
Chapter 9.

9. Quantitative trait loci for live weight traits in Pere David's (Elaphurus

davidianus) x red (Cervus elaphiis) interspecies deer hybrids.

9.1 Abstract

Hybrids between Pere David's deer (Zlaphurus davidianus) and red deer (Cervus elaphus)

have proved to be a powerful interspecies cross in the search for quantitative trait loci (QTL)

in deer. Several regions of the genome which have significant effects on live weight and growth

rates in backcross hybrids were detected. These include 2 putative QTL for six month weight

(LOD 3.90 P<0.01 and 2.74 P<0.05) en linkage groups 12 and 5, 3 putative QTL for growth

rate from three to six months (LOD 4. 9 P<0.01, 3.92 P<0.01 and 3.34 P<0.05)) on the same

linkage groups and linkage groups 20 and 1 for growth rates and live weights between 9 and

16 months. The variance in traits explained by these QTL ranged between 5.3% and 11.2%

and interestingly allele substitution with Pere David's alleles at different loci had both positive

and negative effects on live weights and growth rates.
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9.2 Introduction

A formidable international effort is being conducted in both genome mapping and the search

for quantitative trait loci (QTL) in an extremely wide variety of species including both fauna

and flora. These include traditional extensively farmed species such as cattle (Hanset and

Michaux 1985; Lewin et al. 1990), sheep (Cockett et al. 1996; Crawford et al. 1997) and dairy

cattle (Georges et al. 1995), intensively farmed species such as pigs (Andersson et al. 1994)

and several plant species including maize (Koester et al. 1993; Ajmone Marsan et al. 1995),

barley (Heun 1992) tomato (Patersor et al. 1988) eucalyptus (Bradshaw and Grattapaglia

1994) and pine (Groover et al. 1994; Plomion et al. 1996). The potential of interspecies

hybrids in this area of research is vast. Hybrids contribute significantly to genome mapping

(Copeland et al. 1993; McKenzie et ai. 1993; Lyons and O'Brien 1994) providing more rapid



and easier identification and definition of linkage groups and marker orders as well as more

diverse expressions of phenotype whic:i together provide a much more powerful model in the

ability to detect QTL. Interspecies hyb rids between Pere David's (Elaphurus davidianus, PD)

and red deer (Cervus elaphus, R) were generated and used as a tool in the search for QTL in

deer. A significant feature of this hybrid is that the genetic divergence between the parental

species is so large that almost all DNA polymorphisms identified are species-specific, thus

providing a very powerful gene mapping resource (Tate et al. 1995b). In addition, the species

also show large differences in morphology and production traits, and evidence for QTL for

gestation length (Goosen et al. 1997a) and birth weight (Goosen et al. 1997b) have been

documented. In this paper genetic analysis for QTL was carried out using weights at six (6m),

nine (9m), 14 (14m) and 15 to 16 (16ni) months and growth rates during these intervals in this

unique deer hybrid.

9.3 Materials and Methods

Hybrids and genotyping. Backcross Pere David's x red deer hybrids (1/4PD / 3/4R) were

generated over four years using ari ificial insemination and synchronised natural mating

techniques (Goosen et al. 1997a; Tate et al. 1997). The hybrid status of all backcrosses was

confirmed by DNA typing and that of F 1 hybrids by DNA and/or protein testing (Tate et al.

1995b). The segregation of up to 250 genetic markers were analysed in the backcross herd

including restriction fragment length variants (RFLV), protein variants and microsatellites.

Numbers of animals scored at each locus are given in Appendix 5. The term "variant" has been

used for the fixed differences observed between the species whereas the word "polymorphism"

has been reserved for variation within a species. The linkage relationships of the markers were

analysed using MAPMAKER/EXP using the Kosarnbi mapping function for all autosomal

chromosomes (Tate et al. 1995b; Tate 1997). The genome map length was 1240 cM with an

average marker spacing of 7.3 cM.

Phenotypes and analysis. Live weights and their gains were recorded and defined so as to

coincide with the seasonal pattern of live weight gain defined in red deer (Fennessy et al.

1991c). These include five distinct periods including birth to weaning, weaning to start of

winter, winter to start of spring, while the spring to autumn period can be further split into

smaller time periods to allow invest igation of the rapid spring growth rate and the late

summer/autumn surge in the pattern of live weight gain prior to the rut (Fennessy et al.
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1991 c). Live weights were recorded it similar dates over the four years and subsequently

adjusted to a common date using covariance procedures.

Post-weaning live weights were recorded at least monthly (although fortnightly during the late

winter / early spring period when there is a major change in the rate of growth) until 16m of

age. The fixed effects for live weights and live weight gains between ages included sire, year

and sex with a sex by year interaction and birth day fitted as a covariate. Dam live weight was

fitted as a covariate for the birth weight, weaning weight and growth rate to weaning analyses

while calf fate (live or dead at 24 hours) was also fitted in the former analysis. Genetic analysis

of backcross progeny weights at 6, 9, 12, 14 and 16m as well as the live weight gains from

weaning (at three months) to 6m, 6 to 9m, 9 to 12m, 12 to 14m and 14 to 16m were analysed

using three techniques. Mixture distr . bution analysis (see Appendix 4) did not use marker

information while ANOVA and multiple marker interval mapping analyses used markers to test

for associations between chromosome sections and/or genetic markers and trait expression. In

addition to this, growth during the winter and spring periods was also modelled using an

alternative. Instead of using point live weights to determine live weight gains, two regression

lines were fitted, one for winter growth and the other for spring growth, the gradients of which

were taken to represent growth rates during the two periods approach (regression gradient

technique). This technique also proviJed an estimate of the date at which the growth rate

changed from a slow winter rate to the much higher spring rate (i.e. the intersection of the

regression lines, transition date). These three traits were also analysed for QTL.

Live weight gains were calculated for five periods to coincide with the seasonal pattern of live

weight gain defined in red deer (Fennessy et al. 1991c) namely birth to weaning

(approximately 90 days) to start of winter (Autumn, 92 days), to start of spring (Winter, 90

days) with the spring to autumn (198 Jays) period being further split into three periods of 85,

56 and 57 days in order to allow investigation of the rapid spring growth rate and the late

summer/autumn surge in the pattern of live weight gain prior to the rut (Fennessy et al.

1991c).

Mixture distribution analysis used a maximum likelihood technique to test the null hypothesis

of one normally distributed populatic n against the alternative hypothesis of two equal sized

normally distributed populations with different means in the backcross hybrid population
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(Wuliji et al. 1993). The same coefficient of variation as for red deer was used for this test.

Using residual degrees of freedom (df) representative of all traits in Table 9.2 a power analysis

of the mixture distribution technique was carried out. This revealed no differences in the power

of the technique using representative df of 233, 244 and 254, where the tests had powers of

78% and 96% of detecting two sub-populations if their means differed by 1 and 1.2 standard

deviation units respectively.

