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ABSTRACT

Anchored reference loci provide a framework for comparative mapping. They are landmarks to denote
conserved chromosomal segments, allowing the synthesis of genetic maps from multiple sources. We
evaluated 90 expressed sequence tag polymorphisms (ESTPs) from loblolly pine (Pinus taeda L.) for this
function. Primer sets were assayed for amplification and polymorphism in six pedigrees, representing two
subgenera of Pinus and a distant member of the Pinaceae, Douglas-fir (Pseudotsuga menziesii [Mirb.]
Franco). On average, 89% of primer sets amplified in four species of subgenus Pinus, 49% in one species
of subgenus Strobus, and 22% in Douglas-fir. Polymorphisms were detected for 37-61% of the ESTPs
within each pedigree. Comparative mapping in loblolly and slash pine (P. elliottii Englm.) revealed that
ESTPs mapped to the same location. Disrupted synteny or significant disruptions in colinearity were not
detected. Thirty-five ESTPs met criteria established for anchor loci. The majority of those that did not
meet these criteria were excluded when map location was known in only a single species. Anchor loci
provide a unifying tool for the community, facilitating the creation of a “generic” pine map and serving

as a foundation for studies on genome organization and evolution.

OMPARATIVE genome analysis has revealed a re-
markable conservation of gene order in species
from diverse mammalian orders and in families of major
agronomic plants. For example, the rice genetic map
can be divided into a set of linked genes, known as
linkage blocks, that can be shuffled to represent the
genetic maps of other cereal genomes (MOORE et al.
1995). Conserved linkage relationships allow the multi-
directional transfer of genetic information among spe-
cies and the prospect of integrating knowledge of DNA
sequence and allele variation, biochemistry, metabo-
lism, and physiology with phenotypic information. Also
important are the insights into genome organization
and evolution provided by comparative genome analysis
(LAGERCRANTZ and LyDIATE 1996; KELLOGG 1998).
Comparative mapping requires a genetic map from
different species, each consisting of common markers
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that are necessary for map alignment. For map compari-
sons to be meaningful, a common marker must detect
the orthologous locus in each species, which can be estab-
lished by DNA and amino acid sequence homology, con-
served map location, and ultimately, functional com-
plementation. Markers based on expressed sequences,
such as restriction fragment length polymorphisms
(RFLPs) detected by cDNA probes and, more recently,
by polymerase chain reaction (PCR)-based markers de-
rived from expressed sequence tags (ESTs), have been
widely used in plants and mammals to “anchor” maps
of different species. The public availability of sets of
anchor loci (O’BRIEN ef al. 1993; LYoNs et al. 1997; VaN
DEYNZE et al. 1998; DAVIS et al. 1999) has led to the rapid
advancement of comparative mapping in mammals and
plants. Other marker types, such as random amplified
polymorphic DNAs (RAPDs) and amplified fragment
length polymorphisms (AFLPs), have limited use in
comparative mapping because they detect polymor-
phisms predominantly in noncoding regions that are
poorly conserved among species. Similarly, simple se-
quence repeats (SSRs) appear to have limited utility
beyond a narrow range of related pine species (EcHT
et al. 1999).

The genus Pinus (the pines) is composed of about
100 species representing 20% of all gymnosperms. Pines
are the most widespread tree genus in the Northern
Hemisphere and are of major ecological and economic
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TABLE 1

Mapping populations of the Conifer Comparative Genomics Project

Genus Subgenus Section Subsection Species Source
Pinus Pinus Pinus Australes P. taeda Weyerhaeuser Co.
P. elliottii J. P. van Buijtenen, Texas A&M University
Sylvestres P. pinaster C. Plomion, INRA*
P. sylvestris O. Savolainen, University of Oulu
Oocarpae P. radiata C. Echt, FR’
Strobus Strobus Strobi P. lambertiana Institute of Forest Genetics
Pseudotsuga NA NA NA P. menziesii Weyerhaeuser Co.

“Institut National de la Recherche Agronomique, Cestas, France.

’Forest Research, Rotorua, New Zealand.

“USDA Forest Service, Pacific Southwest Research Station, Davis, California.

significance. Although the two main subgenera, Pinus
(hard pines) and Strobus (soft pines), diversified by the
end of the Cretaceous (66 mya), cytological studies have
shown little karyotype differentation within the genus.
All pines are diploid, have a haploid chromosome num-
ber of 12, and have similar complements of median to
submedian chromosomes (SAX and SAX 1933; PEDERICK
1970). These characteristics are noted commonly through-
out the Pinaceae and suggest that a high degree of
colinearity between homologous chromosomes of pines
and other conifers might exist. A demonstration of con-
served gene orders could have profound implications
to the manner and pace in which genome research in
conifers is conducted. For example, the genetic map of a
“map-rich” species could be used to select evenly spaced
markers for systematically creating maps in less-charac-
terized species.

