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Abstract We have evaluated three DNA-based marker 
types for linkage map construction in Populus: RFLPs 
detected by Southern blot hybridization, STSs detected 
by a combination of PCR and RFLP analysis, and 
RAPDs. The mapping pedigree consists of three gener- 
ations, with the F 1 produced by interspecific hybridi- 
zation between a P. trichocarpa female and a P. deltoides 
male. The F 2 generation was made by inbreeding to the 
maximum degree permitted by the dioecious mating 
system of Populus. The applicability of STSs and RAPDs 
outside the mapping pedigree has been investigated, show- 
ing that these PCR-based marker systems are well-suited 
to breeding designs involving interspecific hybridization. 
A Populus genome map (343 markers) has been construc- 
ted from a combination of all three types. The length of 
the Populus genome is estimated to be 2400-2800 cM. 

Key words Cottonwood �9 Tacamahaca �9 Aigeiros 
Salix. Genome 

Abbreviations RFLP restriction fragment length 
polymorphism �9 STS sequence-tagged site �9 PCR 
polymerase chain reaction �9 RAPD random amplified 
polymorphic DNA 

Introduction 

Genetic linkage maps of moderate resolution have been 
developed recently for many plant species important for 
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agriculture, forestry, and/or basic research. The inform- 
ation gained from plant genome mapping has been 
substantial, especially in the study of genome structure 
and evolution (Helentjaris et al. 1988; Bonierbale et al. 
1988; Whitkus et al. 1992) and in the identification of 
Mendelian components of quantitative genetic vari- 
ation (Paterson et al. 1988, 1991; Lander and Botstein 
1989; Keim et al. 1990; Stuber et al. 1992). With these 
same goals in mind, we have constructed a genetic 
linkage map for the genome of a hybrid Populus, a model 
forest tree. 

The genus Populus is comprised of about 30 species 
of poplars, cottonwoods, and aspens. Populus has 
many attributes of a model system in forest tree biology. 
Chief among these is that breeding and genetics can 
be brought to bear upon all aspects of Populus bio- 
logy, including anatomy, physiology (Hinckley et al. 
1989), pathology (Thielges and Adams 1975; Pinon 
1992), reproductive biology (Villar et al. 1993), ecology 
(Keim et al. 1989), and molecular biology (Parsons 
etal. 1989; Davis et al. 1991; Coleman etal. 1992; 
Subramaniam et al. 1993). The ease of vegetative pro- 
pagation of individual Populus genotypes has con- 
tributed to the standardization of genetic materials 
used in these various disciplines, permitting the direct 
comparison of experiments carried out at different 
times in different places and serving many of the 
same roles as recombinant inbred lines in crop and 
model herbaceous plants (Burr et al. 1988; Reiter 
et al. 1992). 

Both traditional and molecular genetic manipula- 
tions are simpler in Populus than in most forest trees. 
Sexual propagation may be carried out in the green- 
house with abundant seed set in 6-8 weeks. The chro- 
mosome number of all species is identical (2n = 38), and 
the nuclear genome is relatively small (2C = 1.2 pg; Dhil- 
lon 1987; Bradshaw and Stettler 1993). Transgenic 
Populus can be produced with a variety of methods 
(Fillatti et al. 1987). 

Perhaps most important for the present study, inter- 
specific hybrids can be produced from many species 
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pairs (Stettler et al. 1980), and these hybrids are gen- 
erally fertile. The high level of genetic polymorphism 
between species results in substantial segregating vari- 
ation in the F 2 generation, facilitating genome mapping. 
Since interspecific hybrids are the most commercially 
important forms of Populus in many parts of the world 
(Zsuffa 1975), such a map is likely to be useful for 
understanding the genetic basis of the heterosis ob- 
served in the F 1 generation (Zsuffa 1975; Heilman and 
Stettler 1985). 

We have evaluated three DNA-based marker types 
for their utility in Populus genome mapping in an F 2 
progeny of interspecific hybrids: RFLPs detected by 
Southern blot hybridization, sequence-tagged sites 

'(STSs; Olson et al. 1989) detected by a combination of 
PCR and RFLP analysis, and RAPDs (Williams et al. 
1990). The applicability of STSs and RAPDs outside the 
mapping pedigree has also been investigated. A Populus 
genome map has been constructed from a combination 
of all three marker types. 

Materials and methods 

The mapping pedigree 

Our three-generation Populus mapping pedigree (Bradshaw and 
Stettler 1993, 1994) was founded by interspecific hybridization be- 
tween a female P. trichocarpa (T; clone 93-968) and a male P. deltoides 
[D; clone 59-129-17 (also known as ILL-129)~ to produce F 1 hybrid 
(T x D) family 53. The F 2 (TD x TD; family 331) resulted from sib- 
mating the female 53-246 and the male 53-242. Approximately 350 F 2 
trees in this family are maintained at Washington State University 
Farm 5 in Puyallup, Washington. 

RFLP probes and Southern blot hybridization 

DNA was extracted from Populus leaves and Southern blot hybridi- 
zations were carried out essentially as reported previously (Bradshaw 
and Stettler 1993). The RFLP probes used for linkage mapping are 
described in detail in Table 1. Plasmid clones of Populus genomic 
DNA were given the prefix "pPOP' .  

