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Letter

Identification of Wound Healing/Regeneration
Quantitative Trait Loci (QTL) at Multiple Time

Points that Explain Seventy Percent of Variance
in (MRL/Mp] and S]JL/]) Mice F, Population

Godfred L. Masinde, Xinmin Li, Weikuan Gu, Heather Davidson,
Subburaman Mohan, and David |. Baylink'

Molecular Genetics Division, Musculoskeletal Disease Center, |.L. Pettis Veterans Administration Medical Center and Loma
Linda University, Loma Linda, California 92357, USA

Studies on genetic mechanisms of wound healing in mammals are very few, although injury is a leading cause of
the global burden of disease. In this study, we performed a high-density, genome-wide scan using 633
(MRL/MP] x SJL/J) F, intercross at multiple time points (days 15, 21, and 25) to identify quantitative trait loci
(QTL) involved in wound healing/regeneration. The hypothesis of the study was that QTL and unique epistatic
interactions are involved at each time point to promote wound healing/regeneration. Ten QTL were identified
from chromosomes 1, 4, 6, 7, 9, and 13. Of the 10 QTL, eight from chromosomes 1, 4, 6, and 9 were novel as
compared to QTL identified in the McBrearty et al. (1998) study. The 10 QTL altogether explained 70% of
variance in F, mice. The same QTL were identified at each time point, with simple linear correlation between
days 15, 21, and 25, showing very high significant relationships (R >0.92, P <0.0001). Unique epistatic
interactions were identified at each time point except those from chromosomes 4, 6, 9, and 13 that were found
at all three time points, showing that some loci are involved at all the three time points of wound healing (days
15, 21, and 25). Therefore, loci-to-loci interactions may play a major role in wound healing. Information from
these studies may help in the identification of genes that could be involved in wound healing/regeneration.

Injury is a leading cause of the global burden of disease that
occurs in the battlefield for army personnel and as accidents
in civilian populations. It is estimated to cost healthcare pro-
viders in excess of $500 billion per year in the United States
alone to treat injuries (Satcher 2000). Therefore, there is an
urgent need to develop effective strategies to prevent injuries
and promote wound healing after injuries. However, poor un-
derstanding of molecular mechanisms underlying fast wound
healing/regeneration process has impeded therapeutic treat-
ment of tissue injury.

The primary goal of wound treatment is rapid wound
closure with minimal scar formation, which is important for
cosmetic appearance (Goss 1992; Martin 1997; Singer and
Clark 1999). Wound healing has been accelerated by use of
certain proteins like cod liver oil ointment, vitamin A, and
deoxyribonucleosides (Shan et al. 1995; Chen et al. 1999; Ter-
kelsen et al. 2000). Animal models have been developed to
study mechanisms of wound healing in normal or impaired
states (Rothe and Falanga 1992). Although molecular and cell
biology studies have explained some of the biological pro-
cesses that could be involved in wound repair (Rothe and
Falanga 1992; Singer et al. 1999), we still know very little
about wound healing, as it is a complex process involving
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many genes (Rothe and Falanga 1992; Heber-Katz 1999; Kuni-
moto 1999; Trengove et al. 2000).

A recent study in our laboratory (Li et al. 2001b) and an
earlier study by Clark et al. (1998) indicated that the MRL/
MpJ-Fas'P" (MRL-F) strain of mice could completely heal an
ear-punched hole (2 mm in diameter) within 30 d with no
scar tissue. In contrast, the C57BL/6 strain of mice healed only
40% and SJL/J <25% of the original hole with scar tissue at the
same length of time. To date, McBrearty et al. (1998) have
demonstrated that rapid wound healing in MRL-F mice is a
genetically controlled quantitative trait. The McBrearty et al.
(1998) study used MRL-F and C57BL/6, F, intercross at one
time point, which resulted in the identification of five quan-
titative trait loci (QTL) explaining unknown percentage of
variance in F, mice.