Genetic maps based on RFLPs detected by cDNA
probes have been constructed for loblolly pine (Pinus
taeda L..; DEVEY et al. 1994; GROOVER et al. 1994; SEWELL
et al. 1999) and Monterey pine (P. radiataD. Don; DEVEY
etal. 1999). DEVEY et al. (1999) conducted a comparative
genetic analysis of these two species on the basis of
60 shared RFLP markers and found no evidence of
chromosome rearrangement. Previously, AHUJA et al.
(1994) demonstrated the feasibility of using mapped
loblolly pine cDNAs as hybridization probes in a range
of conifers. All tested clones hybridized to the five pine
species studied, and a large number also hybridized to
four other genera of the Pinaceae. Although these stud-
ies provided a communal set of anchor loci, RFLP tech-
nology is not widely used in conifers. This is in part due
to the large genome size of conifers in general [the C
value of loblolly pine is 21-23 pg (WAKAMIYA ef al.
1993)] and the abundance of multigene families (Kin-
rAw and NEeaLE 1997). In addition, the comparable
simplicity of PCR-based markers and the use of half-sib
mapping populations derived from limited quantities
of haploid endosperm (megagametophyte) tissue has
led to the creation of numerous genetic maps of conifer

species based on RAPDs, AFLPs, and SSRs (CERVERA et
al. 2000). Therefore, the majority of current conifer
genetic maps are essentially species- or even pedigree-
specific, with little extractable information for compara-
tive analyses.

The availability of thousands of loblolly pine ESTs
presents the opportunity to develop new anchor loci
for conifers to support comparative genome analysis.
TEMESGEN et al. (2001) developed a strategy for identi-
fying and mapping genetic polymorphisms in PCR prod-
ucts of loblolly pine pedigrees generated by primer sets
derived from EST sequence data. It included efforts
to reduce the amplification of multiple members of
gene families by placing one primer within or near the
3’-untranslated region (UTR) and optimizing the melt-
ing profile of the expected product for denaturing gra-
dient gel electrophoresis (DGGE) by adding GC clamps
(MEYERS et al. 1985). This study evaluates 90 polymor-
phic ESTs (ESTPs) derived from loblolly pine for use
as anchored reference loci to facilitate the integration
of genetic mapping efforts of the Conifer Comparative
Genomics Project (CCGP; http://dendrome.ucdavis.
edu/Synteny). Five pine pedigrees, including one of
slash pine (P. elliottii Engelm.), maritime pine (P. pinas-
ter Ait.), Scots pine (P. sylvestris L..), Monterey pine,
and sugar pine (P. lambertiana Dougl.), and Douglas-fir
(Pseudotsuga menziesii [Mirb.] Franco) were tested for
PCR amplification and segregating ESTPs. A genetic
map of slash pine was also constructed by using ESTP,
RFLP, RAPD, and isozyme markers, and a comparative
analysis with loblolly pine was performed. This work
demonstrates the feasibility of unifying the isolated map-
ping programs of pines and other conifers through a
common marker system.

MATERIALS AND METHODS

Mapping populations: Most ESTPs in loblolly pine were
mapped genetically using two immortalized reference map-
ping populations, referred to as the base and ¢il pedigrees



801

Anchor Loci for Pine Genomics

*I9qUINU UOISSIIIL YURGUIL) ,
-ouanbas 197 Surpuodsariod oy 03 snogojowoy jou are pue sdurep Ho) se pappe
SOPIIOJ[ONU JOUIP SIDNII[ ISLIIIMOT *,¢ 0} ,G UIALS o1k soouanboas rownrg "pastop sem souanbas 1§ oy Yorym wody YN (2 WX aurd £[[o[qo[ 2y} 03 s19ja1 duo[),

DIVVILVVVIDIVVIVOVID VVOVIDLVVODILVIDOLIDO 11899GVV A31D9 SONM
DDVVIVIDILVOLIDOVVOLL DDDVIOVIVVIVIOIIVVIDI288390 1000¥LVV L1386 94Dd
99DDLVVIIDLIDIOVYIDILIE5008308 DV.LIOVV.IVDOOILIDDIID ¥866$LVV 8616 OARd
DOVDDILIVVIILVVOIDLIVII088038 IVVVILLIIIVOVYVIOVD 9966$LVV $916 O4DBd
DIVIVIDDOVIDOLLYVVOL 9O ILVIIOVIOOVLLOIIDLIDS29858 LS66ELVV 6616 9ADd
DLLVIVIVOVVVOLLLYODD IVVIOLOVOVVIDILOLLIDI3880085008 0V66$LVV 9¢16 O4Dd
DIDIDDOILVIVIVYVODDIVID 9IVVOLLIDOLYIIDDDI 888008520 6GL6SLVV $¥88 DADd
HIOLLLVOLVIVVOOLVDIDL 9 IDVIDIVOOILIDVIILOIDDIS882088 ¥GL6SLVV L£88 DADRd
DIODIDLIVIOIVYVIVOLLIODL OIODLIOLYOVIILIOLLID)S88208300 60L6SLVV 848 94Pd
DILVIVVOLIDOLIOVOIOVYDL DIVVVILOIDIDLLYIIVIS5008500 80L6SLVV 648" 0dDd
DIVOV.IOVYIDOLVVIOILDDI308300083 OVIDOILOLVVVVIILLIODO 36965LVV L¥L8 OIRd
999 LLDLVIOVODOVYVYDDS808500083 DD LIVIVVOLIDVOVIVILS GRI6ELVV 8628 04Dd
OVILVVVVIDOIVODLVYVVIDLLS DVVIDOVVDIVILVIOOI880088085850083 $8966LVV 9.8 DABRd
DLIDDDVVOLVOIVIVIOLYIIS 99DIOLLLOVILILILOVYOL33205828500033 08968LVV 36L8 O4Dd
DDIDDLVIIVIVLLIVYYDDI83200838008 99 LLDIDLVILVYVOLIODOV $L96GLVV G3L8 0dADRd
D9LVILVOVDIIODLIDOD DILYDLVYVIOLOVYDIDDD1222582080058000 69965LVV 138 D4Bd
DVIVIDOOIDOLLYDILVIVOVVYYS530530 DOLOYDIVVIDLVVIOLOIVY220330330833 3E966LVV 9698 OADd
D 19D DOL LLL ¥v99 11D DDV OVVYIVVIDDIOVIIVYILDIDI20880080088000 8G966LVV 0998 DdDRd
DVDV.LIDDVOVOOILIDDVLIDV VOO LLYVOIIIDD IO LIIS50083 GZ96ELVV L¥98 OIARd

