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Mapping and analysis of quantitative
trait loci in Lycopersicon (tomato) with
the aid of genetic markers using
approximate maximum likelihood

methods

J. |. Weller*

Department of Genetics, the Hebrew University of
Jerusalem, Jerusalem 91904, Israel.

1691 F-2 progeny of a cross between Lycopersicon esculentum and L pimpinellifolium grown under field conditions were
scored for 18 quantitative traits of economic interest and 10 segregating genetic markers. Each parental strain was
homozygous for one allele of each marker. Four of the markers were electrophoretic, and six were morphological.
Three pairs of the genetic markers were linked. An algorithm described previously based on maximum likelihood
technique was used to estimate the parameters of loci affecting the quantitative traits linked to the genetic markers and
the recombination distance between quantitative trait loci and marker loci. The parameters of quantitative trait loci
linked to two genetic markers were also estimated by solving for gene effect and recombination frequency from the
independent equations derived from each marker. In general there was close correspondence between estimates obtained
from the two methods. Except for cases where highest likelihood was obtained at complete linkage, results of the
approximate maximum likelihood technique were within the parameter space, i.e. recombination frequencies between
zero and 0-5 and positive variance estimates. Unreasonable results were obtained when the assumptions of the method
were violated. These results support those presented previously based on simulated results and a positive control
indicating that, for samples of this size, accurate estimates are derived by the maximum likelihood technique. A

genetic map of quantitative trait loci is presented.

INTRODUCTION

Most traits of economic importance in higher
organisms can be classified as quantitative in
nature, iLe., the observed phenotype is the joint
result of the roughly additive effect of a large
number of genetic and environmental factors.
Theoretical (Elston and Steward, 1973; Hill, 1975;
Jayakar, 1970; Soller et al., 1976; Soller et al., 1979),
and applied studies (Tanksley et al., 1982; Vallejos
and Tanksley, 1983; Zhuchenko, et al, 1979b;
Weller et al., 1986) have demonstrated the utility
of marker-based methods for the indentification
of quantitative trait loci (QTL).

Weller (1986) presented an algorithm based on
an approximate maximum likelihood (ML) tech-
nique to estimate the linkage distance between a
QTL and a linked genetic marker, and the bio-
metric parameters of the QTL. Accurate estimates

* Present address: Institute of Animal Science, ARO, The
Volcani Center, P.O. B.6, Bet Dagan, 50250, Israel.

were derived with this method for simulated data
for QTL with effect greater than 1-0 phenotypic
standard deviation, and for a known QTL affecting
plant height linked to an electrophoretic marker.
In this study results are presented on the applica-
tion of this method to twelve quantitative traits
measured in a population of 1691 F-2 progeny of
a cross between Lycopersicon esculentum and L.
pimpinellifolium. These results are also compared
to estimates of QTL effect and location obtained
by an alternate method applicable when two
genetic markers were both linked to the same QTL.

MATERIAL AND METHODS

Description of the experiment. Experimental
details were presented by Weller et al. (1986).
Strain LA13 of L. esculentum (provided by Dr
C. M. Rick) was crossed with strain CIAS27 of L.
pimpinellifolium (provided by Dr R. Frankel), with
the latter as male parent. Eighteen quantitative
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traits were measured on the field grown plants.
The parental strains differed in six morphological
and four electrophoretic markers. The morphologi-
cal markers were all recessive, but four of them,
anthocyanineless (a), potato leaf (¢), dwarf (d)
and lutescent (I) were discernable in month-
old seedlings. Heterozygous and homozygous
dominants were distinguished by progeny test. It
was not feasible to progeny test for the remaining
two morphological markers, yellow fruit (r) and
pigmentless epidermis (), and therefore they were
not included in the ML analysis. Of the elec-
trophoretic markers three were peroxidase loci
(per-1, per-3, and per-b), and one was an esterase
locus (est).