This pioneer study (McBrearty et al. 1998) has demon-
strated that MRL mouse is an ideal model to elucidate the
molecular mechanisms that underlie wound-repair/
regeneration in mammals. To further identify genetic mecha-
nisms controlling wound healing, we used F, population
from progenitor strains that have different genetic origin
(MRL/Mp] and SJL/J). The objectives of this study were to map
fast-healer genes using two genetically extreme progenitor
strains (MRL/Mp] and SJL/J) and to identify epistatic interac-
tions at multiple time points. In this report, we present data
showing the identification of same QTLs at each time point
that explain 70% of the variance in F, mice and that QTL
together with epistatic interactions could promote wound
healing.
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RESULTS

Wound Healing in Progenitor Mice (MRL/MP]

and SJL/J) From Day 1 to Day 40 and the Distribution
of Hole Size in F, Mice Population at Day 21

To study the genetic mechanisms of wound healing, two pro-
genitor strains (MRL/Mp] and SJL/]) with extreme phenotype
were needed for F, intercross. Figure 1 shows the comparison
of wound healing in MRL/Mp] (fast healer) and SJL/] (slow
healer) progenitor strains. MRL/Mp] heals fast and closes the
2-mm hole within 30 days while SJL/J heals <25% at the same
period of time, indicating that MRL and SJL are good models
to study molecular mechanisms of wound healing. Figure 2
shows the distribution of wound healing size at day 21, dem-
onstrating a normal distribution indicating that the ear phe-
notype is multigene controlled. The distribution also demon-
strates that some F, mice heal faster than MRL/MPJ progeni-
tor (fast healer) and others heal less than SJL/] (slow healer)
(shown by arrows). The results show large differences in
wound healing between MRL and SJL progenitor mice, and
phenotype-dependent F, distributions demonstrate the in-
herited nature of the rate of wound healing. As shown in
Figure 2, the F; have a mean hole size (0.8 mm) that is inter-
mediate of the progenitor strains with a standard deviation of
0.233. Therefore, these data are ideal for use in quantitative-
trait loci studies to map genes for wound healing.

Use of High-Density Genome-Wide Scan to Identify
QTL at Different Timepoints in 633 (MRL x S]JL)

F, Mice

To increase the power of the study to detect QTL, we used 119
markers and 633 F, mice. Over 560 microsatellite markers
were screened for polymorphisms between MRL/Mp] and
SJL/J mice. One hundred and fifty eight markers were infor-
mative between the two progenitor strains of mice. After the
first round of QTL loci screen, extra markers were added
within the QTL regions to increase the accuracy of QTL posi-
tion. The markers then were chosen depending on their po-
sition on the chromosome in an effort to distribute them at
about 15 cM or less to generate a complete genome-wide scan.
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Figure 1 Rates of healing of 2-mm ear hole in MRL (fast healer) and
SJL (slow healer) progenitor mice at different timepoints (days 1-40).
The Y-axis shows the hole residue in millimeters (mm), and the X-axis
shows the number of days after the ear punch.
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Figure 2 The histogram of frequencies of the hole residue size on
day 21 after wounding in F, (MRL/Mp] X SJL) mice population. Ar-
rows indicate F, that heal better than MRL/Mp) and F, that heal worse

than S|L/] progenitor mice. The Y-axis shows the number of observa-
tions, and the X-axis shows the hole residue in millimeters (mm).

The 119 markers were used to detect QTL involved in wound
healing/regeneration in 633 (MRL/Mp] X SJL/J) F, mice in-
tercross at multiple time points. The order of these markers
was as predicted by the available genomic maps (Whitehead
Institute, Massachusetts Institute of Technology and Jackson
Laboratory, http://www.jax.org).

Multiple timepoints were examined in the present study
to determine if different QTL are involved at each stage of
wound healing. Table 1 shows that the same QTL were iden-
tified at days 15, 21, and 25. By simple linear correlation,
significant relationships were noted between hole residue at
days 15 and 21 as shown in Figure 4 (R = .92; P <.0001). Simi-
lar regression analyses (data not shown) were performed at
days 21 and 25 (R=.97; P <.0001) and days 15 and 25 (R = .90;
P <.0001), and very strong intraclass correlation of 0.74, in-
dicating that some of the QTL could be involved in wound
healing at all three timepoints. Table 1 and Figure 3 show a
total of nine significant QTL (logarithm of the odds [LOD]
score =3.5) and a suggestive QTL on chromosome 13 (LOD
score =2.7). Figure 3 shows histograms of 10 QTL at day 21,
which are the same as those at days 15 and 25. The QTL were
identified on chromosomes 1, 3, 4, 6, 7, 9, and 13. Chromo-
somes 4, 7, and 9 had two QTL each as shown in Figure 3 and
Table 1. The 10 QTL explain 70% of variance in F, mice as
shown in Table 1. The 10 QTL are distributed along seven
chromosomes with soft tissue heal 3 (Sth3) and Sth4 on chro-
mosome 4, Sth6 and Sth7 on chromosome 7, and Sth8 and
Sth9 on chromosome 9. Because one quantitative trait locus is
fitted to the model at a time, the estimated effects of the two
QTL on the same chromosome may be biased. Figure 5 shows
peak loci that exhibited significant/suggestive associations be-
tween the genotypic markers and phenotypic values. Out of
the 10 QTL, eight MRL homozygote genotypes contributed
more in promoting wound healing than SJL homozygote (ex-
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Table 1.