Linkage analyses were carried out testing within sires and investigated differences in

backcrosses which inherited either PD or R alleles from the hybrid parent. The ANOVA

approach was used to test for point associations between individual genetic markers and traits

(Soller et al. 1976). Given the large number of single point tests conducted across the genome

for this ANOVA of trait against marker it was important to determine the true or trait-wise 5%

significance threshold. Using a technique which simulated a normally distributed population

with 233 df (and as such covered the entire range of traits in Table 9.2) and using 1000

iterations estimated the trait-wise 5% and 1% threshold probabilities at probabilities of

P=4.5x10-4 and P=7.7x10-5 . These thresholds using the ANOVA technique are more

conservative than simulations using maximum likelihood (Knott et al. 1996).

Significantly a regression analysis of marker on trait where markers were treated as fixed

effects resulted in identical marker erects to a model which included animal. This is highly

notable as it illustrates that the red darns contributed polygenic genetic variation entirely of red

deer type whereas the sire contributior was either of red or PD alleles thus providing the same

marker effects in both models. This indicates there was little to no confounding between the

polygenic contribution of the dams and the marker or QTL contribution by the sire. This

reinforces the unique and powerful design of this deer interspecies experiment for detecting

putative QTL.

In addition the more accurate interval mapping maximum likelihood technique was used to test

for QTL (Lander and Botstein 1989) using MAPMAKER/QTL. The trait-wise simulated

thresholds given above were equivalent to LOD scores of 2.70 and 3.50 (Champoux et al.

1995) and were used to test for significance. All LOD scores greater than 1.90 are indicative of

"suggestive linkage" and have therefore been reported (Lander and Kruglyak 1995).

Chapter 9. Genetic analysis of live weight traits in Pere David's x red deer hybrids 	 1 17



Table 9. Mixture distribution analysis of live weight and live weight gain traits for evidence of
quantitative trait loci in the Pere David's x red deer backcross hybrids ( 1/4PD / 3/4R).

Trait Mean ± SD (n) Effect k1 x2 P

Weight (kg)

Weaning 51 ± 8.4 (271) 3.9 49.0 52.9 1.7x10-3 **
6 m 64 ± 6.5 (257) 6.9 60.9 67.8 <1.87x10-4 ***
9 m 70 ± 6.8 (256) 8.0 66.3 74.3 <1.87x10-4 ***
12 m 92 ± 8.7 (256) 9.1 87.4 96.5 <1.87x10-4 ***
14 m 107 ± 10.0 (255) 9.5 102.3 111.7 <1.87x 10-4 ***
16 m 112±10.0 (245) 11.8 105.7 117.5 <1.87x10-4 ***

Live weight gain (g/d)

Weaning - 6m (92) 146 ± 38 (256) 0 146 146 NS
6 - 9 m (90d) 66 ± 28 (256) 32 50 82 2.47x10-7***
9 - 12, m (85d) 253 ± 42 (256) 2 251 253 NS
12 - 14 m (56d) 273 ± 49 (255) 0 273 273 NS
14 - 16 m (57d) 87 ± 57 (245) 0 87 87 NS

Live weight gain (g/d) using regression gradiimts

Transition date 11 Sept ± 12.8 (25:,) 6.1 9 Sept 15 Sept 0.180 NS
Winter 66 ± 28 (253) 23 54 77 0.004 **
Spring 305 ± 45 (253) 1 304 305 1 NS

* P<0.05; ** P<0.0I; *** P<0.001

9.4 Results

Mixture distribution analysis. Means (±SD) and samples sizes for the various live weight

traits are presented in Table 9.1. The mixture distribution analysis does not utilise marker

information and as such was an alternative test of the datum. The results for five of the eight

traits rejected the null hypothesis of one normally distributed population in favour of the

alternative hypothesis of two normally distributed populations with means _V, and .Tc, as is

evident from the chi-squared probabilities in Table 9.1. For live weight gains between the key

live weights there was evidence for segregation during the winter growth period between 6 and

9m, while using the regression gradient technique there was also evidence of two segregating

populations during the winter growth phase.

ANOVA. There was evidence for QTL effects at 6, 9, 14 and 16m live weights. For live

weight gain between weaning and Ern backcrosses with a PD haplotype at markers #98 and

#134 (both on linkage group 12) had significantly higher gains (156 vs 138, P<0.05) than

backcrosses with a red haplotype (Table 9.2). Allele substitution at marker #151 (linkage

group 20) with a PD allele significantly increased live weight gain during the winter period

between 6 and 9m by 13 g/d. For 1 he summer growth period between 12 and 14m allele
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Table 9.2 ANOVA of live weight traits for quantitative trait loci in Pere David's x red deer backcross
hybrids ('/PD /

Trait Mean ± SD (n) df Effect Linkage
group

Marker
(Deer map #)

Pi

Weight (kg)

Weaning 51 ± 8.4 (271) 254 - -
6 rn 64 ± 6.5 (257) 245 -3.4 12 98 0.008 **
9 in 70 ± 6.8 (256) 244 3.0 20 151 0.037 *
12 m 92 ± 8.7 (256) 244 3.2 12 98 >0.25 NS
14 m 107 ± 10.0 (255) 243 4.3 20 151 0.050 *
16m 112±10.0 (245) 233 4.8 20 151 0.023 *

Live weight gain (g/d)

Weaning - 6m (92d) 146 ± 38 (256) 244 -18 12 98 0.023 *
-18 12 134 0.043 *
16 5 141 0.050 *

6 - 9 m (90d) 66 ± 28 (256) 244 13 20 151 0.039 *
9 - 12 m (85d) 253 ± 42 (256) 244 17 22 198 0.096 NS
12 - 14 m (56d) 273 ± 49 (255) 243 22 20 151 0.033 *

-22 1. 76 0.035 *
14 - 16 m (57d) 87 ± 57 (245) 233

Live weight gain (g/d) using regression gradients

Transition date 11 Sept ± 12.8 (253) 241 -5.6 13 128 0.045 *
Winter 66 ± 28 (253) 241 12 20 151 0.084 NS
Spring 305 ± 45 (253) 241 -20 76 0.040 *

If there was no significant effect and a LOD greater than 1 90 in Table 9.3 then the highest probability marker is noted.
.r

	 ** P<0.01; *** P<0.001

substitution at marker 76 (linkage group 1) significantly decreased live weight gain by 22 g/d.

Although several markers on linkage group 1 had high probabilities for 14 and 16m live

weights they did not reach significance. Similarly for 6m live weight a marker on linkage group

5 approached significance.

Multiple marker interval mapping analysis. For these analyses the more stringent

significance threshold from the ANOVA simulation was used to determine the appropriate

significance threshold (Knott et al. 1996). Interval mapping analysis resulted in significant

linkage for several live weight QTL (Table 9.3) including 6m (LOD=3.9 and 2.74), 9m

(LOD=2.70), 14m (LOD=3.19) and 16m (LOD=3.06 and 2.71). The live weight gains analysis

also identified linkage groups 12 and 5 associated with post weaning gain and linkage groups 1

and 20 associated with growth rates around the 12 to 14m period. Using the regression

gradient technique for live weight gain, there was a significant QTL effect for spring live
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Table 9.3 Multiple marker interval mapping maximum likelihood analysis of live weight traits for
quantitative trait loci in Pere David's x red backcross hybrids ( 1/4PD / 3/4R).