Description of the maximum likelihood analysis.
The approximate ML algorithm used to deter-
mine the recombination proportion between the
QTL and the genetic marker (r, ), and the biometric
parameters of the QTL was described by Weller
(1986). The algorithm was applied only in those
cases where a significant effect on a quantitative
trait in the F-2 population was associated with one
of the eight genetic markers where all three
genotypes were determined. The ML method is
contigent upon the following assumptions: (a) The
distribution of the trait values within each QTL
genotype is normal. (b) The effect on the quantita-
tive trait associated with the genetic marker is due
to only one QTL. (c¢) The effect of the QTL on the
quantitative trait can be both additive and multi-
plicative, but not of a higher order. As noted by
Zhuchenko et al. (1979a), multiplicative QTL
effects will result in differing within genotype vari-
ances for the quantitative trait.

Six of the quantitative traits measured: number
of nodes to first flower cluster, plant size, ratio of
fruit to vegetative growth, flowering earliness, fruit
earliness, and number of locules per fruit, were
unsuitable for analysis by ML because their distri-
butions were not continuous. All the remaining
traits except plant height had significant skewness
or kurtosis. Since the ML analysis method assumes
an underlying normal distribution, the following
transformations were applied:

y=(ax+b)* (1)

y=d(log(x+e))+f (2)

where y is the transformed trait value, x is the
untransformed trait value, and a, b, ¢, d, e and f
are constants. Equation (1) was used for moder-
ately skewed distributions (g1 values below 1-0)
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and internode length, and equation (2) was used
for more highly skewed distributions. The con-
stants b, ¢ and e were chosen to minimise skewness
in the distribution of transformed values. The
constants a, d and f did not affect the nature
of the distribution and were included so that
the range of values for y would be convenient
for analysis:

To test the validity of the second assumption
of the ML technique, the expected number of
linked detectable QTL per genetic marker for each
trait was estimated from the frequency of genetic
markers without significant effects. Assuming a
Poisson distribution of effects, the expected num-
ber of linked detectable QTL per genetic marker
is equal to —Inp, where p is the proportion of
genetic markers without significant effects. The
validity of the third assumption was not tested
prior to the analyses.

When approximate ML was obtained at a
non-zero recombination value the alternative
hypothesis: complete linkage, was tested by the
likelihood ratio between approximate ML and the
likelihood at complete linkage. The hypothesis of
complete linkage was rejected if the likelihood
ratio was greater than 5-0, which corresponds in
anormal distribution to the difference in likelihood
between the mean and a point 1-8 standard devi-
ations distant.

When approximate ML was obtained at com-
plete linkage there was no obvious aiternative
hypothesis, and therefore an approximate
“confidence interval” was estimated. The para-
meter space having a likelihood > % the likelihood
at complete linkage was searched for the combina-
tion giving the highest value for recombination
proportion. This recombination proportion,
denoted rc, was taken as the boundary value of
the confidence interval.

As shown previously on simulated data (Wel-
ler, 1986), the ability of the method to distinguish
between complete and partial linkage is positively
correlated with the magnitude of the effect of the
QTL. This result was tested on the marker-trait
combinations with approximate ML at complete
linkage, by computing the correlation between rc
and the effect of the QTL, estimated as | X,,,, —
Xniao|, where Xy, and X,,,, are means for the
quantitative trait in F-2 standard deviation units
of the individuals homozygous for alleles 1 and 2
of the marker. _ _

The regression of | XM 11— XM?22| on r- was
used to estimate the power of the method as a
function of QTL effect, ie, the ability of the
method to detect incomplete linkage if present.
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This regression was denoted as follows:
re = g+h(| Xam — Xual) (3)

where g is the y-intercept and h is the regression.
Assuming symmetry, the recombination propor-
tion with a marginal power of 0-95 to reject the
hypothesis of complete linkage for a given marker-
linked effect can be computed from the left-hand
side of equation (3).

The method was also tested on a sample of
marker-trait combinations that violated the
assumptions on which the method was based.
Other statistical analyses. Two additional sources
of information were used to corroborate the
results of the maximum likelihood algorithm.
Zhuchenko et al. (1979a) have shown that partial
linkage between a QTL and a genetic marker
should result in a difference in skewness between
the F-2 groups homozygous for the opposite alleles
of the genetic marker. The homozygote with the
higher mean should have the lower skewness value.
Therefore skewness, as estimated by gl was
measured for each quantitative trait within each
marker locus genotype. To test significance, the
difference between g1 values for the two marker
homozygous groups was divided by the approxi-
mate standard error of the difference:

S.E.=(6/n,+6/n,)"? (4)

where n, and n, are the sample sizes of the two
homozygous groups, respectively (Weller et al.,
1986).