Location of Sth QTL as Determined from the F, Intercross

LOD score (% explained)

Microsatelite Avg %
QTL marker <M Day 15 Day 21 Day 25 Expl
Sth1 D1MIT334 49.2 6.95 (5.8) 6.82 (5.6) 7.06 (5.8) 6.94
Sth2 D3MIT217 43.7 5.86 (7.0) 6.18 (7.6) 5.38 (6.5) 7.0
Sth3 D4MIT214 21.9 6.48 (5.7) 7.26 (6.4) 6.14 (5.4) 6.6
Sth4 D4MIT31 50.3 5.30 (5.5) 6.82 (6.2) 6.50 (6.0) 6.2
Sth5 D6MIT261 29.5 3.60 (3.2) 4.50 (4.0) 4.11 (3.7) 4.07
Sthé* D7MIT220 38.3 3.05(2.9) (S) 4.36 (4.1) 4.84 (4.8) 4.08
Sth7 D7MIT12 62.3 3.54 (3.1) 3.84 (3.6) 4.26 (3.9) 3.88
Sth8 DIMIT207 31.7 11.99 (10.2) 13.95(11.8) 14.18 (12.0) 13.54
Sth9 DOMIT270 41.5 12.99 (10.8) 15.60 (13.0) 16.11 (13.3) 14.90
Sth10* D13MIT228 45.9 2.92 (2.5)(S) 3.03 (2.6)(S) 2.72 (2.4)(S) 2.89

The LOD threshold determined by permutation test is =3.5 for significant linkage and 2.7 for suggestive linkage (the same as significant level

of 1% and 5%, respectively) for a chromosome length of 100 cM.
*QTLs identified previously by McBrearty et al. (1998).

Avg % Exp = Average (days 15, 21, and 25) percent variance explained F, mice (70%).

cept for Sth6 QTL in which SJL homozygote contributed more
to promote wound healing than MRL homozygote, Fig. 5,
bottom). The alleles at four out of the 10 QTL showed a domi-
nant inheritance (Sth1, Sth2, Sth6, and Sth10) while the re-
maining six QTL demonstrated an additive inheritance.
Wound healing may be influenced not only by these QTL but
also by epistatic interactions between different loci in the
QTL.

Epistatic Interactions Within Different QTL Promote
Wound Healing in (MRL x SJL) F, Mice

Epistatic interactions could be involved in wound healing at
each time point (days 15, 21, and 25). Table 2 shows 17 dif-
ferent epistatic interactions between different loci. A two-way
ANOVA model was used to identify interactions, which were
significant at P <0.05. Five loci had epistatic interactions at
day 15 only, 2 loci at day 15 and 21, three loci at days 15, 21,
and 25, while three loci were significant at days 21 and 25,
and lastly, four loci were only significant at day 25. All the
significant loci at day 21 also were found either at day 15 or
day 25. Day 21 is a transition between fast wound healing and
remodeling stages, therefore an overlap of loci interaction is
expected. There were unique epistatic interactions at each
time point, though some interactions were present at days 15,
21, and 25, indicating that some loci are involved at all time
points of wound healing tested.

To determine if allelic variation contributes to wound
healing at each of the significant loci, a two-sided t-test was
performed on the three allelic (A, B, H) combinations. The
data presented in Figure 6 show two examples of epistatic
interactions to illustrate the different effects of allelic combi-
nation. Figure 6A shows an epistatic interaction between loci
on Chrs 6 and 13, represented by markers D6mit291 and
D13mit229. It is described as an interaction between the ad-
ditive effects from Chrs 6 and Chrs 13, leading to better
wound healing. Overall, out of the eight possible allelic com-
binations, allele AA combination significantly promotes
wound healing (P <.03). Mice with ‘Aa’ allele combination
healed 57% of the wound while those carrying ‘Ba’ allele only
46% (P <.0005, indicated by *). Secondly, Figure 6B shows loci
interaction between D1Mit334 and D7Mit220 on Chrs 1 and
7. Mice carrying ‘Aa’ allelic combination generally do not sig-

nificantly contribute to better wound as compared to the
mice with other eight allelic combinations. F, mice with allele
combination of ‘Ba’ heal 62% of the wound as compared to
mice with ‘Ah’ allele combination, which heal only 47% (P
<.008, indicated by *).