Trait	 Mean ± SD (n)	 Allele substitution' 	 Marker interval

LOD	 Effect Variance	 Linkage	 Marker	 Span

	

explaned2 	group (Deer map #) (cM)

Live weights (kg) by age

Weaning	 51 ± 8.4 (271)	 -	 -	 -	 -
6 m	 65 ± 6.5 (257)	 3.90**	 -3.6	 7.8	 12	 168 - 98	 17.8

	

2. 74*	 3.3	 6.5	 5	 46 - 141	 33.7

	

2.52	 2.8	 4.8	 23	 119 - 143	 23.7

	

2.30	 2.7	 4.4	 3	 18 - 171	 20.9

	

1.96	 2.5	 3.8	 4	 13 - 112	 5.5

9 in	 70 ± 6.8 (256)	 2.70*	 3.1	 5.3	 20	 89 - 151	 10.4

	

2.64	 -3.5	 6.8	 12	 168 - 98	 17.8

	

2.44	 2.9	 4.7	 3	 18 - 171	 20.9

	

2.35	 2.9	 4.8	 23	 119 - 143	 23.7

	

1.96	 2.9	 4.7	 5	 46 - 141	 33.7

12 m	 92 ± 8.7 (256)	 2.34	 -4.4	 6.6	 1	 146 - 49	 10.1

	

2.02	 3.4	 4.0	 3	 15 - 18	 7.6

	

1.98	 -3.2	 3.6	 12	 98-114	 30.6

14 m	 107 ± 10.0 (255)	 3.19*	 -5.8	 8.5	 1	 76 - 146	 16.4

	

2.42	 4.4	 5.1	 20	 151 - 183	 5.3

	

1.94	 3.8	 3.7	 3	 18 - 171	 20.9

16 m	 112±10.0 (245)	 3.06*	 -5.8	 8.3	 1	 146 - 49	 10.1

	

2.71*	 4.8	 5.9	 20	 151 - 183	 5.3

Live weight gains (g/d)

Weaning - 6 m 146 ± 38 (256)	 4.19**	 -25	 11.2	 12	 134 - 168	 25.5

	

3.C2**	 -22	 9.0	 12	 168 - 98	 17.8

	

3..;4*	 22	 9.1	 5	 46- 141	 33.7

6 - 9 m	 66 ± 28 (256)	 2 56	 13	 5.1	 20	 89 - 151	 10.4

9 - 12 in	 253 ± 42 (256)	 2 66	 31	 14.1	 32	 265 - 264	 25.1

	

2 54	 20	 6.2	 22	 198 - 123	 32.1

	

2 32	 -20	 6.1	 1	 146 - 49	 10.1

	

2 25	 18	 4.7	 16	 127 - 149	 14.9

12 - 14 m	 273 ± 49 (255)	 3.1)6*	 24	 6.1	 20	 151 - 183	 5.3

	

2. 1 )9*	 -24	 6.4	 1	 76 - 146	 16.4

	

208	 20	 4.3	 10	 21-1	 12.8
14 - 16 m	 87 ± 57 (246)	 -	 -	 -	 -

Live weight gain (g/d) using regression gradients

Transition date	 11 Sept ± 12.8 (253)	 2. )2*	 -7.0	 7.7	 13	 121 - 128	 54.1
Winter	 66 ± 28 (253)	 : .0	 12	 5.0	 20	 89 - 151	 10.4

	

1 92	 10	 3.6	 12	 98 - 114	 30.6
Spring	 305 ± 45 (253)	 2. )5*	 -22	 6.6	 1	 76 - 146	 16.4

	

2 59	 20	 5.4	 5	 45 - 69	 8.4

	

2 20	 20	 5.3	 9	 95 - 124	 10.2

	

2.12	 20	 5.2	 22	 198 - 123	 32.1

Effect of substitution of a red deer allele with a Pere David's deer allele
2 Percentage of variance explained by QTL 02 % = ((effect/Y.)2/02)
* P<0.05; ** P<0.01; *** P<0.001
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weight gain at LOD=2.95 on linkage group 1. A putative QTL for the transition date at

LC)D=2.92 conveyed a 7 day earlier transition to the spring growth pattern in backcrosses with

a PD haplotype.

9.5 Discussion

The mixture distribution analyses suggest there may be two segregating populations in the

backcross hybrid population for all live weights and live weight gains between 6 and 9m of age

and for winter growth rates using the regression gradient technique. The increased complexity

of the traits for both live weight gains and the transition date may well make segregation more

difficult to detect as no clear sub-popu ations could be identified. This would be exacerbated if

there were several QTL rather than one segregating QTL. In addition the ANOVA detected

several markers which had both positive and negative effects on the same trait which would

tend to cloud the existence of two sub-i)opulations in the backcrosses.

The trend for red haplotype animals to have higher live weight and live weight gain effects at

specific genome regions (markers) was interesting and may be a reflection of the extreme

genetic divergence of the parental species. Pure PD are a larger mature size (Loudon et al.

1989) than red deer and hybrids between the two would be expected to express hybrid vigour

and live weights greater than the mid parent means and in proportion to their genotype.

Calculations from other datum (see Chapter 7) and assuming no heterosis, which considering

the genetic divergence between the species (Tate et al. 1995b) and the highly inbred nature of

PD deer is very unlikely, the PD would be expected to be around 52% (i.e. 4x13) heavier than

reds. In fact the difference between the pure species reported by Loudon et al. (1989) was

70%. This suggests the backcross hybrids in the current study performed below expectation

which may provide evidence for epistatic or conflicting effects between different alleles from

the two pure species. If infusion of PD gene/s increased live weight then it may have been due

to either heterosis or a PD gene effect per se, however a negative effect (i.e. where PD gene/s

decreased live weight) was an interesting effect considering pure PD are a larger mature size

than reds. An analysis capable of detecting multiple QTL simultaneously and interactions

among them may provide further evidence to clarify this.

The were several very notable findings including for 6m live weight and live weight gain to 6m

where the maximum LOD scores were 3.90 and 4.19 respectively. The size of these effects
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Figure 9.1 Quantitative trait loci for live weight traits in backcross Pere David's
hybrids (1/4PD / 3/4R) with the trait-wise 5% significance level represented by the
horizontal line; a) 6m live weighit, b) 12 to 14m live weight gain, c) 6m live weight
and d) transition date between inter growth and spring growth.

were -3.6 kg and -25 g/d where red haplotypes were heavier/grew faster than the PD

haplotypes. The proportion of the variance explained by allele substitution with a PD allele was

7.8% and 11.2% respectively. The highly significant peak LOD of 4.19 also coincides with a

QTL for the date of pedicle initiation (see Chapter 10). In addition to this there was also

evidence for another QTL on linkage group 12 directly adjacent to the marker interval 134 -

168 where the maximum LOD score was 3.92 and this accounted for 9.0% of the variation in

live weight gain between weaning and 6m (Figure 9.1). Interval mapping detected two QTL on

linkage group 12 for weaning to 6m live weight gain and a follow up analysis with greater

numbers of animals would prove interesting as this region obviously contributes to this trait

expression. These findings support each other, specifically in that substitution with a PD allele

has a negative effect on live weight and live weight gain.