D LLYDVVOIILVIODLLV)S805800053 DOLVOODLOOVIVOLLY)IO1S238 [1968LVV 0398 94DPd
DDDLLVVVIDDLVVOOVIOVYS5005803 DOLOOVVILVIIVIIOIOVY) 90965LVV 3198 OdABRd
DIVDOOIDIOLIOVVVIDOIV 9O IDIVVODLVOLVOLIDIDE80 F6G6$LVV 9698 OARd
DODILOVIVIDIODDVVVIOL DVDIVOOVOIDDLIVOIIDV $8865LVV 0898 OANd
DOVIDOVIVILLYVDOVIVYDD1S258 D IDVOVOIOVOVIIVIDOOVILSS08800083 ¥8G6ELVV 8968 OADRd
DHDIDOVYVVIIVILIIDIIVIS00S3 D9 LVIOVOLVIIIVILLO 1208353800033 LLS6SLVV 09498 04Dd
DIVIVOLYDOVYVDIDIDIOLYIS D LVDOIVOILY.LYDIODLILSS08800058 99G65LVV V48 OADRd
DVODIILVVIOIVVOLILIVYIS2033 9DIOLLVIDIOVIDOIDVDDSS08800083 F9G6ELVV 0¥98 DABRd
DDVVYIILVVIOVVOVILLOVVVL 999 LD9DLIVILLLY)LLYD8282088000 €9468LVV ££98 O4Dd
DIDVIVVVIOVIVIOVIVOLODID DVDIDDVIVVVOILIOVIILIS232283200 8GG6ELYY 1698 0dANd
9IDLLLVDIDVVVIVOVOODIO 99LLLIOIOIDIVIIOVOOID $GG6ELVV 0398 DARd

DY) LVOIDDIVYVVIVIOLIILIOS DIVVV.LLYVODIVIODLVOVIOS585000838 65968LVV 0098 DADPd
YIIVOIDVIOLYILOLYVY OLAAR T N F31 101 19 1O N A4 BLBRLERRR 8L666LVV 96¥8 0ANd
DOIVVOIIDILLILLLYI18820838038 DY) LVLVOVOVYVYIIOI IOV 0€G66LVV 08%8 04Dd
DDDODIDIDIDIIVIOVIVL OVVYDOLOVODVYOVIOLDILDS58208800 93965LVV $L¥8 OADRd
DDIDDODLLYIVIDVIOVYOILLSS 99 LLLIOLVIDOOVOVIILOVS58530083 6896SLVV IL¥8 D4Bd
DIVILDIDVVIDLVOOVYIVOS88080 99IVLLOOIOODIOLIIVYOL 80G66LVV 9¢F8 OADd
DOVVVIDIIDVOIOIVVVILLOS3E80 DOVVOIIVOIVLLLVIOOVO G0G6ELYY 62F8 0ANd
9D99ILVIOIDLILILIDDVISS08 DVOVVIIVIVIDDIIDVYDIO [0S6$LVV 61F8 OARd
Jourtad 9s1oady Jourad premiog ,/OU UOISSIIIY ,oUOT)

Apmys siy 103 padofaadp sISH 8¢ JO seouanbas rowmid pue ‘roquNu UOISSIIIE “IIQUINU dUO[)

¢ I1dV.L



R. Brown et al.

x.

C

802

76002—

06 0L O
¥ 900

Y ray_J

€ z0l8~

B pp 06—

8 ELbGuned

€ P95t

009205 08—

27260

e /p99=>4
e 4ecp
e gécc—

055048 Of=—

9 ysels

0061762 08—
098" L¥ dO—]
022758y 08—
086720v_ 08—
0zHieeeda—]
o e zp59—]
0041715V 08
N 0v5)EEE 08—
806/}
— €612
b1 Usels
|- 19161
02k 621 08— [ £96¢
SEIS -
€1YseIs — 176962
—e 5192
17296
Farit)
659
|~ 2 9802
v_g8S1
|1 S1ge
UBGB1
979862
\eese eosst
71 Af1o1qo1 L1 An0[qo'}
|2 5622
|- vise
[~ v~g20E
€0298— |-y el
}—2"¥/52
essel—y). -
epsri—g.  ~ o “<|cmmm
N
— 1 Zups | e “ET
= t-ueis e vos mulq%m
. Zesle
[ sa1s] 02188708
2|
v 0192
¢® mm< €22 -
,* e6Le—- - ~ -
L _vai6t _ ¥ 1692 -
08870LE 08— .-
e Z606—4 -
VOVSe—f = = - =
02y vee 08—
e 6v8)—]
. o Aq01q0
N - 0604702 08— § Ao
< -l
.
.. S ysels
~p—[E25Ed
9 Ar1o1q07

