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ABSTRACT 

Genetic linkage was investigated in eleven isoenzymic loci in Salix eriocephala Michxaux progenies that 
conformed to a 2 x 2 balanced factorial mating design. Joint segregation was tested in 49 two-locus combinations 
over different families and in a total of 107 two-locus tests. Linkage investigations involved contingency table 
2 tests, while recombination fractions (8) and associated standard errors were estimated with maximum likelihood 
methods. One possible linkage group involving Aco-2, Ppo-1 and 0 0 - 1  was found. Positive interference was 
inferred. When results were compared to those reported in other willow species, it was suggested that linkage 
conservation exists above the species level. The merits and shortcomings of isoenzyme markers in gene mapping 
are briefly discussed. 
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INTRODUCTION 

Information of linkage relationships among genetic 
markers is very important in plant genetics and breeding. 
Such information assists in answering questions pertaining 
to the organisation and establishment of genetic variation 
in natural populations (Zomos et al. 1974), is essential for 
population models dealing with the maintenance of 
balanced polymorphism through epistatic selection 
(LEWONTIN 1974), permits the assessment of the distribu- 
tion of available loci in the genome, and provides refer- 
ences to locate unmapped genes on chromosomes. Studies 
on the genetic structure of any population should include 
linkage analysis (RUDIN 1986). The usefulness of identify- 
ing instances of joint segregation is also paramount in 
breeding. Knowledge of the positions of marker loci can 
permit the study and manipulation of important genes 
either single or of quantitative nature, within or among 
species (TANKSLEY 1993). Linkage maps are increasingly 
being used in evolutionary biology (M~~CHELL-OLDS 
1995), and have become important in taxonomy and 
phylogenetic analyses through the study of linkage conser- 
vation above the species level. 

However, information regarding linkage relationships 
in forest angiosperms is still scarce. Linkage studies in 
forest trees were focused almost exclusively on conifers. 
Today the genomes of Pitlus and Picea are becoming 
relatively adequately mapped (Bucc~  et al. 1997, SEWELL 
et al. 1999, YAZDANI et al. 1995). In forest woody angio- 
sperms, few linkage groups have been identified, for 

example in Betula pendula ( H A ~ M E R  et al. 1990), in 
Prunus aviunl (SANTI & LEMOINE 1990), in Liriodendron 
spp. (PARKS et al. 1990), and in Liquidambar spp. (HOEY 
& PARKS 1990). Eucalyptus spp. present a notable excep- 
tion (GRAT~APAGLIA & SEDEROFF 1994). Limited informa- 
tion exists in Salicaceae. ARAVANOPOULOS (1998) and 
WORSEN et al. (1997) recently reported the presence of 
two linkage groups in Salix exigua and four possible 
linkage groups in S. viminalis respectively. In poplars only 
the hybrid Populus trichocarpa x deltoides has been 
adequately mapped (BRADSHAW et al. 1994). There is one 
report on linkage, regarding poplars of the Tacamahaca 
section, where three linkage groups were detected 
(MILLER-STARK 1992). Analyses of joint segregation by 
MALVOLTI et al. (1991) in Populus deltoides, MORA 
(1990) in P. nigra and P. mairnoviczii, and HYUN et al. 
(1987) in P. tremuloides, did not lead in the identification 
of linkage groups. 

This study investigates the linkage relationships among 
isoenzymic loci in Salix eriocephala Michx. (section 
Cordatae, subgenus Vetrix) a species important in short 
rotation intensive culture biomass plantations (ZSUFFA & 
ARAVANOPOULOS 1989). The genetic basis of enzymatic 
variation in this species has already been reported 
(ARAVANOPOULOS et al. 1994). 