4

3

2

0-
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A second QTL for 6m weight was detected on linkage group 5, which explained 6.5% of the

variance in this trait. It is biologically interesting that the effect was opposite to that expressed

on linkage group 12. Allele substitutioti with a PD allele significantly increased six month live

weight by 3.3 kg. Three other regions on the genome including linkage groups 23, 3 and 4 also

had LOD scores greater than the "suggestive linkage" LOD of 1.9 for 6m live weight

indicating they may be areas of interest for further studies.

Significant linkage was detected for 9ni weight but not for live weight gain between 6 and 9m

although several regions of interest are presented in Table 9.3 and include linkage groups 20,

12, 3, 23 and 5. Markers on linkage group 1 appeared to significantly decrease 14 and 16m live

weights while markers on linkage group 20 significantly increased live weight at these ages and

the live weight gain between 12 and 14m (Figure 9.1). For live weight gain between 9 and 12m

and 12 and 14m DNA regions on linkage group 1 appeared to have negative effects on live

weight gains. Markers on linkage group 22 generated LOD scores with suggestive linkage for

both 9 to 12m live weight gain and spring growth rate using the regression gradients technique

and in both cases had positive effects on live weight gain. Thus the growth rates using both

point analysis and the regression gradient technique support each other in identifying regions

on linkages groups 22 and 1 which influence growth rates through the spring.

Using the regression gradient technique winter growth rate was very similar to the result for

gains between 6 and 9m and mapped to the same genome region (linkage group 20) with a

lower LOD score. However the spring growth rate analysis found two linkage groups in

common and two not in common for 1 he point and regression gradients analyses. This raises

some interesting questions in terms of the genes responsible for the early spring growth

acceleration in live weight gain. Clearly, further studies aimed at identifying these factors

would benefit by measuring both food retake and changes in live weight thus providing a more

powerful means of detecting putative QTL.

The putative QTL for transition date conveyed a seven day advantage to PD haplotype

backcrosses and is indicative of a diff.,,rence between red and PD haplotype animals in their

response to environmental cues (Figure 9.1). The differences between pure red and PD hinds in

their seasonal cues were estimated 90 days (Loudon et al. 1989) while in stags the

differences in the timing of the antler c ycle (the other major seasonal cycle), between F 1 hybrid
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Table 9.4 Comparison of predicted effect due to quantitative trait loci using mixture distribution,
ANOVA and interval mapping techniques for six key live weight traits.

Live weight trait 	 Marker analyses

Mixture
distribution

ANOVA Interval mapping Linkage groups

Weaning 3.9 - -
6m 6.9 -3.4, 2.8 -3.6, 3.3 12, 5
9m 8.0 3.0, -2.8 3.1, -3.5 20, 12
12.m 9.1 -3.2, 3.3 -4.4, 3.4 1,3
14m 9.5 -4.1, 4.3 -5.8, 4.4 1, 20
16m 11.8 -3.9, 4.8 -5.8, 4.8 1, 20

(PDxR) and red males (Fennessy and Mackintosh 1992) was around 57 days. Simple

arithmetic would thus indicate the differences between reds and backcrosses would be in the

order of 23 to 29 days (i.e.90/4 to 57/2).

Comparison of the three techniques indicated significant effects of the PD alleles, although in

the case of the ANOVA and interval mapping analyses, the predicted effect of the gene/s were

consistently lower for all live weights (Table 9.4). This was possibly a reflection of the different

subsets of information used by these analyses. The mixture distribution analysis did not use

markers and as such was an alternative test for evidence of segregating sub-populations which

would provide evidence for the presence of QTL. If however there happened to be several

QTL which collectively tended to cloud the presence of two sub-populations then this analysis

may well not have detected any segregation. In contrast the ANOVA and interval mapping

techniques used the marker information which provided a more accurate detector of QTL and

indicated the presence of several genomic regions which influenced live weight. traits. These

included both positive and negative effects on live weight at the key live weights. The analysis

with the greatest power in determining the size, effect and position was the interval mapping as

it used information from flanking markers to assist in the detection of QTL. It was a little

surprising though that the predicted ,.affects using the mixture distribution analysis and the

marker analyses were not more simik.r. The marker analyses supported one another in that

both consistently predicted effects within the same marker bracket, on the same linkage groups

and in the same direction (i.e. positive or negative effect on trait). -Interval mapping is 5% more

powerful than ANOVA analyses for intervals of less than 20 cM and as the distance between

markers increases so does the power of interval mapping to about 30% where intervals are
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about 70 cM (Rebai et al. 1995). Thus we would expect an advantage of the interval mapping

technique over the ANOVA for this data set as the average marker spacing was 7.3 cM.

Linkage group 5 contained putative QTL with effects on 6 and 9m live weights; this region of

the genome includes the growth hormone gene thus providing a candidate gene for these

effects. The insulin like growth factor 1 receptor gene (IGF-1r) mapped to linkage group 13

which was associated with the transition date between slow winter and rapid spring growth

rates. Linkage groups 3 and 23 include IGF-1 and growth hormone releasing hormone

(GHRH) respectively, both of which featured several times in Table 9.3 although none of the

effects were significant. Other potential candidate genes mapped and examined included IGF-2

(linkage group 2) and their respective receptor genes but these all mapped to alternative

linkage groups which did not appear to influence the traits examined here. Relationships

between genome regions close to IGF-1 and average daily gain in pigs have been reported

although there appeared to be no association between growth hormone and growth traits

(Casas-Carrillo et al. 1997b, 1997a). There is evidence from mouse studies to support these

findings. In an F2 mouse population the high growth locus mapped to a region closely linked

with IGF-1 (Horvat and Medrano 1995). Also, a growth QTL was identified in mice where the

associations were between markers closely linked with the IGF-1 locus on chromosome 10

(Collins et al. 1993) and mature body weight.

The regions of the genome which contribute to live weight traits in these deer hybrids are

clearly several and with both positive and negative effects. This is a reflection of the complex

nature of factors which contribute to L ye weight traits and the potential myriad of interesting

genetic effects which such studies potentially unearth. This study compliments the various

significant contributions to QTL detection in the livestock production industries such as the

work in cattle (Hanset and Michaux 1985; Lewin et al. 1990), sheep (Cockett et al. 1996),

dairy cattle (Georges et al. 1995) and pigs (Andersson et al. 1994). The prospect of

confirming detection and locating these putative QTL and their subsequent use in commercial

populations provides interesting opportunities.
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Chapter 10.

10. Quantitative trait loci for pubertal and seasonality traits in male Pere

David's (Elaphurus davidianus) x red (Cervus elaphus) interspecies deer

hybrids.