0581760V dO—

087615 09—

027288 08—

025 91€” 08—

VERIL—Tt~

v 59—

02L 213 dO—

v 05—

20858 —

0l ysers

€ 29—

B 85| —
V7 SZ9HE SONId—]

& /880—

0SPL bt

06€” vee D5—
009t 911 Og—]
e LrL8—]

22516
v 0e5¢]

0y L6 Ot—

026 500 dl
AR

0087015 08—

¥ yse|s

j— a7 816¢
e 0pse

S Vvl

(Y

ey
|— & 5€91
- 0 seal

<mnm
u\wnvm
L 178161

|_vZ Svie
= 827 Sp1e

|— v €05

$— 276981

01 A1i01q07Y

p—g"0222
|—& 9698

|-z 991
f- 00629
|V SZ9HE SONId

- ez

Mz

[V vice

gl

O7evi
= zve
|—c 8122

1 uro

|—-e9912
|—a"vase
e=2"2082

12082

N =70

v ogse

-1 €112

s —EZ56]

b~ G/6

j—tSvie

¥ 1101901

8742190 SONIdISa—]

0¥S 80V dO—

€ 65991

05276.5"08~4

009+ 7285 Ol
e Elie

0997€15 08—

0567€8E708
a@@www

0S970Lg DO="% ~

200§

09 L2s 08—
e peo—y -

v 599,

0697605 Da3w] -

0527605 09
09517028 0=t

G956 | —1

088792708 —

6 USEIS

08017671 08—

e 19/8
50596

eT1zs8—
8

qg YseIs

0241 0ze” 08—

ETglLe—]
056 162 38—

2_0099—]
S 2680

Y vE6 1

.

€66 |—g

B¢ YSEIS

o528
b v 5008
[ v 6682
L v oi0m oo
v 50-av0 SONId s eese
M _
PED B | agece
472022 I—ecLi6
878958 .
02L7 09y 04
. | 6o 1822
N -
En62z] q8 Yse|s
" 127€651
N ) |- 2906
! e6ESE
\MN\%%% o b—V" 218}
- PR 0687226708
0097 SE"O8.
L v czce
o I
= Thee 0604769208
V6ive
}— e 9561 272068 -==-
R eg yse[s
S P a7gsst p— v 2562
6 Ao1ao1 g Aieqoy
1~ pBd9—
egese— |
.
N
A -
Sf—17pbdg
oLy 9rL 0a— |- e 5ot1
02676+ 08—
- 1276882
e9e16 viai—
-1 8102 i,
|2 g862 0267992 08—
@098 -
- 27 upN—|
£ 9e91
[—= ¢ 060¢
|—ez199 _
| v5 9e94 o 6669~1
—¢ 8i6l -
—i7sviz £ o
|—¢812 i
ezzos—f - - - -jpe=y
. e =V,
I | 008} b2€ 08—
642190 SONIdIS3 8852
o k=¢ 6959
- 01217219 40—} 175892
- - ~ETeg) o czor—4. e GG
e ezize—e ~ [~y ocic
| o o |5 ziog
S “~ u « B=¢ercioe
HM%MMM 0521 7218”dO— -
~
~ P=5"900e 7 YSeIS |- 1 ooy
£ Alroqo 7 Alo1g01

vt 215 08—

005992 Of~
0087692 08—

E7EE9—

V2022,

¥ 291
088768¢" 08—

¥L516—

L Yysels

1 upn—{f

eL0t—N |

AL

0¥0L ™} LV dO—f

0697911 08—

¥ 900C—4 -

02y 1Ly "O8—
1 ysers

AW AR

“w

roch
Foot
_ Fog
279899
o 671
]
Foo
fae1v2
For
L2102
gEvSannsd Lo,
=y
l(\th— -
27 LGAXd"SONId b
[ L
|2 o161 0
wo
L Anoiqoy
Fovi
— 7158
Fozt
v 1e62 3
| e
sEzoL]
|- 1ivee Foos

~H—v 1692

[ Anoigo1




Anchor Loci for Pine Genomics 803

(TEMESGEN et al. 2001). DNA samples and segregation data
are publicly available for these populations as a comparative
genome analysis resource (see http:/dendrome.ucdavis.edu/
Synteny/refmap.html). ESTPs that did not segregate in either
reference population were also tested in a third pedigree, the
prediction pedigree belonging to the Weyerhaeuser Company.
A two-generation mapping population of slash pine main-
tained by the Texas Forest Service was derived from the mating
of seed parent D4PC40 and pollen parent D4PC13. After ger-
mination, the megagametophytes were removed from F; seeds
for use in RAPD analysis and the seedlings were grown. Ninety-
two F; seedlings were planted near College Station, Texas.
DNA was extracted from megagametophytes and needles us-
ing the FastPrep System (Qbiogene, Carlsbad, CA) and a modi-
fied hexadecyltrimethylammonium bromide procedure (DE-
VEY et al. 1991), respectively. Members of the CCGP provided
DNA samples of other conifer pedigrees examined (Table 1).