DISCUSSION

Wound healing occurs in three stages, inflammatory (0-2 d),
fast wound healing (5-20 d), and remodeling stages (>21 d)
(Martin 1997; Singer et al. 1999). In this study, we examined
days 15, 21, and 25 with the hypothesis that genes involved
in wound healing could be different at each time point. The
major findings of these studies were (1) 10 QTL were identi-
fied, eight novel and two previously identified by McBrearty
et al. (1998), together explain 70% of the variance in wound
healing of F, MRL/SJL intercross, and surprisingly, all the QTL
were identical at each time point, and (2) some epistatic in-
teractions were unique for each wound-healing stage, while
others were common at all time points. These findings will be
discussed sequentially.

The Same QTL Were Identified at Each Timepoint
and Together Explained 70% of Variance in Wound
Healing in the (MRL/S]L) F, Mice

To identify QTL that may carry genes that are involved in fast
wound healing, MRL-MPJ and SJL/] mice were selected, as
they have extreme ear healing capacity. The phenotype shows
a normal distribution in F, mice intercross (MRL-MPJ X SJL/
J), a distribution that indicates that the genes regulating fast
wound healing have additive effects and no major gene with
dominant inheritance exists in the segregating population,
features consistent with polygenic inheritance.

We used (MRL X SJL/J) F, cross to identify 10 QTL, eight
were novel and two were identified previously by McBrearty
et al. (1998). Because of the different genetic origin between
progenitor strains (MRL and SJL/J), our study identified eight
QTL that could not be identified using MRL X C57BL/6 com-
bination (McBrearty et al. 1998). Our study used the same fast
healer, MRL, as in McBrearty et al. (1998), but a different slow
healer, SJL/J. The QTL on chromosome 7 and a suggestive QTL
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Figure 3 Interval mapping at day 21, showing significant quantitative trait loci (QTL) (1,3,4,6,7, and 9) and a suggestive QTL on chromosome
13. The logarithm of the odds (LOD) score is on the Y-axis and relative location of marker name and distribution in centiMorgans (cM) on the
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X-axis. The QTL are labeled as soft tissue heal (Sth) at each peak.

on chromosome 13 were identified also by McBrearty et al.
(1998) using MRL x C57BL/6 strain combination. To our sur-
prise, one of the two QTL on chromosome 7 (D7Mit220) is
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buted by SJL/J, a poor healer, indicating that even poor
healers that do not express the trait are important in the pro-
motion of wound healing (Frankel 1995; McBrearty et al.
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Correfation: r = 92308
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Figure 4 Ear hole size (mm) at day 15 was regressed against ear
hole size (mm) at day 21. The correlation coefficient and the signifi-
cance level are indicated. All the other comparisons (day 15 against
day 25 and day 21 against day 25) showed the same high significance
level.

1998). These findings show that the major contributor to
wound healing is MRL, as it is the common strain between
this study and the McBrearty et al. (1998) study. The 10 QTL
explained 70% of variance in F , mice. As explained in the
results section on the percentage explained by variance, the
QTL analysis program fitted only a single model each time so
there could have been an overestimate on the chromosomes
that had more than one quantitative trait locus. A very con-
servative value may be between 50% and 70%. To our knowl-
edge, there is no other mouse QTL study that has explained
such a high percentage of variance for any phenotype. The
reasons could be partly because of high marker density ge-
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nome-wide scan, which increased the QTL detection power
(Moore and Nagle 2000).

We hypothesized that different QTL would be identified
at different time points as a result of different genes that may
be involved at each stage of wound healing/regenera-
tion (Martin 1997; Singer et al. 1999). Surprisingly, the same
QTL were identified at each time point, with very high phe-
notypic correlation between days 15, 21, and 25, and intra-
class correlation, suggesting that some genes could be in-
volved in the three time points tested. There is evidence that
some genes are consistently up-regulated at all stages of
wound healing, most of which are growth factors and have
well-characterized roles in wound healing (Iyer et al. 1999; Li
et al. 2001a,c). An example of these genes are insulin-like
growth factor 1(IGF-1), insulin-like growth factor binding
protein 1 (IGFBP-1), IGF-1 receptor, transforming growth fac-
tor B 2 (TGFB2), tibroblast growth factor 7 (FGF 7), fibroblast
growth factor receptor 2 (FGFR 2), vascular endothelial
growth factor (VEGF), and bone morphogenetic protein
4(BMP4) (Li et al. 2001c¢). This indicates that growth factors
are involved in all stages of wound healing, which solidifies
our suggestion that some genes participate at the three time-
points of wound healing.

