analysis, protection and manage-
scored m diploid tissue as a homozygote for any particular menU" We are indebted to the technk:a! skills and assistance
amplified SSR allele in the population wnh which it was of Charmione M_lreeli and Cheryl Zobe} and thank Paul
paired, thas giving a false measure of the frequency of ho- Fisher and "lbm Richardson fi)r sharing Ibeir Pinus radism
nmzygous genowpes. Segregation tests on progeny from pu- primer pair sequences. Thanks to Tom Richardson. John
taove null allele heTerozygote parents have not yet been Erpetding. and two other reviewers for their helpful con>
done to confirm this hypothesis, meats and suggestions.

Several Pinl_s strubus SSR printer pairs amplified frag-
ments that were monomorphic within species but polymor+
phic between species lTable 4). For RPS3 in Pines taeda References
and RPS61 in Pim+s pinaster the SSR could not be detected
by orobe hvbridization, although the SSR was detected in Blanquer-Maumont, A., and Crouau-Ro.'o B. 1995. Pnlymorphb;m.

• + fflonolnorphlsm, and sequence_ ill conserved microsaTellites hl
the other species from ;vhich a locus-specific fragment was
ampfified. It is possible thal the SSRs in these loci in Pim,'s primate species. I. Mol. Evol, 41: 492-497.Brown. S.M., llopkins. M,S.. Mitchell S,F., Senior. Md.., Wang.
land. and Pines piaaster were replaced by different se- T.Y,. Duncan. R.R., Gonzatez-Candekts, F. and Kresovich, S.
quences, as the amplified fragment sizes were not short I996. Multiple methods for {he idemificadon of polymorphic
enough for there to have been an outright deletion of the na- simple sequence repeal_ _SSRs) in s_>rgnum ISorgh.m bicotor
live repeats (Tables I and 4). For example, the RPS3 frag- _L.) Moench}, "fheoc App_ Gerwt 93:t90-I98
meat from Pines taeda was the same length as that from Cam, S.A.. and Richarnson. T.E 1996 Inter, and mtruspecific
Pimps stroblt.g, yet the (ACt,, repeat was not detectable in polytnorphisln at chlorot_tast SSR _ocl and the mhertta.ce +_
Pines taeda. Similarly. the RPS61 fragment from Pim+s plastids ill Pines ra<mra D Do_. "lbeor. Appl Genet. 93"
pmaster was only 2-+7 bp shorter titan the orthologous frag- 587-492.
meats in other species and did not contain a detectable Devey, M.F., Bell. LC., Smith. "?.N. Neale. DB.. and Moran. G,E
_AC/,, repeat, althoagh the SSR was detectable in the other 1996, A genelic linkage mau fo_ Pmus radiaTa based on RFLP.
species, Substitution of SSR elements, and nonun_t repeat RAPD. and microsatemle mar',,;er._,Theor. AppL GeneL Q2"
mentions, among pine species has been repn_ed by Karhu 673-.679.
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