STS determination, PCR amplification, and RFLP analysis 

The terminal sequence of cloned RFLP probes was determined 
(Bradshaw and Stettler 1994). On the basis of STS data, primers 
suitable for amplification of the cloned locus were chosen using 
OLIGO (Rychlik and Rhoads 1989). Primer selection criteria were 
approximately equal Tm for both primers of about 55 ~ minimal 
internal duplex formation, and minimal complementarity between 
primers. PCR was carried out in a final volume of 10gl in 10raM 
TRIs-HC1 pH 8.3/50mM KC1/2.5mM MgClJ0.01% gelatin with 
20-200 p.M of each of the 4 dNTPs, 0.5 U Amplitaq (Perkin-Elmer 
Cetus), 100 ng of each primer, and 10-50 ng of Populus genomic DNA 
or 10 pg of plasmid DNA. Amplifications were performed in COY or 
MJ Research thermocyclers. Many of the Populus and Salix leaf 
samples were collected from the University of Washington Arbor- 
etum or campus. Nicotiana tabacum cv 'Xanthi' was a gift of Milt 
Gordon, Arabidopsis thaliana was a gift of Liz van Volkenburgh, and 
Dendrobium nobile was a gift of Doug Ewing. 

RAPD markers 

Primers for RAPD amplification were obtained from Operon Tech- 
nologies, and used according to Williams et al. (1990), except that 
reaction volumes were scaled down to 10 gl with 1-5 ng of Populus 
genomic DNA as template. 

Linkage analysis and map construction 

MAPMAKER 3.0 (Lander et al. 1987; Lincoln et al. 1992) was used to 
analyze linkage data. All known triploid offspring (Bradshaw and 

Table I RFLP probes used for mapping in Populus, The locus name 
(anon. = anonymous), source tree from which the probes were cloned 
(referenced by the US/WSU code composed of the family number and 

clone number), taxon, and the restriction enzyme used for cloning 
genomic DNA fragments are given 

Probe Locus Source Taxon" Cloning Genomic Fragment Number Number Percentage 
number clone enzyme or length tested single- or single- or 

cDNA low-copy low-copy 
nuclear nuclear 
probes probes 

Reference 

1 700 anon. 50-188 T x D  PstI Genomic Random 93 56 
751-818 anon. 93-968 T PstI Genomic 2 -3kb  60 40 
831-898 anon. 93-968 T XbaI Genomic 2 -3kb  35 21 
899-1016 anon. 93-968 T PstI Genomic 2 -3kb  53 25 
1017-1343 u anon. 93-968 T PstI Genomic 2 -3kb  258 186 

win8 11-11 T x D cDNA 1 1 
win3 11-11 T x D cDNA 1 1 
win4 11-11 T x D cDNA 1 1 
win6 11-11 T x D Genomic 1 1 
4CL 11 11 T x D cDNA 1 1 
PAL 11-11 T x D  cDNA 1 1 
ADH - D cDNA 1 1 

BSP - D cDNA 1 1 
chiD 11-11 T x D Genomic 1 1 

Total 508 337 

60% 
67% 
60% 
47% 
72% 

This paper 
This paper 
This paper 
This paper 
This paper 
Parsons et al. 1989 
Hollick and Gordon 1993 
Parsons et al. 1989 
Davis et al. 1991 
Douglas et al. 1992 
Subramaniam et al. 1993 
D. E. Harry personal 
communication 
Coleman et al. 1992 
J. M. Davis personal 
communication 

T, Populus trichocarpa; D, P. deltoides; T x D, Ft  hybrid 
b These probes were pre-screened with radiolabelled total Populus DNA as described in text 



Stettler 1993) were excluded from the linkage analysis. Genotypic 
data were coded as though they were derived from inbred lines 
represented by the parental species P. trichocarpa and P. deltoides. 
Only three genotypes were recognized: T T  homozygous, TD hetero- 
zygous, and DD homozygous. Although in many cases more than two 
alleles were segregating in the F 2 due to heterozygosity in the parental 
trees (and the resulting allelic differences in the male and female Fls 
mated to form the F2), this additional information was not used for 
estimation of recombination fractions. Provisional linkage groups 
were identified at a LOD threshold of 4.0, and 1 or 2 anchor loci 
chosen from each of the linkage groups for subsequent mapping. The 
remaining loci were assigned to linkage groups using an initial LOD 
of 4.0 and a relaxed threshold LOD of 3.0. Within linkage groups, 
locus order was determined with a starting LOD of 2.0 and a 
minimum LOD of 1.3. Loci ordered with these criteria formed the 
framework of each linkage group. Additional loci usually mapped to 
each linkage group, but could not be ordered unambiguously at a 
LOD threshold of 1.3. Current genotypic data, marker, and map 
information may be obtained through the Poplar MoIecular Net- 
work via gopher (poplarl.cfr.washington.edu) or by contacting the 
PMN database manager (editor@poplarl.cfr.washington.edu). 

Genome length estimation 

The recombinational length of the Populus genome was estimated 
using the method described by Hulbert et al. (1988). 

Results 

RFLP probes for Southern blots 

RFLP  probe numbers, sources, proportion of single- 
and low-copy nuclear probes, and other details are given 
in Table 1. The genetic locus recognized by a probe was 
given the designation "P" followed by the probe num- 
ber. In addition to the single- and low-copy number 
probes, one probe that gives an intense signal on South- 
ern blots but segregates as a nuclear marker (P771) was 
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mapped. As is the rule in plants, the vast majority of 
Populus RFLPs resulted from insertion/deletion poly- 
morphisms as opposed to single-base substitutions 
(McCouch et al. 1988). All RFLPs were inherited in a 
codominant  manner. 

At many RFLP  loci there was severe segregation 
distortion, generally resulting in an excess of hetero- 
zygotes. The extent of segregation distortion in the 
mapping pedigree, and an explanation for distortion at 
one locus, has been documented (Bradshaw and Stettler 
1993b). 

Of the 232 RFLP  probes used for mapping in the Fz, 
25 (11%) showed clear evidence of hybridization to 
more than one polymorphic locus; 23 revealed two loci 
and 2 recognized three loci (Fig. 1). Duplicated loci were 
named after the primary locus, with an extension to 
signify the degree of duplication (e.g. P1274, P1274.2, 
P1274.3). In cases where there was a distinct difference in 
the intensity of the signal on Southern blots, the darker 
locus was designated as the primary locus (e.g. P757), 
and the less intense hybridization pattern was attributed 
to the duplicated locus (e.g. P757,2). 