Epistatic Interactions Could be Important in the
Promotion of Wound Healing in (MRL-MP] x S]L) F,
Mice Intercross
In this study, we hypothesized that lower LOD scores (<2.7)
will show significant interactions. A two-way ANOVA test
model was used in genome wide scan to identify 17 epistatic
interactions. Markers with LOD scores =2.7 and <3.5 identi-
fied four interactions, while those with =2.0 <2.7 LOD score
identified three interactions and
=3.5 identified 10 interactions. We
only analyzed loci with =2.0 LOD
score from all the chromosomes,
therefore, there is a possibility that
interactions of markers with <2.0
LOD score were missed. Indeed, we
were surprised by the fact that some
( loci interacted at all the three time

Sthi

&

Quantitative Trait Loci genotype

Sth3 Sth4

points, which included Sth4 on
chromosome 4, Sth5 on chromo-
A some 6, Sth8 on chromosome 9,
and Sth10 on chromosome 13. This
again shows that some genes are in-
volved at all the three time points
examined in this study. Therefore,
epistatic interactions together with
individual loci may constitute a ge-
netic repertoire to promote wound
healing.

Hole Size (mm)

We detected 17 epistatic inter-
actions that could play a crucial

o
4
A ha s d

Sthé Sth7 Sths Sth9

Quantitative Trait Loci genotype

Figure 5 The effects of genotype on hole size in mm. The genotypes were derived from the markers
near the quantitative trait loci (QTL) peaks. The capital letters A and B represent homozygote genotype
for Mrl/MP] and SJL/) mice, respectively, and H represents heterozygotes genotype. The lower case
letters on the top of bars indicate the level of difference in phenotypic value between genotypes. If the
two bars share the same letter, the value between the two genotypes will not be statistically significant,

but if different, then they are statistically different at P<.05.

role in wound healing. This study
Sth10 provides a wealth of information
that should lead to more detailed
understanding of wound healing.
One unique feature of this study is
the use of progenitor strains that
have extreme phenotypes (SJL
healed only 20% vs. 100% in MRL),
therefore, the QTL in this study are
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Table 2. Loci that Produce Genetically Significant Interactions by a Two-Way ANOVA Analysis

Day 15 Day 21

Day 25

Locus 1 Locus 2 P-value Locus 1

Locus 2

P-value Locus 1 Locus 2 P-value

D1MIT334
D1MIT185
D4MIT204
D6MIT261
DI9MIT182
D1MIT334
D4MIT204
D4MIT204
D6MIT261
D6MIT291

D6MIT232 0.04
D3MIT217 0.04
D13MIT229 0.03
D9MIT90 0.026
D6MIT232 0.024
D7MIT220* 0.02
DIMIT229 0.02
DIMIT43 0.0037
D9MIT43 0.005
D13MIT229 0.0093

D1MIT334
D4MIT204
D4MIT204
D6MIT261
D6MIT291
D4MIT204
D9MIT229
DIMIT229

D7MIT220* 0.022
DIMIT229 0.021
DI9MIT43 0.0065
D9MIT43 0.049
D13MIT229 0.024
DIMIT90 0.026
D13MIT228 0.041
D13MIT35 0.025

D4MIT204
D6MIT261
D6MIT291
D4MIT204
D9MIT229
DIMIT229
D4MIT214
D4MIT214
D4MIT31

D4MIT31

DIMIT43 0.001
D9MIT43 0.017
D13MIT229 0.014
DIMIT90 0.01

D13MIT228 0.018
D13MIT35 0.017
DI9MIT90 0.048
D9MIT43 0.026
D9MIT90 0.048
DIMIT43 0.025

*Contributed by SJL/J progenitor.

expected to yield key wound-healing genes.