10.1 Abstract

The unique Pere David's (Elaphurus davidianus) x red deer (Cervus elaphus) backcross

hybrid has been used to search for evidence of quantitative trait loci (QTL) for pubertal (date

and live weight at pedicle initiation) and seasonality (date of antler cleaning and casting) traits

in temperate species of deer. Mixture distribution analysis (without marker information)

revealed strong evidence (P<1.1-8) for two sub-populations for all of these traits within the

backcross hybrids. Techniques using marker information located strong evidence for a QTL for

date of pedicle initiation (LOD=3.66, P<0.01) and live weight at pedicle initiation (LOD=3.06,

P<0.05). These QTL explained 13 and 11% of the phenotypic variance in these traits

respectively.

Keywords: Pere David's deer, red deer, seasonality, quantitative trait loci, QTL

10.2 Introduction

Deer have evolved as seasonal mammals in response to seasonal variation in their natural

environment (Lincoln 1985). Their seasonality is entrained by the changing pattern of

daylength (Lincoln 1985) and is evident in their oscillating breeding, feeding, body weight and

moulting patterns, as well as endocrinological oscillations in levels of prolactin and lutenising

hormone. In female red deer (Cervus el'aphus, R) the oestrous cycle and associated circulating

progesterone profiles are synchronised with decreasing daylength in the autumn (Guinness et

al. 1971).



Similarly, red stags have an annual reproductive cycle characterised by growth and regression

of the testes. The annual antler cycle follows the testes cycle so that stags are in hard antler for

the breeding season or rut. The antler cycle is preceded by pedicle initiation in the first

winter/spring of the stag's life. The pedicle is the bony protuberance which grows from the

skull of the deer from which the first antler grows. Pedicle initiation is considered a secondary

sexual character whose development is associated with the onset of puberty (Lincoln 1971a). It

also appears to be highly correlated ‘7%, ith live weight and a threshold live weight is required

irrespective of age or season prior to it itiation (Fennessy and Suttie 1985; Meikle et al. 1992).

In addition, testosterone administration promotes pedicle development in both pre-pubertally

castrated males and in intact females (Wislocki et al. 1947; Jaczewski 1976; Fletcher 1978).

The first external signs of antler growth are apparent when the pedicle is about 6 cm long (Li

and Suttie 1994). Thus pedicle initiation can be regarded as a pubertal trait.

The seasonal cycle of antler casting and re-growth is largely controlled by circulating plasma

testosterone secreted by the testes ( Suttie et al. 1984b). Casting occurs as circulating

testosterone levels decline in early spring with antler regeneration following during a period of

low testosterone (Suttie et al. 1984b). Hardening of the antler (essentially conversion to bone

and the associated velvet shedding) occur in response to rising testosterone levels in the late

summer/autumn so that the stag is in hard antler for the rut (Lincoln 1971b).

The seasonal cycle is regulated by changes in melatonin levels, which increase with decreasing

daylength and vice versa (Bubenik and Smith 1985; Webster et al. 1991). The annual pattern

of testes growth and regression is also a seasonal phenomenon where decreasing daylength

after the summer solstice and increasing testosterone in autumn trigger an accelerated growth

pattern which is associated with the breeding season (Lincoln 1971b, Barrell et al. 1985). In

addition these physiological and environmental changes also correlate with the antler cleaning

process. Increases in daylength and testicular regression are associated with low circulating

testosterone levels and antler casting Fennessy et al. 1988). Thus the seasonal patterns of

temperate species of deer are reflected in their testes growth and antler cycles. While these

seasonal patterns are clearly evident in adult deer it should also be recognised that testes

development in the first year of life is also a pubertal trait.
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In the greater Cervinae family, Pere David's deer (Elaphurus davidianus, PD) is a long day

breeding species (Loudon et al. 1989) while red deer is a short day breeding species. Thus the

interspecies hybrid offers an extraordinary opportunity to search for quantitative trait loci

(QTL) for pubertal and seasonality trail s in deer.

10.3 Materials and Methods

Hybrid generation. F 1 hybrids were g enerated by artificial insemination (AI) of R hinds with

PD semen and backcross hybrid progeny ( 1/4 PD / R) were generated by AI of R hinds with

F 1 hybrid (PDxR) semen (Asher et al. 1988; Asher et al. 1993) and synchronised natural

mating techniques (Fennessy et al. 199 I a). Semen from five F 1 stags was used in a total of 841

laparoscopic intrauterine inseminations. More detailed methods have been described elsewhere

(Goosen et al. 1997a; Tate et al. 1997). A total of 320 backcross progeny were generated of

which 275 were by artificial insemination (240 live at 24 hours) with the remainder being

produced by synchronised natural mating. During the calving season hinds were monitored

daily, new-born calves tagged and birth weight, sex and dam recorded.

Phenotypes. The pedicle is the bony protuberance which grows from the skull of the deer

from which the first antler grows. Pedicle development was monitored from weaning every

two weeks using a technique which measured the height of the pedicle (medial aspect) from

the base of the skull, using a steel rule.

Pedicle initiation was arbitrarily defined as the date on which the pedicle reached a height of

1.5 cm from the skull (Meikle et al. 1.C'92). A linear regression of height on date was used to

define the date of pedicle initiation (where a height of 1.5 cm did not coincide with the day of

measurement). Antler growth was measured from initiation and throughout the growth period.

The antler hardening process and the associated velvet shedding occur in response to rising

testosterone levels in the late summer/autumn. Velvet shedding was monitored every 3 days

from late January and the date of cleaning was defined as the date on which all velvet was

completely shed. Linear regression of legree of cleaning on date was used to determine the

date of cleaning (where it did not coincide with the day of measurement). In order to more

accurately define the date of velvet c eaning, one antler was removed during the phase of

active growth using a standard local anaesthetic procedure when the antler reached 20 cm in
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length. This was to allow regeneration from the cut side as previous observations had indicated

that regenerated antler cleaned of velvet more quickly than primary antler. However because of

the seasonal nature of the antler cycle. removing antler late in the season would not result in

re-growth in some cases and hence both sides were allowed to grow naturally. The first choice

of measurement used in the analyses was the cleaning date from the re-growth side (because it

was more accurate), where this was not possible the mean of the two sides was used. For the

small number of animals which did not generate re-growth after dissection (at 20 cm in length)

the one cleaning date was used for analysis.

To define the date of antler casting, stags were monitored every second day during the

winter/spring period. Testes diameters at six months (6m) and 15months (15m) were measured

while stags were anethestised. In all cases the measurement used in analyses was the mean of

the left and right testes diameters except for six animals at 6 m where the only measurable

testis was used (i.e. the second testis had not descended into the scrotum).