Heterozygosity in the parental P. trichocarpa and P. 
deltoides trees was estimated by calculating the propor- 
tion of probes (n = 100) showing at least one distinct 
band in a parental genome that was missing in at least 
one of the F1 hybrids. The values obtained were 30% for 
P. trichocarpa 93-968 and 15% for P. deltoides ILL-129. 

STS-based markers 

STS data were obtained for 89 of the cloned Populus 
genomic DNA fragments found to be single- or low- 
copy and polymorphic by Southern blot hybridization. 

Fig. 1 Segregation of RFLPs in 
the Populus mapping pedigree 
detected by Southern blot hy- 
bridization. Three loci are recog- 
nized by the probe 1274: P1274, 
P1274.2, and P1274.3. The 
RFLP pattern from the parental 
P. trichocarpa and P. deltoides, 
the F 1 clones 53-242 and 53-246, 
and a panel of 26 F2 offspring are 
shown following digestion with 
HindIII. Both parents are 
homozygous for alternate alleles 
at P1274 and P1274.3, but the P. 
deltoides parent is heterozygous 
at P1274.2 (two arrows in left 
margin) and the F 1 s inherit alter- 
nate P. deltoides alleles, P1274 
and P1274.2 are closely linked, 
but a single recombinant be- 
tween them is indicated by the 
double-headed vertical arrow in 
lane 17; this F z is homozygous 
for the T allele at P1274 and 
heterozygous at P1274.2 
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Pr imer  pairs were synthesized for 44 genomic STSs. 
Each pr imer  pair  was tested with several template  types 
to determine its utility for genome mapp ing  in Populus .  
P C R  condit ions were held constant  across all templa te  
types. First, the pr imer  pair  was tested for its ability to 
direct amplif icat ion of a p roduc t  f rom the plasmid clone 
f rom which the STS data  were obtained.  Because of the 
low complexi ty  of  the plasmid D N A  and the acceptable 
quali ty of  the D N A  sequence data,  all 44 pr imer  pairs 
worked  well at this stage. Next,  each pr imer  pair  was 
checked using the genomic D N A  from which the clone 
was derived (usually P. t r i chocarpa  93-968); 29 (66%) of 
the pr imer  pairs were able to direct s t rong amplif icat ion 
of a P C R  produc t  of  the expected size (based on the 
f ragment  amplified f rom the plasmid clone; Table  2). 

Pr imers  were then examined for their ability to direct 
amplif icat ion of homologous  sequences f rom the P. 
del toides  male parent  of  the mapp ing  pedigree in order  
that  codominan t  PCR-based  markers  useful for map-  
ping in the F a could be identified. The results of these 

tests for amplification, along with key aspects of the 
P C R  condit ions used for amplif ication f rom each pr imer  
pair, are given in Table  2. Despite  the fact that  P. 
t r i chocarpa  and P.  del toides  are in two different tax- 
onomic  sections of the genus P o p u l u s  (Tacamahaca  
and Aigeiros, respectively; Eckenwalder  1977), 26/29 
(90%) of the pr imer  pairs that  were successful in P. 
t r i chocarpa  were able to amplify a f ragment  f rom P. 
del toides  (Table 2). The other  3 pr imer  pairs amplified 
only f rom the P. t r i chocarpa  parent,  and these STS 
markers  were inherited in a dominan t  manner .  Only 8 % 
(2/26) of the codominan t  STS-based po lymorph i sms  
were detectable as length var ia t ion (amplified sequence 
polymorphisms;  ASPs) in the amplif ication products  
observed in the parents  of the mapp ing  pedigree, in 
contras t  with what  was found for R F L P s  detected by 
Southern  blot  hybridization.  One  of these ASPs, that  for 
the win3 gene (Bradshaw et al. 1989; Holl ick and Gor -  
don 1993), was predicted in advance of pr imer  synthesis 
based on D N A  sequence informat ion f rom the cloned 

Table 2 STS markers developed in Populus 

Locus Amp? Polymor- Segre- Linkage Forward primer Reverse pimer PCR 
phism b gation ~ group d conditions 

P164 T,D - na na 
P753 T DOM na na 
P754 T,D MboI + P 
P755 T,D HaelII + C 
P757 T,D HaelII + P 
P762 T,D ScaI nd na 
P763 T, D na na 
P767 T,D HaeIII .4- T 
P770 T,D DdeI - na 
P771 T,D HindIII - na 
P781 T,D HaeIII + H 
P783 T,D MspI na 
P800 T,D MspI + none 
P832 T,D MspI nd na 
P849 T DOM na na 
P856 T,D HindIII + I 
P869 T,D DraI + B 
P991 T,D nd na na 
P993 T,D RsaI + G 
P1004 T DOM na na 
P1010 T,D HaeIII + X 
P1013 T, D SspI + W 
P1018 T,D ASP + E 
P1027 T,D BclI + R 
P1046 T,D BclI + F 
P1054 T,D AluI + B 
P1079 T,D HindIII E c 
P1086 T,D DdeI + J 
win3 T,D ASP na e AB 

CTGCAGGATGGGTATCATC 
GTTGATGGTTTTGGAAGG 
TTGGCAAGACAATAGGCC 
AATTTAGCTGATAGGTTTTTTC 
TGGCAGCAAGAAAGAATG 
TATGCTTGGAATGACATGGC 
TGCAGTACCAAACATAGAAAGGG 
CTGCAGGCTAATGTACCCCTG 
CCAGTTTTTCGTTGTGGCA 
GCGCTCCGGGCATCG 
TGCAGGACTAGCATTGGAACTC 
CCGGTCAAGCTTATGATTTCTG 
CCAGAATTCCATTGAAGATTGC 
AGGAGAATCGTGTTGGCAGC 
TATGTGATGAAAGCCCGTCC 
GAAAAAAGTTTGCCCAGCAT 