In addition, the ten genetic markers included
three linked pairs. An estimate of linkage distance,
denoted rp, was derived, if the difference between
the double homozygous means was greater than
the difference between the single homozygous
means for both loci. This method was used for all
eighteen quantitative traits, including the six traits
with discrete distributions. It was assumed that:
(a) only one QTL was responsible for the effect,
(b) this QTL is located in the chromosomal seg-
ment between the markers, and (c) recombination
intereference was not found in this chromosomal
segment, L.e., r =r,+r,, where r is the recombina-
tion frequency between the two markers and r,
and r, are the recombination proportions between
each of the genetic markers and the QTL. The
following equations can then be formulated:

XMllNll =(1=rr)pant2rnn(l—-rr)uwa,
+("1r2)2P«A22 (5)
szzsz =(1=rr)pant2rn(l—rrn)mwa;

+(’1r2)2I~LA11 (6)
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where Xys11n1; and Xpgaono, are the means of the
F-21individuals homozygous for the linked markers
M and N; waqi, pars, and pa,, are the means of
the three QTL genotypes, respectively; and the
other terms are as defined above. The product rr,
will be maximum when r, = r,. Even if the recombi-
nation proportion between the genetic markers is
0-4, r;r, will be no greater than 0-04, and (r,r,)?
will be no greater than 0-0016. Assuming that there
were no events of double recombination within
this chromosomal segment, the following approxi-
mate equality can then be derived:

XMnNn_XMzzszzlu-An“#Azz (7)

Then after Soller et al. (1976),
X_Mll_XM22=(1_2r1)(MA11_/~"A22) (8)
XNII_XNZZZ(I =2r)(an — Ha2) 9)

where X, and X, are the means of the
individuals homozygous for alleles 1 and 2 of
marker M, respectively; and Xy, and Xy, are
the means of the individuals homozygous for
alleles 1 and 2 of marker N, respectively. Substitut-
ing from equation (7), and solving for r, and r;:

n= 1/2_(X_'M11 _XMZZ)/Z(XMIINII _X—MZZNZZ)
(10)

= 1/2_(XN11_Xsz)/z(XM11N11 _)?M22N22)
(11)

If Xp1y was significantly different from Xy, 2,
but Xy, was not significantly different from Xy,
then r; was computed from equation (10) and r,
was computed as r— r,. If both markers had sig-
nificant effects on the trait, then both r;, and r,
were computed from equations (10) and (11). The
final estimate for r, was the mean of this estimate
and r—r,, with r, estimated from equation (11).

RESULTS

The transformations used and the biometric para-
meters of the transformed values are listed in table
1. Although the transformations were constructed
to minimize skewness, kurtosis was also reduced
in the transformed distributions. After transforma-
tion, kurtosis was above 0-5 for only three traits:
internode length, the number of flowers per cluster
and fruit index. The ML algorithm is therefore
inappropriate for these traits.

The marker loci having significant effects on
the quantitative traits are given in Weller et al,
1986. The expected number of detectable QTL per
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Table 1 Descriptive statistics of the quantitative traits in transformed units
Trait Transformation* Mean S.D. Range Skewness Kurtosis

1. Internode length (x.109)°2 18-57 1-03 11-5-22-7 0-005 3-407

2. Flowers per cluster 2log (x —3-5) 30-68 1-88 20-4-38-9 0-003 1:606

3. Stem width (65-8x—526)" ** 30-31 9-32 0-0-60-0 -0-006 0-036

4. Plant heightt — 180-10 59-60 20:0-300-0 —0-061 0-447

5. Leaf weight 20log (x+0-1)+20 21-73 5-07 4-0-37-0 0-001 0-035

6. Fruit weight 20 log (x—0-88)+4 15-96 4-36 1-1-32-4 0-001 0-079

7. Fruit index (100x)%7 23-12 0-87 18-1-27-9 0-004 2-123

8. Weight of 20 seeds (10x —100)°32 56-26 7-43 31-3-80-3 0-001 0-336

9. Total soluble solids x%%6 2:65 0-28 1:7-3:6 0-003 0-001
10. pH (928x —3249)6 57-45 7-17 32:1-83:0 -0-027 0-285
11. Vitamin C 30log (x+15)-30 19-23 4-30 7-0-35-0 0-006 0-151
12. Sugar concentration 30log (x+0-6)+3 16-98 6-23 2:0-32-0 0-000 0-147

* x is the trait value in untransformed units.