Genotypes. The hybrid status of all backcross hybrids was confirmed by DNA typing and that

of F 1 hybrids by DNA and/or protein testing (Tate et al. 1995b). The segregation of up to 250

genetic markers was analysed in the backcross herd including restriction fragment length

variants (RFLV), protein variants and microsatellites. Numbers of animals scored at each locus

are given in Appendix 5. The term "variant" has been used for the fixed differences observed

between the species whereas the word "polymorphism" has been reserved for variation within

a species. The linkage relationships of the markers were analysed using MAPMAKER/EXP

using the Kosambi mapping function for all autosomal chromosomes (Tate et al. 1995b, Tate

1997).

Analysis. The fixed effects for all traits included sire and year while for pedicle initiation date,

peclicle initiation weight and antler cleaning and casting dates birth date was fitted as a

covariate. Fifteen and 6 month live weights were also included in 15 and 6m testes diameter

analyses as covariables respectively.
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Adjusted antler and testes traits of backcross progeny were then analysed using three

techniques (mixture distribution analysis, ANOVA and interval mapping) to test for evidence

of QTL. Mixture distribution analysis ( see Appendix 4) used a maximum likelihood technique

to test the null hypothesis of one normally distributed population against the alternative

hypothesis of two normally distributed populations with known variance and equal proportions

in each sub-population and different means in the backcross hybrid population (Wuliji et al.

1993). The assumption of two equal sized sub-populations assumes only one segregating QTL

in the hybrid population. For all traits except date of pedicle initiation and 6m testes diameter

genotypes did not differ significantly i their standard deviations (see Chapter 7). The same

coefficient of variation as for red deer was used for the mixture distribution analysis. This

analysis did not utilise marker information and as such was an alternative test of the data.

Using residual degrees of freedom (df) representative of the traits (45 df for 6 and 15 m testes

diameter, 76 df for casting date and 127 df for pedicle initiation date, pedicle initiation weight

and antler cleaning, Table 10.2) a power analysis of this technique was performed. This

revealed that with 45 df the test had powers of 76% and 86% of detecting two sub-populations

if their means differed by 1.6 and 1.8 standard deviation units respectively. Similarly with 76 df

the test had powers of 79% and 91% cf detecting two sub-populations if their means differed

by 1.4 and 1.6 standard deviation unit s respectively while for 127 df 1.2 and 1.4 standard

deviation units provided powers of 79% and 94% respectively.

To test for associations between chromosome sections and/or genetic markers and trait

expression, ANOVA (or single marker inear regression) and multiple marker interval mapping

techniques were used. Linkage analyse, were carried out testing within sire and investigated

differences in backcrosses which inherited either a PD allele or a R allele from the crossbred

parent. The ANOVA approach was used to test for point associations between individual

genetic markers and traits (Soller et al. 1976). Given the large number of single point tests

conducted across the genome for the ANOVA of trait against marker it was important to

determine the true or trait-wise 5% significance thresholds. Simulations using a normally

distributed population and df of 127, 76 and 45 and using 1000 iterations the trait-wise 5%

threshold probabilities were estimated at 5.4x10 -4 (pedicle initiation and antler cleaning),

5.8x10-4 (antler casting) and 6.1x10 -4 (testes diameter) respectively. These 5% significance

threshold probabilities were more conservative than those determined by simulations using

maximum likelihood (Knott et al. 1996)
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In addition the interval mapping maximum likelihood technique was used to test for QTL

(Lander and Botstein 1989) using MAPMAKER/QTL. All genome regions with LOD scores

greater than 1.9 have been reported as they indicate "suggestive linkage" (Lander and

Kruglyak 1995) and are regions which may generate interest. Using 127, 76 and 45 df and the

trait-wise 5% and 1% probabilities, equivalent LOD scores (Champoux et al. 1995) of

approximately 2.70 (P<0.05) and 3.30 (P<0.01) were derived (there was little variation in

these LOD values for the different df; 2.65 to 2.70 and 3.28 to 3.30).

10.4 Results

The initiation of the pedicle (from which the antler grows) is a pubertal trait (Meikle et al.

1992). Antler cleaning, during which the skin of the antler dies is a seasonal phenomenon

associated with rising testosterone prior to the rut. Antler casting is associated with the decline

in testosterone in the early spring. Thus depending on its timing testes growth may be a

combination of pubertal and seasonal phenomena or simply a seasonal phenomenon. Means

(±SD) for these seasonality and pubertal traits are presented in Table 10.1.

Mixture distribution analysis. The mixture distribution analysis did not utilise marker

information and as such was an alternative test of the data. The results for four of the five traits

rejected the null hypothesis of one normally distributed population in favour of the alternative

Table 10.1 Mixture distribution analysis of pubertal and seasonality traits for evidence of quantitative
trait loci in male Pere David's x red deer ba Across hybrids ( 1/4PD / 3/4R).

Trait	 Mean ± SD (n) Effect'

Antler parameters (date)

Initiation 29 Aug ± 29.4 (144) 31 days 12 Aug 12 Sept 1.12x10-8***
Cleaning 13 Feb ± 10.6 (135) 20 days 9 Feb 28 Feb <4.37x10-12***
Casting 6 Oct ± 10.8 (83) 16 days 27 Sept 13 Oct <4.37x10-12***

Live weight at

Pedicle initiation
(kg)

77.3 ± 7.12 (144) 9.5 kg 72.8 82.3 <4.37x10-12 ***

Testes diameter (cm)

6m 1.2 ± 0.22 (52) 0.4 cm 0.9 1.3 <4.37x 10-12 ***
15 m 2.9 ± 0.33 (56) 0.2 cm 2.8 3.0 1.84x10-' NS

The difference between means _V I and -72 for the two sub-populations.

P<0.05; ** P<0.01; *** P<0.001
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hypothesis of two normally distributed populations with means x t and .72 as is evident from the

chi-squared probabilities in Table 10.1.

ANOVA. Using the appropriate 5% significance threshold as described above allele

substitution with a PD allele at marker 134 on linkage group 12 significantly delayed the time

of pedicle initiation by 19 days while there were no significant effects for any other trait (Table

10.2). However, despite the probability estimates being well short of statistical significance for

the other traits, the 'effects' of the PC , allele substitution were reasonably large in relation to

the putative differences between the two sub-populations defined in the mixture distribution

analysis. Mixture distribution and ANOVA indicate similarities in both the absolute size and

trend of the effect.

Multiple marker interval mapping analysis. For this technique the more stringent

significance threshold from the ANOVA simulation was used to determine significance (Knott

et al. 1996). These trait-wise simulated threshold values were then converted to equivalent

LOD scores as described above and used for determining significance (Champoux et al. 1995).

This resulted in significant linkage (P<0.01) for a pedicle initiation QTL (LOD=3.66) (Table

10.3). There were putative QTL for pedicle initiation on linkage group 4, for 6 m testes

Table 10.2 ANOVA of pubertal and seasonality traits for quantitative trait loci in male Pere David's x
red deer backcross hybrids (1/4PD / 34R).