CTGCAGTGATATCAATGTC 1 g 
CTGCAGGTGAAAAATCGT 1 
CTGCAGGCGGAACTGTAC 1 
AGGGCTGATTTTTCTTCG 2 h'l 
TGCAGGATCAATTCCCTC 1 
CTGCAGCCTGCCTGTGTC 3 i 
TGCAGAATAGATGGCTAATGGC 1 
CTGCAGAAGAGGAACTTCACGA 1 
TGGGTCCATAAGCATGCAAG 1 
TGCAGGTCGGCAATCG 4 j'~ 
CTGGGAGGCAACTATCCAAAAG 5 k 
ATGGGCATACGAGCTTTTGG 3 
GCACTGCTACATCAGCTTGAGG 
CTAGAATGAAGATTGCTGGCAG 
CCGACCAATAAACTTTTTCAAACC 
CATGCTTCATTTGATGCAATTG 

GTTGCATTGTAACAGTCAGAGTGC TAGAGCTTGCATTCATCATTGC 
CTGCAGGACGTGCAAAAAGA CTGCAGCAAATTAACAAAAGCC 
GCAGTTGTCAACATAAATGAGTGG AATCTGGTGTCCATGTAACCATG 
CTGCAGCCGTCGATGCTA 
GATCTCCTCCAACACCAGAAAA 
CCCTGCAACAAATGGAACT 
TATTGTTGGTGGAGCTAACATG 
GTAGCTCAGCAAAAGAATTCGC 
CGAATCCTCTTGGAATGAGATC 
CTACTGCCGCTTCCGAATTAAG 
CTGCAGTGGCTTTCACCTTC 
AGCTTGGGCTTATGCCATTC 
CCCGAAGTGTCCAGAGC 

TCAGCAACAGGAAGGACGAA 
CTGCAGGTTCTGTTGTCCCG 
CTGCAGCTTCTTTTTGAGAAAA 
AAGGGCGATGTAAATGAAAAAT 
TGCAGTTCACTTCAGGGTCAA 
GCAGCTCCCTTTAACTTTATCG 
TGCAGTTGGAAACACTTACTCG 
TGCAGATTGTACAGGGCTGG 
CTGCAGGTCTCTTGAACCTGG 
CCCACTCAAATAGTCTAC 

a Amp indicates whether an amplification product was generated 
from the Populus trichocarpa (T) and P. deltoides (D) parents of the 
mapping pedigree 
b The restriction enzyme used to generate STS/RFLPs in the map- 
ping pedigree is indicated. DOM, dominant marker, amplified only 
from the P. trichocarpa parent of the mapping pedigree; ASP, ampli- 
fied sequence polymorphism (see text); , not polymorphic; nd, not 
done 
c Segregation data were compared with those from Southern blot 
hybridizations. +, segregated according to expectation; -, did not 
segregate as expected, na, not applicable 
a Linkage group assignment corresponds to the map in Fig. 4 and to 

smaller linkage groups not shown 
e win3 was not mapped by Southern blot hybridization 
f A locus not corresponding to either P1079 or P1079.2 was identified 
by this pair of primers, and was designated P1079.3 
g 30 cycles of 94 ~ for 15 s, 55 ~ for 15 s, 72 ~ for 2 min 
~5 cycles of 94~ 55~ 72~ 30 cycles of 94~ 
50~ s, 72 ~ min 
i 5 cycles of 94~ s, 60~ s, 72~ min; 30 cycles of 94~ s, 55~ s, 
72~ min ' 
J 30 cycles of 94 ~ s, 50~ s, 72 ~ min 
k 30 cycles of 94 ~ s, 60 ~ s, 72 ~ min 
[dNTPs] = 20 gM 
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homologous loci from P. trichocarpa and P. deltoides. 
Because of the general lack of ASPs, most STS-based 
markers required restriction enzyme digestion of the 
amplification product to reveal polymorphisms; these 
were termed STS/RFLPs. As many as 30 restriction 
enzymes were used in the search for polymorphisms 
between the parents of the mapping pedigree, but even- 
tually a polymorphism was found in 21/23 (91%) of the 
markers examined (Table 2). A typical pattern of segre- 
gation for an STS/RFLP marker is shown in Fig. 2. 
Twenty codominant STS/RFLP and STS/ASP markers 
were mapped in the F 2 to verify concordance with the 
original Southern blot mapping data; 16 (80%) mapped 
as expected, but 4 (20%) gave segregation data that 
differed from expectation (Table 2). Thus, the overall 
success rate in conversion of STS data to codominant 
markers in the interspecific mapping pedigree can be 
estimated as the fraction of primers able to amplify from 
both P. trichocarpa and P. dekoides (26/44; 59%) multi- 
plied by the level of polymorphism (ASPs and RFLPs; 
23/25; 92%), multiplied by the proportion of markers 
segregating as predicted from the Southern blot data 
(16/20; 75%), for a product of 41%. 