1 A transformation was not applied for plant height as the distribution of this trait was nearly normal.

genetic marker, computed from the frequency of
markers without significant effects is given in table
2. For fruit weight, this quantity could not be
estimated since all 10 markers had significant
effects on this trait, but must be >2-3, which is the
value obtained if 9 of the 10 markers were to have
significant effects. Thus for fruit weight and also
for total soluble solids (TSS), for which 8 of the
markers had significant effects, the assumption that
there is only one QTL in the vicinity of the genetic
marker with a significant effect, is probably
incorrect.

Results for marker-trait combinations with
approximate ML obtained at recombination values
greater than zero are presented in table 3. The
sample size, the skewness difference between the
homozygous genotypes in standard error units, the
rg value for cases where pairs of linked markers

Table 2 Expected number of detectable QTL per genetic

marker*
Assumed number of

Traits effects per marker

1. Internode length (cm) 04

2. Number of flowers per cluster 0-4

3. Stem width (cm) 05

4. Plant height (cm) 0-7

5. Leaf weight (gm) 0-7

6. Fruit weight (gm) —

7. Fruit index (%) 0-7

8. Weight of 20 seeds (mg) 05

9. Total soluble solids (%) 1-2

10. pH 0-4

11. Vitamin C (mg/100 ml) 04

12. Reducable sugar (g/100 ml) 05

* This estimate was computed from the frequency of markers
without significant effects, as described in the text.

were available, the observed means and variances
of the marker locus genotypes for the quantitative
traits, the means and variances of the genotypes
of the QTL estimated at approximate ML, the r,
value, the log likelihoods at complete linkage and
at ML, and the ratio of likelihoods between ML
and complete linkage are listed.

The first five combinations in table 3 are for
cases in which pairs of linked marker loci allow
calculation of rg. The effect of est on plant height
has been discussed in detail previously (Weller,
1986). The ML results are in close correspondence
to the hypothesis that the QTL for this effect is the
recessive locus d, located a distance of 38 map
units from the locus est. rg values were not com-
puted for the effect of per-b on plant height, and
the effect of d on seed weight, because in both
cases, the difference between the double homozy-
gotes of the linked pair of loci was no greater than
the effect associated with the marker that had a
significant effect. This indicates that the QTL is
not located between the two markers, and hence
the rp estimate is not appropriate. Of the three
cases where positive rp values were computed there
was a significant discrepancy only for the effect of
per-3 on leaf weight. In this case the difference
between the two estimates was 14 map units, which
is probably well within the confidence interval of
the estimates, as the sample size for this combina-
tion was only 654 plants. The likelihood ratios for
the effects of ¢ and per-3 on leaf weight, and the
effect of ¢ on pH were <5-0. Thus the hypothesis
of complete linkage cannot be rejected for these
combinations, despite that for two of these loci, r;
was above 0-30.

Significant skewness differences were found
only for the effects of est and ! on plant height.
The skewness difference for per-b on plant height
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was 1-8. Although this value is not significantly
different from zero, it is in the direction postulated
for partial linkage, in correspondence with the ML
results. Among the 12 combinations listed, these
three had the highest likelihood ratios. Only two
combinations listed in this stable had skewness
differences in the opposite direction postulated for
partial linkage, and in both of these cases, the
differences were not significantly different from
zero.

The likelihood ratio for the effect of I on plant
height was much higher than for any of the other
combinations listed in this table. Furthermore,
using the values generated from the ML algorithm,
a difference of 2-5 phenotypic standard deviations
was obtained between the homozygote means of
the QTL—greater than the effect of dwarf on plant
height. It may be that the model is inappropriate
in this case, possibly due to a nonlinear effect of
this locus, or of a linked QTL on plant height.