Trait
	

Mean ± SD (n)	 df	 Effect'	 Linkage	 Marker
	 p2

group	 (Deer map #)

Antler parameters

Initiation	 29 Aug ± 29.4 (144)	 138	 19 days	 12	 134	 0.012 *
Cleaning	 13 Feb ± 10.6 (135)	 127	 -5 days	 17	 79	 >0.25 NS
Casting	 6 Oct ± 10.8 (83)	 76	 -7 days	 6	 6	 >0.10 NS

Live weight at

Pedicle initiation (kg)	 77.3 ± 7.12 (144)	 136	 4.3 kg	 3	 18	 0.062 NS
3.7 kg	 20	 151	 > 0.10 NS
-3.6 kg	 31	 101	 > (MONS

Testes diameter (cm)

6 m	 1.2 ± 0.22 (52)	 45	 -0.16 cm	 20	 151	 > 0.25 NS
0.16 cm	 6	 113	 > 0.25 NS

15 m	 2.9 ± 0.33 (56)	 49	 0.24 cm	 24	 30	 > 0.25 NS

Effect of substitution of a red deer allele with a Pere David's deer allele (PD-R)
If there was 110 significant effect and a LOD greater than 1.00 in Table 10.3 then the highest probability marker is noted.

* P<0.05: ** 13<0.01: *** P<0.001
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Table 103 Multiple marker interval mapping maximum likelihood analysis for pubertal and seasonality
quantitative trait loci in male Pere David's x red deer backcross hybrids (1/4PD / 3/4R).

Trait Mean	 SD (n) LODI Effect2 052%3 Linkage

group

Marker interval

Marker
(Deer map #)

Span
(cM)

Antler parameters

Initiation 29 Aug ± 29.4 (1441 3.66** 21 12.5 12 134 - 168 25.5
Cleaning 13 Feb ± 10.9 (135) 1.71 NS -5 5.8 17 79 - 207 1.2
Casting 6 Oct ± 10.8 (83) 1.76 NS -6 9.4 6 31 - 166 7.6

Live weight at

Pedicle initiation (kg) 77.3 ± 7.12 (144) 3.06 * 4.5 10.5 3 15 - 18 7.6
2.29 NS 4.0 8.4 20 151 - 183 5.3
2.03 NS -3.7 7.0 31 101 - 225 2.0

Testes diameter (cm)

6 month 1.2 ± 0.22 (52) 2.20 NS 0.21 20.8 6 243 - 113 6.7
1.90 NS -0.18 15.9 20 151 - 183 5.3

15 month 2.9 ± 0.33 (56) 2.06 NS 0.31 24.4 24 30 - 97 24.9

Highest LOD score is presented irrespective of significance level
2 Effect of substitution of a red deer allele with a Pere David's deer allele (PD-R)

Percentage of variance explained by QTL (52 % = ((effect/2;21a)
P<0.05; ** P<0.01; *** P<0.001

diameter on linkage groups 6 and 20, and for 15 m testes diameter on linkage group 24. In

addition, the highest LOD scores for ar tler cleaning and casting are presented in Table 10.3 as

they indicate that further investigation may reveal segregating QTL.

10.5 Discussion

The mixture distribution analyses suggest there may be two segregating populations in the

backcross hybrid population for all seasonality parameters except 15 m testes diameter. There

were other genome regions for which red haplotypes resulted in later pedicle initiation dates

than PD haplotypes, this was interesting and may well be a reflection of the extreme genetic

divergence of the parental species. Pure PD are a larger mature size (Loudon et al. 1989) than

red deer and hybrids between the two would be expected to express heterosis or hybrid vigour.

The most significant of the QTL findings was for pedicle initiation date where the maximum

LOD score was 3.66 (P<0.01). The size of this effect was 21 days later for the PD haplotype

and 12.5% of the variance was explained by allele substitution with a PD allele. The ANOVA

(19 days) and interval mapping (21 days) results indicate that substitution with a PD allele
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Table 10.4 Haplotype analysis of pedicle initiation date.

Linkage group 12 haplotype 	 n	 Pedicle initiation date ± SD (days)	 Effect (days)'

Red
	

9
	

20 Aug ± 23.2
Pere David's
	

13
	

9 Sept ± 24.0
	

20.0

Difference from red haplotype.

significantly delays pedicle initiation date. In addition, the mixture distribution analysis rejected

the null hypothesis of one normally dis ributed population in favour of two populations with a

difference in means of 31 days, thus providing evidence for a QTL for pedicle initiation. This

was also supported by examination of the haplotypes at markers 134 and 168 on linkage group

12 which revealed a 20 day earlier pedicle initiation in red haplotypes than PD haplotypes

(Table 10.4).

The likelihood surface plotted in Figure 10.1 has a single peak with a maximum LOD score of

3.66. Closer examination of this peak suggests it coincides with a peak in the same region for

live weight gain between weaning (at 3m) and 6m weight (see Chapter 9). This is perhaps not

surprising as pedicle initiation, beir4 a pubertal trait, is a weight-related phenomenon
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Figure 10.1 Likelihood surface for pedicle initiation date on linkage group 12 (with the 5%
threshold line).
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(Fennessy and Suttie 1985; Meikle et al. 1992). Interestingly allele substitution with a PD allele

on linkage group 4, even though not significant (LOD=2.11), was opposite to that expressed

on linkage group 12. The estimated size of this effect was to advance pedicle initiation day by

14 days.

The dates of antler cleaning and hard antler casting are seasonality traits and might be expected

to show evidence for QTL. Although there was very strong evidence for segregation within the

overall population, the most significant regions failed to attain significance or to reach the

"suggestive linkage" threshold of LOD=1.9. However the number of animals recorded for

these traits was small (n=135 and 83).

Live weight at pedicle initiation in this study (77.3 kg) was considerably higher than those

reported for New Zealand and Scottish deer in the mid 1980's (range 41 - 55 kg) (Fennessy

and Suttie 1985) but more similar to a ]ater study at Invermay (66.1 and 71.1 kg; Meikle et al.

1992). The mixture distribution analysis detected evidence for two sub-populations, however

neither of the marker techniques found evidence to suggest evidence of QTL for this trait.

Three regions of the genome (linkage groups 6, 20 and 24) had LOD scores greater than the

"suggestive linkage" LOD of 1.9 for testes diameter indicating they may be areas of interest for

further studies. Although they failed to reach significance, the two putative QTL for 6m testes

diameter were in opposite directions and together accounted for 36% of the phenotypic

variance in the trait. Since testes diameter at around 6m could be regarded as indicative of

impending puberty, a relationship with pedicle initiation (date or weight) and identification of

the same QTL may not have been altogether unexpected. However this was not the case for

date of pedicle initiation, but there was evidence for an association between live weight at

pedicle initiation and 6m testes diameter. The same marker location / interval on linkage group

20 was identified as the site for each putative QTL where the effect of substitution with a PD

allele was a higher live weight at initiation and a smaller testes diameter at 6m. Similarly there

are also grounds for expecting that testes diameter at 15m could be related to date of antler

cleaning, but no such relationship was evident. In this respect it must be conceded that testes

diameter at a single point in time is a relatively crude or non-time specific measurement

compared with antler cleaning. In addition, being a seasonal phenomenon, all stags are in the

testes growth phase; whereas around pedicle initiation changes in live weight are relatively

small due to the winter growth pattern (see Chapter 9).
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Table 10.5 Comparison of predicted effect due to quantitative trait loci using segregation, ANOVA and
interval mapping techniques for pubertal (initiation and live weight at initiation) and seasonality traits
(antler cleaning, casting and testes diameters).