Finally, 20 primer pairs were used with a panel of 
DNA templates made from angiosperms of varying 
relatedness to P. trichocarpa. Typical species from the 
three most commercially important sections of the ge- 
nus Populus were included: P. trichocarpa from the 
Tacamahaca section, P. deltoides from the Aigeiros 
section, and P. tremuloides from the Leuce section 
(Eckenwalder, 1977). A willow, Salix matsudana var 
'Tortuosa', was used to represent the other large genus 
(with Populus) in the family Salicaceae. Two herbaceous 
dicotyledonous species, Nicotiana tabacum and Ara- 
bidopsis thaliana, and a monocot (orchid), Dendrobium 
nobile, were also tested (Table3). To determine 
whether the PCR amplification products from the differ- 
ent angiosperm species were homologues of the P. 
trichocarpa amplicon or artifacts arising from misprim- 
ing, Southern blot hybridizations were performed using 
the original cloned sequences from P. trichocarpa as 
probes. Autoradiograms made after washing the blots at 
relatively low stringency (calculated Tin-20 ~ showed 
that all of the amplified fragments observed in the 
Tacamahaca, Aigeiros, and Leuce sections of PopuIus 

and all but 1 (P757) observed in the Salix species appear 
to be authentic homologues; however, the occasional 
visible bands amplified from the herbaceous angio- 
sperms are likely to be the result of mispriming, with the 
exception of P164 (Fig. 3; Table 3). 

RAPD markers 

One hundred and eighty commercial available primers 
(Operon Technologies; primer sets A-I) were screened 
for their ability to detect polymorphisms between the 
parents of the mapping pedigree. Because the parents 
are themselves highly heterozygous, to use the F 2 segre- 
gation data in MAPMAKER 3.0 it was necessary to 
verify that both Fls had inherited the expected bands to 
assure an  F 2 pattern of segregation (3 : i in the absence of 
segregation distortion). Other possible patterns of 
RAPD inheritance include pseudotestcross (1 : 1) segre- 
gation of the marker (in the case where only one of the 
Fls inherits the band due to parental heterozygosity) or 
the absence of the marker in the F 2 progeny (in the case 
where neither of the Fas inherits the band due to pa- 
rental heterozygosity). Sixty-three primers were used to 
determine the F 2 genotypes at 111 loci. None of the 
markers appeared to be inherited in a codominant 
manner. 

The parental P. trichocarpa 93-968 and P. deltoides 
ILL-129, along with the two F~s, 53-242 and 53-246, 
were screened at 230 presumptive loci (RAPD bands) for 
heterozygosity. The female P. trichocarpa is obviously 
heterozygous at 27% of the loci examined; the corre- 
sponding value for the male P. deltoides parent is 22.5%. 
The estimates of heterozygosity in the parental P. 
trichocarpa and P. deltoides are biased downward since 
only two F~s were checked for correspondence of bands 

Fig. 2 Segregation of an S T S / R F L P  in the Populus mapping pedi- 
gree. DNA from the P. trichocarpa and P. deltoides parents, the two 
Fls, the plasmid clone used for Southern blot hybridizations 
(pPOP757), and a panel of 14 F 2 offspring was amplified with STS 
primers 757F and 757R (Table 2) and cleaved with HaeIII. The female 
P. trichocarpa is heterozygous (arrow), as shown by the fact that only 
one allele has been cloned into pPOP757 and that the two Fls have 
inherited alternate P. trichocarpa alleles. 
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Table 3 Application of STS/RFLPs to angiosperms of varying re- 
latedness to Populus trichocarpa. DNA from P. trichocarpa (sect. 
Tacamahaca), P. deltoides (sect. Aigeiros), P. tremuloides (sect. Leuee), 
Salix matsudana var 'Tortuosa', Nicotiana tabacum cv 'Xanthi', 
Arabidopsis thaliana, and Dendrobium nobiIe was amplified using a 
subset of the primers listed in Table 2. PCR conditions were as 
described in Table 2. The first symbol (+ or - )  indicates whether an 
amplification product was visible on an ethidium-stained agarose gel 

following PCR, and the second symbol shows whether a Southern 
blot hybridization signal was detected using the radiolabelled RFLP 
mapping probe from which the STS primers were derived (see text) 
( + / +  amplification products were detected homologous to the 
mapping probe, + / -  amplification products were found that failed 
to hybridize to the cognate probe, - / -  neither amplification prod- 
ucts nor hybridization signals were found) 

Locus Populus Populus Populus 
trichocarpa deltoides tremuloides 

Salix Nicotiana Arabidopsis Dendrobium 
matsudana tabacum thaliana nobile 

P164 + / +  + / +  + / +  + / +  
P753' + / +  - / -  + / +  + / -  
P754 + / +  + / +  + / +  + / +  
P757 + / +  + / +  + / +  + / -  
P762 + / +  + / +  + / +  + / +  
P767 + / +  + / +  + / +  + / +  
P770 + / +  + / +  + / +  --/-- 
P781 + / +  + / +  + / +  - / -  
P783 + / +  + / +  + / +  + / +  
PSOO +/+ +/+ +/+ +/+ 
P832 + / +  + / +  + / +  + / -  
PIOIO + / +  + / +  + / +  + / +  
P1012 + / +  + / +  - / -  - / -  
P1013 + / +  + / +  + / +  + / +  
P1027 + / +  + / +  + / +  - / -  
P1046 + / +  + / +  + / +  - / -  
P1054 + / +  + / +  + / +  - / -  
P1079 + / +  + / +  + / +  + / -  
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+ - 

+ - 

+ / -  
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+ / -  
+ / -  
+ / -  
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+/+ +/+ 
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+ / -  - / -  
- / -  - / -  
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- / -  + / -  
- / -  - / -  
- / -  - / -  
- / -  - / -  
- / -  - / -  
- / -  - / -  
+ / -  + / -  

with each of the parents. Each F 1 has a probability of 1/2 
of inheriting the "with band" RAPD allele at each locus 
where one parent is heterozygous, so that both Fls will 
receive this allele 1/4 of the time even when the parent is 
truly heterozygous. Hence, the heterozygosity estimates 
of 27% for P. trichocarpa 93-968 and 22.5% for P. 
deltoides ILL-129 should be divided by 3/4, thus increas- 
ing the estimated heterozygosities to 36% and 30%, 
respectively. We could have used more F 1 progeny in 
the assessment of parental heterozygosity to reduce the 
downward bias, but rather chose to use the available 
marker screening data involving only the parental 
clones and the two Fls used in advanced-generation 
breeding. The reason for the large discrepancy in the P. 
deltoides ILL-129 heterozygosity estimate made from 
RFLP and RAPD data is unknown, but the competitive 
nature of the RAPD reaction and the occasional obser- 
vation of non-parental bands in the F~ cause us to give 
more credence to the RFLP-based estimate. 