Genetic markers: The majority of EST primer sets assayed
were reported in TEMESGEN et al. (2001). These were designed
to amplify fragments from (1) single- or low-copy cDNAs from
alibrary of random-primed poly(A) RNA isolated from loblolly
pine needle tissue (with accession nos. <PtIFG_3000) or (2)
the 3’ end of cDNAs, including a portion of the presumed
3’-UTR, from a directionally cloned library of loblolly pine
xylem poly(A) RNA (with accession nos. >PUFG_8000). Thirty-
eight new primer sets (Table 2) targeting the 3'-UTR were
also designed using methods described in TEMESGEN et al.
(2001). EST sequences are available at http:/web.ahc.umn.
edu/biodata/nsfpine/ and through GenBank. Primer se-
quences for PEINCS_6C12F were provided by C. S. EcHT (un-
published results).

For simplicity, one standard PCR reaction mix and cycling
regime, including a hot start and a touchdown (HARRY et al.
1998), was used to amplify genomic DNA of all species. PCR
was considered to have failed in a species when repeated
attempts produced either no product or weak or inconsistent
amplification. Amplification products from the parents of
each pedigree were screened for polymorphisms by one or
more electrophoretic methods, including 2% agarose gels,
4 or 10% nondenaturing polyacrylamide gels (PAGE), and
denaturing gradient gels. DGGE was performed according
to TEMESGEN et al. (2001). A DCODE Universal Mutation
Detection System apparatus (Bio-Rad, Hercules, CA) was used
for both PAGE and DGGE. Segregation of putative polymor-
phisms in all pedigrees was confirmed by subsequent analysis
of PCR products from six progeny templates.

Three additional sources of genotypic data were obtained
for the slash pine mapping population to provide sufficient
markers for linkage analysis. RFLP analysis was performed as
described in DEVEY et al. (1991) using cDNA and genomic
DNA probes previously mapped in loblolly pine. Clones that
revealed simple hybridization patterns in loblolly pine DNA
were chosen preferentially. Most clones were also tested in
Monterey pine by DEVEY et al. (1999). RAPD analysis was
performed according to methods described by NELSON et al.
(1993) on haploid megagametophyte DNA of the F, seeds. A
subset of 69 RAPD primers segregating in D4PC40 and spaced

at 10- to 20-cM intervals were selected from previous work
(J. P. vaN BUIJTENEN, unpublished results). Isozyme analysis
was performed on vegetative buds of the mapping population.
Protein extraction was performed according to NEALE et al.
(1984) and electrophoresis followed the methods of CONKLE
et al. (1982).

DNA sequencing: A comparative sequence analysis was per-
fomed for 10 ESTP amplification products from loblolly and
slash pines to assess the homology between putatively ortholo-
gous loci. For each ESTP, a single allele was sequenced from
loblolly pine haploid megagametophyte tissue. Diploid tem-
plates of a homozygous individual were sequenced preferen-
tially in slash pine. DNA sequences were generated from both
strands with the primers used for PCR amplification and the
BigDye Terminator Cycle Sequencing Ready Reaction kit (Ap-
plied Biosystems, Foster City, CA). Fragments were detected
on an ABI 377 DNA Sequencer.

Linkage analysis: Genotypic data were scored visually by two
independent readers. Markers that deviated from the ex-
pected segregation ratio at the 5% significance level were not
eliminated since some deviations from Mendelian ratios are
expected in pedigrees of this size (REMINGTON et al. 1999).

A reference genetic map of loblolly pine was constructed
from all available genotypic data. A consensus map of the base
and gtlpedigrees was generated with Mapmaker (Unix version
3.0; LANDER et al. 1987; LINcOLN and LANDER 1992) and Join-
Map (Unix version 1.4; Stam 1993). The methods developed
by SEWELL et al. (1999) were employed, although only frame-
work markers from the original data set and ESTPs were re-
tained to avoid minor discrepancies in marker ordering that
can arise when analyzing a large number of linked loci. Frame-
work markers within each set of parental meioses were defined
as those spaced at =10-cM intervals, having <10% missing
data, and with interval support =3. Preference was also given
to markers segregating in both parents and/or both pedigrees
to facilitate map integration. Linkage analysis of markers segre-
gating in the prediction pedigree was performed separately
using JoinMap only. A relative assignment on the consensus
map of the base and gtl pedigrees of ESTPs segregating in the
prediction pedigree was determined by aligning homologous
RFLP markers flanking the ESTPs. Linkage analysis in slash
pine was performed essentially as described in SEWELL et al.
(1999). Because of the smaller data set, a LOD =3 was used
in the JoinMap analysis.

Selection of anchored reference loci: An informal definition
of orthology was chosen to be inclusive during the early devel-
opment of PCR-based anchor loci in pines. An orthologous
anchor locus was classified as a primer set that amplified a
single locus with known map location in the reference species
loblolly pine. Such a primer set must also amplify a single
locus of similar size in other species. Amplification products
from different species must be highly homologous, as deter-
mined directly by DNA sequencing or by inference from simi-
lar mobilities on denaturing gradient gels. Finally, the map
location of an anchored reference locus must be conserved
between loblolly pine and other species.