MATERIALS AND METHODS 

Inheritance analysis in S. eriocephala revealed 1 1 segregat- 
ing loci: Acp-2, Ac+2, Adh-2, Alp-1, Cto-1, Idh-2, 
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Per-1, Pgd-I, Pgi-2, Ppo-1, and Sdh-2, in 11 enzyme 
systems: acid phosphatase, aconitase, alcohol dehydroge- 
nase, alkaline phosphatase, cytochrome oxidase, isocitrate 
dehydrogenase, peroxidase, 6-phosphogluconate dehydro- 
genase, phosphoglucose isomerase, polyphenol oxidase 
and shikirnate dehydrogenase (ARAVANOPOULOS et al. 
1994). This study employed the parental clones and full-sib 
progeny of a 2 x 2 balanced factorial mating design, 
involving female clones E l6  and E269, and male clones 
E263 and E292. The sample size of each progeny was 33 
and the total sample size including the parental clones was 
136. 

Non-random joint segregation of locus pairs was 
estimated by the LINKAGE-1 software of SUITER et al. 
(1983) version 3.50. This program assesses linkage 
employingx2 contingency tables to compare observed two- 
locus segregation data with those expected from actual 
single-locus segregation ratios. In this study the use of the 
x2 test was preferred, since sample sizes were relatively 
small and the closeness of small-sample distribution to the 
asymptotic x2 approximation is better achieved by the X2 

than its alternative the G-test (LARNTZ 1978). Addition- 
ally, Monte Carlo studies suggest that at least for tests 
conducted at a nominal 0.05 level of significance, the x2 
goodness-of-fit statistics accomplish the desired level of 
approximation, even when minimum expected cell values 
approximate 1.0 (FIENBERG 1985). When significant 
deviation from independent assortment was observed, the 
recombination fraction (0) and its standard error (SE), were 
estimated using the maximum likelihood formulae devel- 
oped by ALLARD (1956). 

Locus pairs that could be tested in one family only, 
were not considered. When a pair of loci segregated in 
more than one family and produced additive offspring 
genotypic classes across families, then the test for linkage 
and the estimation of recombination fractions was con- 
ducted from individual families, as well as jointly from all 
available families. Linkage tests in these cases were based 
both on the total x2 value across families, and the x2 
estimate of the pooled data set. If it was not possible to 
pool the data, a weighted average recombination frequency 
from individually informative families, was computed 
according to COLQUHOUN (1971), with a standard error 
estimated according to BAILEY (1961). Pooling data from 
different families produces more robust tests when com- 
pared to estimates of the total x2 value across families due 
to the reduction in the degrees of freedom, however since 
parental phase is unknown there is a chance that pooling 
may mask true association among locus pairs. Furthermore, 
the absence of data on parental phase prompted the 
investigation of the stability of linkage groups found. The 
stability of such linkages was examined by using bootstrap 
data sets. Replicate data sets were created by resampling 
individuals in a linked locus pair with replacement from 

the original data set. At the end of 1000 bootstraps the 
percentage of recombination fractions equal to 0.5 was 
examined. The program LINKAGE developed by Dr. K. 
Ritland' was used in this investigation. Homogeneity of the 
recombination frequencies from different families was 
estimated according to BAILEY (1961). 

The mapping function suggested by KOSAMBI (1944) 
was employed. This function has been used in many 
organisms including its almost exclusive application in 
plant genetics, since general levels of known interference 
(SWANSON et al. 1981) support its application. Distance 
between linked loci was calculated according to KOSAMBI 
(1944), with a standard error according to OWEN (1950). 
The impact of chiasma interference was estimated by the 
coefficient of coincidence (C) and its variance according 
to BAILEY (1961). 

RESULTS AND DISCUSSION 

~ r o m  the 55 possible two locus combinations of the 11 
variable loci, 49 could be investigated. The number of 
families employed and the total number of genotypes used 
in linkage analysis are presented in Table 1. It should be 
noted that 88% of the two locus combinations could be 
tested in two or more families (with the number of individ- 
uals employed ranging from 62 to 131). A total of 107 
two-locus tests were initially investigated over the four 
full-sib families of S. eriocephala. In a number of cases, 
recombination results varied among families. Parallel 
observations have been demonstrated in many taxa and 
have been attributed mainly to sampling error, but also to 
genetic' (inversion polymorphism, pre or post-zygotic 
selection), or environmental factors (GRELL 1966, RUDIN 
and EKBERG 1978). The original data of two groups that 
showed possible linkage are presented in Table 2, while 
the linkage statistics of these groups are shown in Table 3 
and discussed below. 