The RAPD inheritance data from the F z were exa- 
mined for evidence of segregation distortion. In other 
mapping work in forest trees and herbaceous plants, 
RAPDs with aberrant segregation ratios have been 
excluded from analysis (Tulsieram et al. 1992; Reiter 
et al. 1992). We were reluctant to reject RAPDs showing 
segregation distortion, since this phenomenon is com- 
mon in our mapping pedigree (Bradshaw and Stettler 
1994). Of the 111 RAPD markers mapped in the F2, 16 
(14%) were skewed significantly 0( 2 test; df= 1;P < 0.01) 
from the expected 3 : 1 ratio. This value is about twice as 
high as the 14/229 (6%) reported for segregation distor- 
tion inthis Fz family using RFLP markers (Bradshaw 

and Stettler 1994). However, only 3 of the 16 (19%) 
skewed RAPD markers failed to map to linkage groups 
containing RFLP markers, a proportion not very differ- 
ent from the overall fraction of unlinked RAPD markers 
(19/111; 17%), indicating that RAPDs showing segrega- 
tion distortion are as likely to be mapped as those with 
Mendelian segregation ratios. 

To determine the fraction of mapped RAPD markers 
that might be applicable across most or all F 2 progenies 
derived from hybridization between any pair of P. 
trichocarpa and P. deltoides, 8 additional P. trichocarpa 
and 10 additional P. deltoides (to our knowledge unre- 
lated to the parents of the mapping pedigree, and largely 
unrelated to each other) were screened with a subset of 
50 of the primers used in the mapping pedigree. Of 64 
mapped markers revealed by the 50 RAPD primers, 26 
(40%) appeared fixed for the "with-band" allele within 
one parental species and for the null allele in the other. 

Linkage map construction 

Marker genotypes were determined for as few as 26 and 
as many as 90 F 2 trees. In general, more genotypes were 
determined for the PCR-based marker systems (STS 
and RAPD) than for the RFLPs detected by Southern 
blotting. Segregation of 215 RFLPs, 17 STSs (including 
an additional locus recognized by primers 1079F and 
1079R in Table 2; this locus was designated P1079.3), 
and 111 RAPDs has been followed for linkage map 
construction in the F2. When the 343 markers are 
grouped by MAPMAKER at a LOD threshold of 3.0 
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Fig. 3A, B STS/RFLP analysis and Southern blot hybridization of 
angiosperms related to P. trichocarpa. STS primer 1010F and 1010R 
(Table 2) were used to direct amplification from templates of the 
angiosperm species shown, and the PCR products were digested with 
HaeIII. Members of three sections of Populus, a willow (Salix), and 
the original plasmid clone pPOP1010 yielded amplification products 
(Panel A) capable of hybridizing to the pPOP1010 probe (Panel B). 
While amplification products were visible in the lane containing 
Dendrobium DNA (Panel A), these products failed to hybridize to the 
relevant probe (Panel B). Thus, the Dendrobium received a rating of 
+ / -  for locus P1010 in Table 3. Note that the patterns of P. 
trichocarpa and pPOP1010 are identical, as expected since P. 
trichocarpa 93-968 is the source of the insert in pPOP1010 (Table 1) 

and a maximum Haldane map distance of 35 cM, there 
are 35 linkage groups (vs. 19 chromosomes in the Popu- 
lus genome) and 31 unlinked markers (Fig. 4). Twelve of 
the unlinked markers are RFLPs, none are STSs, and 19 
are RAPDs. The total map distance contained within 
the 19 largest linkage groups is 1261 cM. The relation- 
ship between mapped linkage groups and Populus chro- 
mosomes is unclear, as there is no classical genetic or 
cytogenetic map of the Populus genome available. 

Genome length estimation 

Maximum likelihood estimates of Haldane map distan- 
ces were calculated for all unique pairs of 100 (N) RFLP 
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markers having approximately equal numbers of in- 
formative meioses (52 meioses resulting in 26 F 2 trees). 
The maximum observed value of two-point map dis- 
tance at LOD thresholds of 2.0 (30 cM) was substituted 
for X in the equation 

G = N ( N  - 1) X / K  

where G is the genome length and K is the number of 
markers at or above the LOD threshold (Hulbert et al. 
1988). From our linkage data for values of K at LOD 
scores of 2.0 and 3.0, we estimate that the genome length 
of Populus is 2400-2800 cM. The lower estimate is based 
upon a LOD threshold of 3.0 and the higher is based 
upon a LOD threshold of 2.0. For purposes of dis- 
cussion, we will consider the genome to be approximate- 
ly 2600cM. The proportion of the genome contained 
within the largest 19 mapped linkage groups is thus 
48.5% (1261/2600). 

Discussion 

RFLP probes 

The first probes used for mapping were random 
PstI fragments of an F 1 hybrid (50-188). While 
adequate for mapping, these random clones were sel- 
dom longer than 300bp and caused several problems 
related to their small size. Such short fragments gave 
best results as probes only when isolated from the 
plasmid vector, generally by PCR amplification. Be- 
cause of the relatively small probe size, signals on the 
Southern blots were not as intense as desired. Further 
disadvantages of the short clones became apparent 
when we began to use STSs as markers (see below). 
When 2-3 kb PstI or XbaI fragments were cloned for 
use as RFLP probes the entire plasmid was radiolabel- 
led and used for hybridization, saving the additional 
step of insert isolation and resulting in improved signals 
on Southern blots. 