METHODS

Mice

The progenitor strains of MRL/MPJ females and SJL/] males
were obtained from Jackson Laboratory. F, from MRL/MPJ
and SJL/] were crossed to get F, population. These inbred
strains of mice were selected from our earlier study of 20 dif-
ferent strains. The results indicated that MRL/MpJ completely
heals and SJL/] heals <25% (Li et al. 2001b). Twenty, four-
week-old female mice for MRL/MPJ and 10 SJL/] male mice
were housed at the Animal Research Facility, J.L. Pettis Veter-
ans Administration Medical Center, under the standard con-
dition of 14 h light, 10 h darkness, ambient temperature of
20°C, and relative humidity of 30%-60%. All F, and F, mice
(MRL/MPJ x SJL/]), crosses were bred at the Animal Research
Facility. The experimental protocols were in compliance with
the animal welfare regulation and approved by the J.L. Pettis
Veterans Adminstration Medical Center.

Ear Punch and Measurement

Six hundred and thirty-three F, female mice (MRL/Mp] X
SJL/]) were generated to conduct the study. The 3-week-old F,
animals had a 2-mm through-and-through hole in diameter
made in the lower cartilaginous part of each ear using a metal
ear punch (Fisher Scientific). The hole closure was measured
using a 7 X magnifier at days 15, 21, and 25 after ear punch.
Each hole was measured twice (horizontal and vertical mea-
surement) from the back of the ear (less hair at the back), and
the average value for each animal was calculated from four
measurements of two ears and was used in the data analysis.
The precision of hole measurement, determined by repeatedly
measuring the same hole 10 times, was 2.4% when the aver-
age size was 1.4 mm in diameter and 4.6% when the average
size was 0.96 mm in diameter (Li et al. 2001b).

Genetic Analysis

The (MRL/Mp] x SJL/]) F, population was killed at the age of
7 wk. Genomic DNA was prepared from the liver of each F,
animal population using a Wizard Genomic DNA kit (Pro-
mega), according to the manufacturer’s instructions. DNA

2032 Genome Research
www.genome.org

F(4,578)=3.39; p<.0093
1.15

* D13Mit229
1.10

1.05

Hole Residue (mm}

0.80

D6Mit291

F(4,539)=2 87, p<.0227
1.10

DIMit334
b

= ]
1.05 S - e -,

1.00
0.95

0.90

0.85

Hole Residue {mm)
=

D7Mit220

Figure 6 The interactive effects of the QTLs, with three alleles, A
(MRL), B (SJL) and H (heterozygotes). (A) Shows epistatic interaction
between loci D6MIit291 and D13Mit229. The Y-axis (left side) shows
hole residue in millimeters (mm), Y-axis right side loci D13Mit229 (a,
h, and b) and the X-axis shows loci D6Mit291 (B, H, and A). The *
means significantly different from the two extreme allelic combina-
tions (Aa and Ba). (B) Shows epistatic interaction between loci
D1Mit334 and D7Mit220. The Y-axis (left side) shows hole residue in
millimeters (mm), Y-axis right side loci D1Mit334 (a, h, and b) and the
X-axis shows loci D7Mit220 (H, B, and A). The * means significantly
different from the two extreme allelic combinations (Ba and Ah al-
leles).
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was stored at —35°C for later use. DNA was diluted 2:40 in 96
well plates before use for genotyping. Polymerase chain reac-
tion (PCR) primers were purchased from Research Genetics to
perform a genome-wide scan of the F, mice population. Am-
plification was performed using Promega reagents (Promega).
PCR cycling conditions included 4 min at 94°C X 1; 45 sec at
94°C; 30 sec at 52°C X 14; 45 sec at 94°C, 30 sec at 50°C, 1
min at 72°C X 32; 7 min at 72°C X 1. PCR products were
resolved on 6% polyacrylamide gels (19:1 acrylamide: bis),
stained with ethidium bromide, and visualized by Chemilm-
ager 4400 Low Light Imaging System (Alpha Innotech Corpo-
ration). Pictures of the gels were taken and alleles recorded.
Alleles derived from the MRL/Mp] parent were designated A,
SJL/] derived alleles designated B, and H for heterozygotes, in
data analysis.

Statistics

Genotype data was analyzed using a MAPQTL(4.0) program
(CPRO-DLO). MAPQTLSinterval mapping was utilized for
quantitative trait loci mapping, and the LOD score signifi-
cance thresholds were calculated using MAPQTLpermutation
test. A significant LOD score is =3.5. The significant LOD
score for our data is the same as the values proposed by Van
Ooijen (1999). A two-way ANOVA genome-wide scan was per-
formed to identify epistatic interactions for markers with =
2.0 LOD scores.
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