Acc~2:Ppo-1. This group could be investigated in two 
families (Tables 2, 3). Both x2 tests were significant (p 
values were 0.008 and 0.020 respectively). Homogeneity 
of recombination fractions among families was observed 
(Table 3). The total x2 test was also highly significant O, < 
0.005,2 d.f.), nevertheless the pooled test (1 d.f.) was not 
significant. Resampling indicated that in 1000 boot- 
strapped samples a recombination fraction of 0.5 was 
observed only in 4.5 % of cases in family E l 6  x E263 and 
8.9 % of cases in family E269 x E263. The crosses that 
could be tested involved three parental clones which 
originated from unrelated populations (ARAVANOPOULOS 
et al. 1994). Therefore a difference in the parental phase 
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Table 1. The number of S, eriocephala families (below the diagonal) and the total number of trees (above the diagonal) 
examined in each particular pair of 11 polymorphic loci. 

Locus Aco-2 Acp-2 Adh-2 Alp-1 Cto-I Idh-2 Per-1 Pgd-2 Pgi-2 Ppo-2 Skdh-2 

Aco-2 - 33 - 66 65 62 3 2 - 64 66 
Acp-2 - 33 65 - 65 65 65 65 64 65 
Adh-2 1 1 3 3 3 3 66 64 66 3 3 65 66 
Alp -I - 2 1 - 65 65 65 65 64 131 
Cto -I 2 - I - 66 62 98 - 64 66 
ldh-2 2 2 2 2 2 127 98 65 127 131 
Per-1 2 2 2 2 2 4 98 65 127 131 
Pdg -1 1 2 2 2 1 3 3 65 97 9 8 
Pgi -2 - 2 1 2 - 2 2 2 64 65 
Ppo-1 2 2 2 2 2 4 4 3 2 13 1 
Sdh -2 2 2 2 2 2 4 4 3 2 4 

Table 2. Potential linkage groups, parental genotypes (first locus denoted with capital letters, second locus with small 
letters), individual family progeny classes and pooled progeny classes. 

Progeny classes 
Locus pair Cross Parental genotypes 

AA//aa AA//ab ABNaa AB//ab 

Aco-2:Ppo-1 El  6 x E263 AA//aa x AB//ab 
E269 x E292 AA//aa x AB//ab 
Pooled 

Cto-1:Ppo-1 E l 6  x E263 AAIIaa x AB//ab 
E269 x E292 AAIIaa x ABNab 
Pooled 

among these clones, may produce different categories of 
'parental' and 'recombinant' progenies in the two crosses 
and lead in an insignificant result when the pooled data are 
considered. This can be appreciated from a comparison 
between original family data and pooled data depicted in 
Table 2. It was decided to regard this pair as possibly 
linked. 

Cto-1 :Ppo-I. This group could also be investigated in 
two families (Tables 2, 3). In one family (E269 x E263) 
the x2 test was highly significant ( p  = 0.007), but in the 
other the test was insignificant. In the former case the 
percentage of the bootstrapped samples that resulted in 0 
= 0.5 was only 8 %, but in the latter it was 56.5 %. There 
was homogeneity of recombination fractions among 
families. The total x2 test was significant (p < 0.025), while 
the pooled x2 test weakly significant (p = 0.070). It was 
decided to consider this pair as possibly linked. 

The loci presumed as linked should form a single 
linkage group in the order Acc-2:Ppo-1:Cto-1, and the 
mapping distances would then be about 34 cM and 48 cM 
respectively (Table 2). The same linkage group was also 
detected in Salix exigua Nutt.(section Longifoliae, subge- 
nus Salix; ARAVANOPOULOS 1998). Three consecutively 
linked loci permit the estimation of the coefficient of 

coincidence. The estimate C= 0.970 (s, = 0.322) reflected 
a positive interference, which would mean that the occur- 
rence of one exchange between homologus homologous 
chromosomes in S. eriocephala would reduce the likeli- 
hood of another in its vicinity. Similar interference levels 
have been reported in Salix exigua (ARAVANOPOULOS 
1998), in conifers (RUDIN & EKBERG 1978, STRAUSS & 
CONKLE 1986) and in various other plant and animal 
species (SWANSON et al. 1981). 