Since about two-thirds of the RFLP probes were 
single- or low-copy, we did not feel that it was necessary 
to routinely pre-screen candidate plasmid clones for the 
presence of organelle DNA or nuclear repeated DNA 
sequences. However, when we used total Populus DNA 
as a hybridization probe to pre-screen plasmid clones 
(probe numbers 1017-1343) for high-copy number se- 
quences, a worthwhile increase in the proportion of 
useful probes was realized (Table 1). We have no firm 
estimate of the proportion of single- or low-copy probes 
polymorphic between the parents of the mapping pedi- 
gree, since no systematic effort was made to screen every 
probe. A minimum estimate of polymorphism is ob- 
tained by noting that of 186 single- or low-copy probes 
found using probe numbers 1017-1343 (Table 1), 121 
(65%) were used for mapping. 

There was no difference between PstI and XbaI in the 
proportion of single-copy loci or polymorphic loci 
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found, despite the fact that the former enzyme is sensi- 
tive to cytosine methylation and the latter is not 
(Table 1). This may be a consequence of the compact 
genome of Populus, reflective of a relatively low abun- 
dance of repeated DNA sequences; however, very little is 
known about repeated sequences or DNA methylation 
in Populus. 

A significant fraction (11%) of RFLP probes revealed 
multiple loci in Populus, a situation observed in other 
"diploid" plants (Helentjaris et al. 1988; Keim et al. 
1990). This fraction is probably an underestimate of the 
true level of genome duplication in Populus, since not all 
duplicated loci will be polymorphic (Keim et al. 1990) or 
will retain sufficient sequence identity to hybridize at 
high stringency. Duplication of some regions of the 
Populus genome could lead to complications in map- 
ping, such as apparent segregation distortion due to 
digenic inheritance ratios if the duplicated loci are on 
different chromosomes but share a common RFLP; 
however, we have found no evidence for this in our 
mapping effort. RFLPs detected by Southern blot hy- 
bridization were especially informative for revealing 
duplications since both fragment size and signal inten- 
sity on the autoradiograms gave clues as to which bands 
were allelic and which were at different loci. 

RFLP markers proved exceptionally useful for iden- 
tifying triploid F 2 trees (Bradshaw and Stettler 1993). 
Triploids violate the basic premise of genome mapping, 
that of a regular meiosis. Triploids are recognized by 
their inheritance of two alleles at which the female 
parent (in all cases that we have observed in Populus) is 
heterozygous. Since some Populus females are capable of 
producing a high proportion of triploid or aneuploid 
offspring (Bradshaw and Stettler 1993), it may be necess- 

. ary as well as desirable to eliminate triploids from the 
analysis of genetic linkage. STS (or other codominant) 
markers can serve the same function, but dominant 
RAPDs would seem to be almost useless for distinguish- 
ing triploids from diploids. 

STS-based markers 

Fig. 4 Linkage map derived from segregation of 343 RFLP, STS, and 
RAPD markers in the Populus mapping pedigree. Only the 19 largest 
linkage groups are shown. Loci on the right of each vertical bar 
representing a linkage group are defined by the RFLP markers shown 
in Table 1, the STS markers shown in Table 2, and the RAPD 
markers named according to their Operon letters and approximate 
fragment size (e.g. D07_06 on linkage group A is a 600bp product of 
Operon primer D7). The Haldane map distance between adjacent 
markers is shown on the left side of each linkage group. MAP- 
MAKER has omitted the decimal point from duplicated loci, so that 
the locus P1200.2 appears as P12002 on the map (linkage group N) 

segregating STS amplification products are digested 
with restriction enzymes, the sum of the molecular 
weights of the digestion products exceeds that of the 
amplified fragment itself, implying that the single band 
observed on gels of the undigested amplification prod- 
uct is a mixture of related sequences. The heterozygosity 
of individual trees further complicates the analysis of 
such loci and makes interpretation of the resulting 
fragment patterns difficult. 

Simulations have shown that a relatively wide 
marker spacing can be used for mapping quantitative 
trait loci (QTLs; Darvasi et al. 1993), so it may be 
worthwhile to place one or two STS polymorphisms on 
each of the Populus chromosomes to permit rapid 
genome scans for QTLs. In our preliminary experi- 
ments, we have located at least one STS on 11 of the 19 
largest mapped linkage groups (Table 2). 

While our STS/RFLP sample size is relatively small, 
it seems that a large fraction of the STS/RFLPs develo- 
ped from fragments of P. trichocarpa genomic DNA will 
be useful for maplSing in other sections of Populus and 
many will be satisfactory for Salix. Such markers may 
also be helpful in studies of the population genetics, 
ecology, and evolution of the Salicaceae, complemen- 
ting work already done with organelle DNA (Smith and 
Sytsma 1990), ribosomal DNA (Faivre-Rampant et al. 
1990), and random RFLPs (Keim et al. 1989). 

The development of STS markers was initiated in order 
to provide a framework linkage map composed of 
codominant, multiallelic markers that could be assayed 
quickly, easily, and with fairly crude preparations of 
DNA from small tissue samples (Tragoonrung et al. 
1992). Traditional RFLP mapping by Southern blot 
hybridization was used to identify markers spaced even- 
ly around the Populus genome, and probes of known 
map position were converted to STS/RFLPs. Fewer 
than half (41%) of the first attempts to convert markers 
from Southern blot detection to a PCR-based system 
proved informative for mapping in the interspecific 
Populus F2. The failure of several STS/RFLPs to segre- 
gate as predicted from the original Southern blot map- 
ping data appears to be due in part to the amplification 
of duplicated, unlinked loci. When these anomalously- 