Several primer sets reported by TEMESGEN et al. (2001) were

FIGURE 1.—Genetic maps of loblolly and slash pine. Loblolly pine linkage groups are on the left; slash pine on the right. Loci
in boldface and italic type are loblolly pine ESTPs. ESTPs to the left of the loblolly pine linkage groups were mapped in the
prediction pedigree and their positions are estimated only. Loci connected by a dotted line were detected by the same marker
and boxed loci denote ESTPs meeting criteria for anchor loci. Experiment fields (IFGREF, loblolly pine reference map; IFGELL,
slash pine linkage map) have been omitted. Source fields for ESTP and RFLP markers have also been omitted unless the clone
originated from a laboratory other than IFG. Centimorgan distances (Kosambi) are indicated on the scale to the left.
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described as producing complex banding patterns after DGGE.
Primers yielding a high level of background staining with a
superimposed band that was present or absent were excluded
from this analysis. However, primer sets that produced multi-
ple fragments without background staining after DGGE were
retained at this early stage for evaluation.

Nomenclature and informatics: The locus nomenclature used
is according to guidelines for submitting data to TreeGenes, the
forest tree genome database (http:/dendrome.ucdavis.edu/
TreeGenes). A mapped object is defined by its experiment,
source, accession number, and locus identifier fields. For ex-
ample, an ESTP derived from PtIFG_9053 and mapped in slash
pine in this study is referenced as IFGELL,_ estPtIFG_9053_a. The
experiment field for markers on the loblolly pine framework
map is IFGREF. For brevity, however, experiment fields have
been omitted. Source fields are included only to denote clones
from laboratories other than the Institute of Forest Genetics
(IFG) and the supplier of RAPD primers. A capitalized locus
identifier (e.g., IFGREF_ PtIFG_2006_A) was given to RFLP
markers that detected the orthologous locus in both loblolly
pine pedigrees or in both loblolly pine and slash pine.

RESULTS

Loblolly pine reference genetic map: A genetic map
of framework markers was constructed to serve as the
reference for comparative analyses among pine ge-
nomes (Figure 1). The 12 linkage groups (LGs) con-
sisted of 155 RFLPs, 75 ESTPs, and 5 isozyme loci span-
ning 1165 cM(K). The genetic length is similar to the
conservative estimate of 1227 ¢cM(K) from SEWELL et al.
(1999), indicating that the overall length and integrity
of the map had been maintained. LGs 1-11 corre-
sponded to those reported by SEWELL et al. (1999) with
the incorporation of LG 12/ consensus onto LG 9 and
LG 17/ qtl-pat onto LG 8. Several slight discrepancies
in ordering involved only tightly linked markers. The
numbering of LG 12, equivalent to LG 14/ consensus of
SEWELL et al. (1999), was consistent with the comparative
analysis of loblolly and Monterey pines described by
DEVEY et al. (1999).

Five to 14 ESTPs were mapped on each of LGs 1-6
and LGs 8-10 (Figure 1). Only two ESTPs were mapped
to LG 7, one to LG 11, and none mapped to LG 12. Ten
ESTPs were linked to less than five markers at LOD 4.

Amplification and detection of polymorphisms in
other conifers: The amplification of 90 EST primer sets
and subsequent detection of polymorphisms among the
CCGP pedigrees are depicted graphically (Figure 2).
All primer sets amplified the DNA of slash pine, the
closest relative of loblolly pine studied here. Among
three other hard pines, 75-79 primer sets amplified

genomic DNA, suggesting that loblolly pine EST primer
sets would have broad utility within the subgenus Pinus.
Only 44 primer sets amplified sugar pine DNA, a repre-
sentative of the subgenus Strobus. Douglas-fir templates
were amplified by only 20 primer sets, a value similar
to that reported by PERRY and BousqQueT (1998) for
amplification across genera using Picea-derived EST
primers. For most species/ESTP combinations, ampli-
fication products were of the same size, as estimated
from agarose gels. In seven instances, amplification in
another species produced a fragment from 10 to 300
bp larger, indicating that an insertion had occurred.
An additional fragment not present in loblolly pine was
observed in four cases, suggesting that a nonortholo-
gous fragment was likely amplified.

Polymorphisms were detected by agarose gel electro-
phoresis, nondenaturing PAGE, or DGGE for an aver-
age of 52% of ESTP primer sets among all species.
Maritime pine was the least polymorphic (37%) and
slash pine was the most polymorphic (61%; Figure 3).
If synteny and colinearity are conserved among pine
species, the distribution of ESTPs across the majority of
homologous linkage groups in the hard pines is suffi-
cient to allow a low-resolution comparative analysis. Cov-
erage of most linkage groups in sugar pine and Douglas-
fir is currently scant.

DNA sequence similarity: It is expected that ortholo-
gous loci exhibit high nucleotide similarity between spe-
cies. Ten ESTPs, ranging from 180 to 457 bp in length,
were amplified from one individual of loblolly and slash
pines for comparative sequence analysis (Table 3). One
to five base substitutions between species were observed
and no insertions or deletions were detected. Nucleo-
tide identity averaged 99.4%, strongly supporting that
the amplified loci were not paralogs.

Sequencing of all amplification products from differ-
ent species was beyond the scope of this research. How-
ever, since the mobility of a DNA fragment during
DGGE is dependent on the sequence and its melting
properties, and not length, the mobility of amplification
products from different species can be used to infer
homology. Similar DGGE mobilities were observed for
the majority of ESTP amplification products from all
species (Figure 4). The few exceptions derived from the
amplification of a significantly different fragment size
(e.g., PtIFG_8887 in maritime pine) or of additional
fragments not produced in loblolly pine (e.g., PIFG_
9036 and PtIFG_9217 in maritime pine).