The detection of this possible linkage group warrants 
some discussion with regards to the corresponding linkage 
group detected in S. exigiu. When compared to S. erioce- 
phala, Ctc-1 and Ppo-1 appear in reverse positions in 
relation to Aco-2 in the S. exigua sequence (ARAVANO- 
POULOS 1998). The estimates of the map distances between 
these loci in S. exigua are somewhat smaller, however it is 
important to note that they are analogous in the two species 
(the estimate of distance between Cto-1 and Ppc-I is 
greater than the estimate of distance betweenAc&2 and its 
adjacent locus in these species). This finding suggests that 
although these genes are probably common to both species, 
one of the species may contain a chromosomal paracentric 
inversion in the chromosome marked by this linkage group. 
Chromosomal inversions can have profound implications 
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Table 3. Potential linkage groups, their recombination fractions (4 and standard errors (s) within and across informative 
families. 2'-tests within families, total and pooled and associated probabilities @), x'-tests for the homogeneity of 
recombination fractions x2, and associated probabilities @,), mapping distances (D) and associated standard errors (s,). 
F: percent frequency of 8= 0.5 is 1000 bootstrapped samples. 

Aco-2:Ppo-1 E l 6  x E263 7.036 (1) 0.008 0.281 0.079 04.5 
E269 x 5.427 (1) 0.020 0.290 0.081 08.9 
E292 12.463 <0.005 0.293 0.057 0.017 >0.900 33.6 8.7 
Total (2) 0.859 (1) 
Pooled 0.03 1 

(1) 

Cto-1:Ppo-1 E l 6  x E263 0.209 (1) 0.647 0.468 0.088 56.5 
E269 x 7.369 (1) 0.007 0.290 0.082 08.0 
E292 7.578 (2) <0.025 0.373 0.058 2.174 >0.100 48.2 13.1 
Total 3.330 (1) 0.070 (1) 
Pooled 

on evolution, speciation and phylogenetic reconstruction 
(DOBZANSKY 1970). Such an inversion would represent a 
notable event in the evolution and speciation of Salix and 
offers a challenge for further genetic and cytological 
studies. 

As it has been reported for many organisms including 
higher plants, in general linkage conservation appears to 
exist above the species level (WEEDEN & WENDEL 1989). 
The presence of the group identified above in S. exigua, 
was already discussed. Another locus pair that was found 
linked in S. exigua Acp-I : A l p 1  (ARAVANOPOULOS 1998), 
could be tested in two families of S. eriocephala. This pair 
was not found linked (total x2 = 3.040,0.20 < p  < 0.25). In 
agreement with the results of this study, THORSEN et al. 
(1997) found no linkage between Acp2:Pgm-1 and 
Acp2:Sdh-2 in Salk viminalis. Furthermore, in concor- 
dance with the above results, PER and 6PGD loci were 
also found not to be linked in Populus spp. ( H m  et al. 
1987, WORA 1990). On the other hand, M-R-STARCK 
(1992) reported the possible linkage of Pgi-2 and Idh-2 in 
poplars of the Tacamahaca section, but this group was not 
found to be linked in S. eriocephala as well as in Salix 
viminalis (THORSEN et al. 1997). 

This study has shown the limitations of linkage investi- 
gations with isoenzyrne markers. Despite the fact that the 
original set of markers developed included 47 isoenzyrne 
loci (ARAVANOPOULOS et al. 1994), only 1 1 were variable 
in the full-sib families studied (the breeding material 
needed in woody angiosperms in order to study linkage) 
and only three of them form one possible linkage group. 
These markers are highly stable and completely penetrant 
offering very good anchor points in any genome, but are 
unfortunately very few. The development of molecular 
marker maps will cover a major part of S. eriocephala 
genome, but at a greater expense including extensive tests 

in order to verify marker stability and repeatability. 
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