RAPD markers 

The relative simplicity, speed, and low cost of RAPDs 
have led to their widespread and increasing use in 
experimental genetics (Tingey and Deltufo 1993), es- 
pecially for those organisms with poorly developed 
classical genetics. As markers for linkage mapping of 
whole genomes, RAPDs suffer from two principal draw- 
backs; dominant inheritance and the fact that only two 
alleles ("with-band" and null) are generally present in 
the population (Williams et al. 1993). A further compli- 
cation is that a RAPD band of the same apparent size in 
two individuals may be at an entirely different locus in 
each, an issue that can be resolved unambiguously only 
by resorting to those techniques (cloning, sequencing, 
Southern blot hybridization) that one uses RAPDs to 
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avoid. In typical forest tree pedigrees, with heterozygous 
parents and little or no inbreeding, these factors make it 
difficult to construct RAPD maps from segregating 
diploid offspring and to align RAPD maps made from 
different segregating families. Several clever strategies to 
overcome some of these obstacles have been implemen- 
ted, including the use of haploid tissues from single trees 
(Carlson et al. 199i; Tulsieram et al. 1992) and pseudo- 
testcross configuration of RAPDs in diploid progenies 
(Grattapaglia et al. 1992). These methods still suffer 
from a poor ability to map markers linked in repulsion 
and from a lack of concordance among maps derived 
from different individuals and/or families. 

In the case of Populus, however, we found RAPDs to 
be especially useful for two reasons beyond those given 
above. First, MAPMAKER is able to infer the haplo- 
types of individual trees from a mixture of dominant and 
codominant markers, thus reducing the negative impact 
of dominance for mappingin a population of F2s when 
substantial RFLP data are included in the analysis. 
RAPDs linked in repulsion were placed on a framework 
of codominant markers so that a single map was pro- 
duced from the segregating diploid family (Fig. 4), as has 
been done on a limited scale in other plants (Torres et al. 
1993). Second, since a large fraction (40%) of the RAPDs 
mapped in the F 2 appear substantially fixed for alter- 
nate alleles in the two parental species, it appears that 
these same RAPD bands can serve as reference loci in 
most or all F 2 populations resulting from hybridization 
of P. trichocarpa and P. deltoides. By judicious screening 
of more primers, it should be possible to construct a 
framework map entirely of RAPD markers, with the 
expectation that such a map would be easily transferred 
among interspecific F2s. Paradoxically, those RAPD 
markers most informative in all F 2 populations, i.e, 
invariant within the parental species, will be useless for 
mapping in the Fa generation for the same reason. This 
could prove to be a limitation in studies of interspecific 
hybrids where the correlations among parental, F 1, and 
F 2 phenotypes are being investigated. 

Linkage map construction 

Because the marker genotype data were encoded as 
though the F 2 progeny were the result of selfing an F 1 
derived from two inbred lines, the Populus genome map 
in Fig. 4 represents linkage analysis only of "inter- 
specifc" recombinations between the chromosomes of 
the P. trichocarpa and P. deltoides parents and ignores 
recombinations that might have been useful for making 
"single-tree" maps of each of the Fls (Tulsieram et al. 
1992). Although a much smaller fraction of all markers is 
informative for such "single-tree" mapping, it may be 
useful in the future to compare map distances based on 
meioses in female and male Populus hybrids. Further, 
the level of heterozygosity in the parental P. trichocarpa 
and P. deltoides is sufficienly high that "intraspecific" 
recombinations could be assessed in a large F 1. It may 

be that the "interspecific" map is compressed, expanded, 
or non-collinear with the "intraspecific" maps and that 
such aberrations might be useful indicators of diver- 
gence in genome structure. 

Previous work has demonstrated the feasibility of 
identifying linkage groups in Populus using allozymes 
(Miiller-Starck 1992; Liu and Furnier 1993) and RFLPs 
(Liu and Furnier 1993). The Populus linkage map shown 
in Fig. 4, while certainly incomplete, represents a signifi- 
cant advance in our knowledge of Populus genome 
structure. The map is of sufficient scope and density to 
permit the mapping of QTLs governing growth, form, 
and phenological traits in the F 2 (Bradshaw and Stettler, 
unpublished). Both the cloned probes and vegetative 
propagules of each tree in the mapping pedigree serve as 
genetic resources for forest tree biologists. The mapped 
probes serve as a framework for other Populus (and 
perhaps Salix) genomes. The individual trees in the 
mapping pedigree, with their cumulative marker 
genotypic data, can be distributed much as recombinant 
inbred lines in crop plants to replicate experiments in 
time and space. 

Relative merits of each marker type 

The most desirable genetic markers are codominant, 
multiallelic, abundant in the genome of the chosen 
organism, and applicable across reasonably wide 
phylogenetic distances. Ideally such markers are also 
easily, rapidly, and inexpensively assayed. None of the 
three marker types we have used meets all these criteria. 
Perhaps the STS-based RFLPs are the best of the three 
marker types tested, but the expense of primer synthesis, 
the long recombinational length of the Populus map, 
and the somewhat inefficient conversion process are 
drawbacks of this approach. The same argument applies 
to microsatellite-based markers, which exist in Populus 
(Bradshaw, unpublished) but have not been further 
developed for the same reasons. It does appear that 
locus-specific PCR primers from one species of Populus 
would be generally useful in other species, sections, and 
genera of the Salicaceae. Standard RFLP analysis by 
Southern blot hybridization remains a viable method 
since fairly large quantities of DNA can be extracted 
from trees and the small genome size of Populus makes 
blot hybridizations technically simpler than similar ex- 
periments in conifers with genome sizes 10-20 times as 
large. RAPDs are doubtless the simplest and least ex- 
pensive DNA-based markers but are relatively uninfor- 
mative compared with codominant, multiallelic 
markers. A mixed marker map composed of a large 
number of RAPDs and a smaller number ofcodominant 
markers, such as RFLPs and/or allozymes, could take 
advantage of the best attributes of both marker types. 
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