Ficure 2.—Representation of the potential utility of loblolly pine ESTPs as anchored reference loci. The 12 linkage groups
of loblolly pine are shown (LGs 1-12). Successful PCR amplification in a species is shown by a circle; solid circles denote
amplification products that are polymorphic in the pedigree examined, and open circles denote monomorphic products.
Superscripts indicate amplification products of a different size than observed in loblolly pine. Asterisks indicate the amplification
of an additional fragment not observed in loblolly pine. ESTPs mapped in the prediction pedigree are shown in italics and their
location on the consensus map is approximated. All loci, with the exception of IFGREF_estPtNCS_C612F_a, are prefixed by

IFGREF_estPtIFG.
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No. Primer Sets

B Amplification
3 Polymorphism

F1GURE 3.—The number of loblolly
pine ESTP primer sets producing an
amplification product in other spe-
cies and the number of segregating
polymorphisms detected by gel-based
methods in the CCGP pedigrees. A
total of 90 ESTP primer sets were
tested.

Slash pine  Monterey pine Maritime pine Scots pine

Linkage map of slash pine: The genetic segregation
data set for slash pine consisted of 170 loci (52 ESTP,
44 RFLP, 69 RAPD, and five isozyme markers) segregat-
ing in one full-sib family. Selection of framework mark-
ers was limited to the much larger maternal set of
meioses since paternal groups consisted of two or three
linked markers only. A linkage map consisting of 154
loci (45 ESTP, 41 RFLP, 63 RAPD, and five isozymes)
distributed across 15 linkage groups was constructed
(Figure 1). Linkage groups ranged from 10 to 124
cM(K) in length with a total map distance of 1115
cM(K). Unlinked markers and marker pairs were ex-
cluded.

Comparative mapping in loblolly and slash pine:
Based on 60 putatively orthologous ESTP, RFLP, and
isozyme markers mapped in both loblolly and slash pine,
9 homologous linkage groups were identified (Figure
1). Slash pine LGs 1-7, 9, and 10 were numbered in
accordance with those of the loblolly pine framework

TABLE 3

Nucleotide identity between loblolly
and slash pine at 10 ESTP loci

ESTP Nucleotide identity (%)

estPtIFG_107

estPUFG_1950
estPtIFG_2253
estPtIFG_2781
estPtIFG_8500
estPtIFG_8580
estPtIFG_8907
estPtIFG_8972
estPtIFG_9053
estPtIFG_9151

422/423 (99.8)
455/457 (99.6)
360/365 (98.6)
447/448 (99.8)
222/223 (99.6)
179,180 (99.4)
287/288 (99.7)
303/307 (98.7)
282/283 (99.6)
290/291 (99.7)
Mean = 99.4%

Sugar pine Douglas-fir

map and the Monterey pine genetic map (DEVEY et
al. 1999). Several large blocks of syntenic and colinear
markers, particularly on LGs 2 and 6, were evident. The
order of markers on other linkage groups was identical
between species except for two discrepancies involving
marker pairs on LGs 1 and 4. Both pairs consisted of
one paternally informative locus and one locus segregat-
ing in both parents in the slash pine population. There-
fore, the discrepancies may have arisen from having too
few shared markers for parental map integration by
JoinMap rather than from genuine disruptions in colin-
earity.

LGs 3a, 8a, and 8b had only one shared ESTP between
slash pine and loblolly pine. The slash pine LGs were
tentatively assigned to their homologous linkage group
in loblolly pine by the position of estPtIFG_8781_a,
estPFG_8907_a, and estPdFG_2781_a, respectively.
However, the orientation of markers flanking the ESTP
is unknown. Amplification products of estPtIFG_8907
and estPtIFG_2781 were among those sequenced in
both species. A single base substitution between species
was detected for both ESTPs, supporting these two as-
signments. The two remaining linkage groups (slash
pine LGs 13 and 14) could not be distinguished as
homologs of loblolly pine LGs 11 and 12.

Anchored reference loci in pines: Of the 90 ESTPs
in loblolly pine, 35 met the criteria established for an
anchored reference locus. estPtIFG_48, estPtIFG_8473,
and estPtIFG_8647, which mapped to the same location
in loblolly and slash pine but revealed multiple amplifi-
cation products after DGGE, were also provisionally in-
cluded. The primary reason for excluding an ESTP as
an anchored reference locus was that it had been
mapped in only a single species. Mapping of ESTPs
segregating in other CCGP pedigrees is in progress and
should lead to the inclusion of most of the 90 primer
sets reported here.
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FIGURE 4.—Denaturing gradient gel showing segregation
and similar mobility of homoduplexes in different species.
DNA fragments amplified by PtIFG_9053 primers in loblolly
pine (lanes 1-8), slash pine (lanes 9-16), and sugar pine
(lanes 17-24) are shown. Lanes 1 and 9 are the maternal
parents, lanes 2 and 10 are the paternal parents, and lanes
3-8 and 11-16 are F; progeny. Lane 17 is sugar pine seed tree
5701 (diploid) and lanes 18-24 are products from haploid
megagametophytes of tree 5701 seeds. Homoduplexes are the
faster one or two migrating bands of the diploid template
reactions.