Marker-trait combinations which gave highest
likelihood at complete linkage are presented in
table 4. The same statistics listed in table 3 are
presented where appropriate. Since ML was
obtained at complete linkage for these combina-
tions, the mean and variance estimates for the
genetic marker are also the estimates for the QTL.
Therefore in addition to these values, the re values,
the means and variances that would be postulated
for the QTL assuming this recombination value,
the log likelihoods for both alternatives and the
ratio of the likelihood at complete linkage to the
latter likelihhod, are also listed. Since the change
in likelihood was non-linear and dependent on the
value of three variables, it was not possible to
obtain the exact recombination value with a likeli-
hood equal to # of the maximum likelihood. Even
though some of the likelihood ratios listed are
much greater than 5-0, in all cases decreasing the
recombination proportion by 0-01 resulted in a
likelihood >3 of the ML likelihood. As expected
for complete linkage between the QTL and the
genetic marker, none of the skewness differences
listed in table 4 are significantly different from
zero, and three out of eight are in the opposite
direction postulated by partial linkage.

re values for the combinations presented in
table 4 ranged from 0-01, for the effect of d on
plant height to 0-32, for the effect of per-1 on
reducible sugar concentration, with a mean of 0-24.
The mean value for | Xar; — Xprao| was 0-49 F-2
standard deviations. The correlation between rc¢
and | Xprqy — Xar2o| was —0-86. This result, which
is significant at p <0-01 with 6 degrees of freedom,
supports previous simulation results that the ability

J. I. WELLER

of the method to distinguish between complete and
partial linkage is mainly a function of QTL effect
(Weller, 1986). The regression of marker effect on
rc was —0-23, with a y-intercept of 0-35. Thus for
a gene with an effect of equal to the phenotypic
standard deviation, and ML at complete linkage,
the expectation for - is 0-12. Assuming symmetry,
the confidence interval in an experiment of this
size (n=1600) for recombination between a
marker and a QTL of this magnitude with ML at
partial linkage can be estimated as =12 cM.

r; was estimated for five additional marker-trait
combinations in which the assumptions of the
method were violated: the effects of d and I on
internode length, the effect of per-1 of fruit index,
the effect of d on fruit weight, and the effect of a
on TSS. Internode length and fruit index had kur-
totic distributions after transformation, and for
TSS and fruit weight the assumed number of effects
per marker was greater than one. Approximate ML
was obtained with a recombination proportion
greater than 0-3 for all three combinations involv-
ing traits with kurtotic distributions. Furthermore,
likelihood ratios were all above 10", as compared
to a maximum value of 3 - 10% in table 3. For the
effects of d on fruit weight and a on TSS, approxi-
mate ML was found at complete linkage. The
effects of @ on TSS and d on fruit weight were 0-4
and 1-0 F—2 standard deviation units, respec-
tively. Nevertheless, ro values were 0:35 and 0-14,
respectively. This may be due to the presence of
several QTL, which together yield a ‘‘diffuse”
effect. Despite the fact that ML was obtained at
complete linkage, the skewness difference for the
effect of a on TSS was significant and in the direc-
tion indicating partial linkage.

In addition to the 20 marker-trait combinations
listed in tables 3 and 4, an additional 28 putative
QTL were mapped by linkage to pairs of linked
genetic markers using the rg estimate, as described
above. The locations of all 48 mapped QTL are
shown in fig. 1. Most of the QTL mapped are
located on the first three chromosomes. This is due
to the fact that the linked pairs of markers were
located on these chromosomes, so that both map-
ping techniques could be utilised for these chromo-
somes. Clusters of three or more adjacent effects
are located at positions 30 and 61 on Chromosome
I; 66 and 70 at Chromosome II; and 29 on Chromo-
some I1I. Three of these clusters are located adja-
cent to the morphological markers: y, d, and r, and
are likely to be pleiotropic effects of these markers.
It is possible that some of the other clusters may
be the result of a single QTL with effects on several
traits. No more than one putative QTL mapped
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Figure 1 Location of the putative QTL on the tomato genetic map. Only the seven chromosomes with genetic markers segregating
in the F-2 population are shown. The map locations are listed to the left of each chromosome, in ¢cM, and trait numbers of the
mapped QTL are listed to right in parenthesis. The genetic markers are listed after the QTL in bold type. The quantitative traits

by number are:

1. Internode length 2. Number of nodes to the first lower cluster 3. Number of flowers per cluster 4. Stem width 5. Plant size
6. Plant height 7. Leaf weight 8. Ratio of fruit to vegetative growth 9. Flowering earliness 10. Fruit earliness 11. Fruit weight
12. Fruitindex 13. Number of Jocules per fruit 14. Weight of 20 seeds 15. Total soluble solids 16. pH of the juice 17. Vitamine

C concentration 18. Reducible sugar concentration.

next to any of the electrophoretic markers. The
two effects linked to [/ are also likely to be
pleiotropic eftects as both of the traits in question,
stem width and leaf weight, are clearly aftected by
this gene.

DISCUSSION

This study represents the first attempt at an exten-
sive mapping of QTL in an economic organism.
Previous more limited studies using a variant of
the ry method have been applied by Tanksley et
al. (1982) and Vallejos and Tanksley (1983). Of
the 48 putative QTL mapped in this study, only
22 showed complete linkage with the genetic
markers. Thus if the map locations are correct, the
remaining 26 effects are not pleiotropic effects of
the genetic markers. Although four of the morpho-
logical markers apparently had more than one
pleiotropic effect on the quantitative traits

measured, this was not found for any of the elec-
trophoretic markers. This supports the contention
of Tanksley, et al (1982) that electrophoretic
markers may be more suitable for this type of
analysis because they are less likely to have
pleiotropic effects on the traits of interest.

In general there was good correspondence
between the results for r., rg and the skewness
differences between the homozygote distributions.
rp estimates are likely to be more reliable, than
the r. estimates, but can be calculated only when
two linked genetic markers bracket the QTL.

The approximate ML results were generally
reasonable when the first two assumptions of the
method were not violated. Exceptions were the
effect of per-b and I on plant height. In both cases
alinked locus located about 40 cM from the marker
was found to be much more likely than the null
hypothesis of complete linkage. The postulated
effects were greater than the effect of d on plant
height, and the likelihood ratios were much higher
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than for the other combinations. It is possible that
in these cases, the third assumption of the ML
technique was violated, i.e. the effect of the QTL
may be non-linear. This is not surprising since
interactions have been found between loci affecting
quantitative traits (Tanksley et al., 1982; Weller et
al., 1986).

Recombination proportion at approximate Ml
was below 0-2 for only two of the combinations
listed. This 1s unexpected in view of results on
simulated data (Weller, 1986) which in most cases
demonstrated a bias in the direction of underesti-
mation of recombination. As noted by Weller, et
al. (1986), since 180 marker-trait combinations
were tested, a few “‘spurious” significant effects
can be expected by chance. Prior knowledge is not
available as to the expectation for r, when the
main effect associated with the marker is an
artifact.

In simulation studies of QTL with effects equal
to 1-0 phenotypic standard deviation unit and
complete linkage to the marker, mean estimated
recombination proportion was 0-036 and the stan-
dard deviation of estimates was 0-033 (Weller,
1986). An approximate upper confidence limit; the
mean plus two standard deviations, would yield a
recombination proportion of 0-102. This is com-
parable to the value of 0-12 estimated in this study
from field data. Thus the results presented here
support the conclusion of Weller (1986) that for a
QTL of 1:0 standard deviation units the method
is able to differentiate with good power between
complete linkage between the QTL and the marker
and a recombination proportion of 0-2, but not for
loci of smaller magnitude.

The results obtained for the combinations that
violated the assumptions of the method were dis-
tinctly different from those obtained for combina-
tions which did not violate the assumptions of the
method. However, it is not clear why there was a
significant skewness effect associated with the
effect of the locus a on TSS.

At present the main obstacle in the application
of this technique to the location of genes affecting
traits of economic importance, is the lack of
suitable genetic markers differentiating the inbred
lines used to form the F-2 populations of interest.
It is possible that in the near future, this problem
may be overcome by the use of restriction fragment
length polymorphisms which are likely to be quite
common throughout the genome (Beckmann and

421

Soller, 1983). Once techniques become available
for the mass screening of individuals for these
markers, both the r, and rz mapping techniques
described in this study should be useful in de-
terming the approximate map locations of marker-
linked QTL.
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