DISCUSSION

The international genome mapping community in
forestry is small and many different tree species are
involved. Integrating these efforts through a common
marker system and shared mapping populations is an
important next step in the future progress of forest tree
genomics. Elements of the infrastructure needed are
now available to begin the systematic comparative analy-
ses of pine genomes. These include the reference an-
chor loci and other ESTPs described, a consortium
through which biological resources are exchanged, and
a common nomenclature to facilitate the bioinformatics
of comparative mapping.

Itis essential that only sets of orthologous loci be used
as anchor loci for comparative mapping. Comparative
sequence analysis provides a priori knowledge of or-
thology for highly conserved genes. Sequence diver-
gence between loblolly and slash pines was extremely
low in a sample of 10 reference anchor loci, supporting
that the orthologous locus had been amplified and
mapped in both species. Sequence analysis is not with-
out limitations, however, since for genes that are poorly
conserved across species, the appropriate level of se-
quence similarity distinguishing paralogs from orthologs
is a subjective decision. Conserved map location as the
sole criterion must be evaluated carefully since it may
be a circular argument for orthology and lead to a biased
view of genome conservation. Although most loblolly
pine anchor loci are defined by conserved map position
and only inferred sequence homology, the extensive
evidence for gene colinearity in vertebrates and plants
leads us to believe that most assumptions of orthology
will prove to be valid. Nevertheless, the assumptions made
must be considered a working hypothesis (ANDERSSON
et al. 1996) and may be disproved as additional evidence
accumulates.

The results of TEMESGEN et al. (2001) reflect those
of PERRY and BousQuer (1998) in that very similar
members of a gene family are sufficiently diverged in
their 3’-UTRs to allow PCR amplification of individual
genes. Our sequence analysis further suggests that the
3’-UTRs of orthologous loci in closely related species,
such as loblolly and slash pines, are more similar to one
another than to 3'-UTRs of parologs within a species.
This has yet to be investigated beyond the subsection
Australes, but may be more widely applicable to the
subgenus Pinus given that the majority of loblolly pine
primer pairs amplify DNA of the hard pines tested.
Targeting PCR amplification toward the 3’-UTR prom-
ises to provide a suitable number of orthologous loci
for more detailed comparative mapping within the sub-
genus.

The efforts of the CCGP will be broadened to encom-
pass the taxonomic range of the Pinaceae. Improvement
in the performance of loblolly pine primers across sub-
generic and generic boundaries could be achieved by
targeting highly conserved regions of genes. This is a
useful strategy for single-copy genes, in which case am-
plifying the orthologous locus in multiple species is as-
sured. However, the number of single-copy genes in the
large, complex genomes of pines is limited, and lower
levels of sequence polymorphism in conserved regions
could prevent the genetic mapping of many markers.
For more distantly related species, comparative map-
ping with PCR-based markers is inherently limited by
the homology requirements between primers and an-
nealing sites. As GALE and DEvos (1998) have pointed
out, had PCR been invented 5 years earlier, and as a
result RFLP technology used much less extensively for
comparative mapping, the extent of gene order conser-
vation in plants may still be unknown. Therefore, to
expand beyond the subgenus Pinus will require optimiz-
ing PCR conditions for each primer set and develop-
ment of several hundred more ESTPs. Other members
of the CCGP have developed high throughput methods
to map ESTPs (CaTo et al. 2001), which will considerably
augment the number of available anchor loci in pines.

The low-resolution comparisons of loblolly pine with
Monterey pine (DEVEY et al. 1999) and slash pine have
indicated no disrupted synteny or significant disrup-
tions in gene colinearity. At this level of resolution,
only the largest rearrangements, if present, would be
detected. However, the primary role of the reference
anchor loci is in recognizing and identifying homolo-
gous linkage groups, thereby establishing a framework
by which the location of genes in one species can be
predictive of their location in the others. Important
traits encoded by single genes, including disease resis-
tance and crown shape, have been identified in tree
species with less advanced genome projects than loblolly
pine (DEVEY ef al. 1995; LEHNER et al. 1995). Identifying
the homologous region of the loblolly pine genome
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could lead to sequencing of large insert clones mapped
to the region and the identification of candidate genes
for those traits. In like manner, markers flanking quanti-
tative trait loci (QTL) affecting wood quality traits in
loblolly pine (GROOVER et al. 1994; SEWELL et al. 2001)
could be an entrance for similar studies in other forest
trees. Comparative mapping of QTL across several spe-
cies is one means of QTL validation, which is an impor-
tant step toward their incorporation into breeding strat-
egies.

Selection of the best anchored reference loci for pines
and the Pinaceae is a dynamic process and the list of
markers reported here will be updated and continually
improved. Ultimately, the criteria will include the fol-
lowing: (1) strong PCR amplification of a single product
from both Pinus subgenera and at least one other genus
of Pinaceae, (2) known genetic map location in loblolly
pine and at least one other Pinaceae species, (3) uni-
form genome coverage, (4) known DNA sequence in
several species, and (5) putative function. Developing
anchor loci should rely on community involvement. We
encourage the use of the reference mapping popula-
tions to place additional gene-based markers on the
loblolly pine consensus map and to evaluate them for
inclusion as anchor loci. The synthesis of genetic infor-
mation in pines and other conifers could lead to the
creation of a generic map and the practical applications
of comparative mapping that follow.
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Forest Gel Electrophoresis Laboratory for isozyme analysis in slash
pine, Nicholas Wheeler, Clem Lambeth, and the Weyerhaeuser Co.
for providing the loblolly pine reference mapping populations, and
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