Ttrait

Segregation

Marker analyses

ANOVA Interval mapping Linkage groups

Antler parameters

Initiation 31 19 21 12
Cleaning 20 -5 -5 17
Casting 16 -7 -6 6

Live weight at

Pedicle initiation (kg) 9.5 4.3 4.5 3
3.7 4.0 20
-3.6 -3.7 31

Testes diameter (cm)

6 month 0.4 0.16 0.21 6
-0.16 -0.18 20

15 month 0.2 0.24 0.31 24

The magnitudes of effects appear more similar for the ANOVA and multiple marker interval

mapping methods while the mixture distribution analysis tends to estimate larger effects for all

traits (Table 10.5). Mixture distribution analysis differs from the other two methods in that it

does not use marker information thus providing an alternative test for evidence of segregating

populations which are indicative of the presence of QTL (see Appendix 4).

The two marker methods identified the same linkage groups, similar sites within linkage groups

and trends in the same direction for each trait, providing consistent results across these two

methods. Interval mapping should be the most accurate method for detecting the size and

position of potential QTL because as well as trait and marker information, it also uses

information from flanking markers which is a distinct advantage over the ANOVA technique.

Interval mapping is 5% more powerful I han ANOVA type analyses for intervals of less than 20

cM and as the distance between markers increases so does the power of interval mapping to a

30% advantage where intervals are about 70 cM (Rebai et al. 1995). It then follows that

uneven spacing tends to favour maximum likelihood over ANOVA techniques. The deer

genome map used here was 1240 cM long with an average spacing of 7.3 cM between markers

which would indicate a small advantage of interval mapping over the ANOVA technique.
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Seasonality in deer is entrained by the changing pattern of daylength (Lincoln 1985) and

correlates well with oscillating levels of prolactin and consequently melatonin; therefore these

hormones or enzymes in their metabolic pathways may provide candidate genes for seasonality

traits such as antler cleaning and casting. The mapped genes or enzymes associated with

prolactin and melatonin did not map to linkage groups 6, 12 or 17, however this does not

preclude potential effects on seasonality by these regions. There were no obvious known genes

mapped to these 3 linkage groups which might obviously influence seasonality.
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Chapter 11.

11. General discussion

The interspecies hybrids between Pere David's (Elaphurus davidianus) and red (Cervus

elaphus) deer are unique in that not only do they hybridise, despite the obvious difference in

current classification as two separate genera, but both F 1 sexes are fertile. The Cervini, which

includes both Pere David's and red deer display a widespread capacity for hybridisation despite

vast differences in karyotypes and evidence for rapid evolutionary divergence from their sister

group, the Muniatcini. This may indicate the Cervini are not sufficiently diverged in terms of

social behaviour (the most single most important isolating mechanism in animals (Dobzhansky

et al. 1975)), generations of divergence, evolutionary time or Y chromosome evolution to

inhibit both hybridisation and the generation of fertile F 1 offspring. All natural hybrids between

these species have been red male x Pere David's deer female. An agreement with The

Marquess and Marchioness of Tavistock, the source of the original Pere David's deer imported

to New Zealand, recognised the Pere David's deer as an endangered species and as such only

permitted red male x Pere David's deer female matings. In light of this artificial breeding

techniques using Pere David's deer stags and red hinds were used.

The use of backcross hybrids for QTL detection has been greatly enhanced by three factors

which contribute to the power of these analyses. Firstly, the highly polymorphic nature of reds,

the highly inbred nature of Pere David's deer (Bedford 1950, 1951; Dratch and Pemberton

1992) and the genetic distance between these species together with the fixed differences in

restriction fragment length variants (Tate et al. 1992) make identification of source of DNA

sequences relatively easy compared to other QTL studies. Secondly, the large differences in

phenotypic expression of traits in the parental species in antler, foot and tail morphology

(Wemmer 1983), seasonality and mature size (Loudon et al. 1989), disease resistance (Orr and

Mackintosh 1988) and behaviour (Altmann and Scheel 1980) provide such extremes of

parental trait expression that the chances of observing a wide array of trait expression in



backcross hybrids increases dramatically. Thirdly, the fertility of the F 1 male (in contrast to the

situation with the mouse interspecies hybrids) provides the opportunity to generate many

backcross hybrids thus providing a unique and powerful experimental design.

Analysis of feed intake patterns using two techniques provided a thorough description of

intake in hybrid and red males and females. Peaks in. MEI using B-splines and Parks (1982)

were similar with red males reaching their peaks earlier than hybrids (14 and 23 days

respectively) with little difference between females (0 and 2 days respectively).The B-spline

regression analysis of metabolisable energy intake (MEI) against age did provide a better fit

than the Parks (1982) model and therefore a better descriptor of energy intake in these animals.

In particular, the ability to fit appropriate confidence intervals added a new dimension and

improvement as it allowed for easy identification of periods where MEI differed between

genotypes (those regions where the confidence intervals for genotypes do not overlap indicate

a significant difference between genotypes). Advantages of a B-spline regression in this

instance include more flexibility than the Parks (1982) method in that it did not impose a fixed

parametric function to the data. Rather it maximised the goodness of fit for subsets or

"windows" of the sampling times and combined these to provide the smoothest continuous

function for the entire sampling times. A major strength of this analysis is it's high degree of

flexibility to describe non-linear relationships. Disadvantages include the degree of difficulty in

using the subsequent model to predict the dependent variable based on the independent

variable, lack of transportability to olher sets of independent variables and the potential to

overparametise the model. While the patterns of live weight gain were presented in a relatively

simple analysis it would be useful in ture analyses to fit a spline to these data as well for the

rapid identification of periods where these were different between genotypes.

Analysis of feed intake patterns using two different mathematical techniques suggested no

significant genotype differences in food efficiency although in a study comparing pure Pere

David's and red deer (Loudon et 1989) there were indications of differences in feed

utilisation efficiency. The poor adaptation of the hybrids to the indoor environment, in contrast

to the reds, may have compromised the comparison of genotypes thus making the differences

in traits such as food intake patterns and seasonality appear less than expected based on the

observations in the pure parental species (Loudon et al. 1989) and F 1 progeny (Fennessy and
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Mackintosh 1992) at pasture. This genotype by environment interaction adds a level of

complexity to a rare and unique data set.

The greater individual muscle and total muscle proportions in the hind leg of backcross hybrids

indicates a clear advantage in carcziss composition of hybrid genotypes over their red

contemporaries. Gender differences i i carcass composition followed the trends for cattle

(Fortin et al. 1981) and sheep (Thompson et al. 1985) (females have a larger proportion of fat

than males). Large differences in carcass tissue distribution between male Pere David's and red

deer support the concept that these Jarental species are more diverse in evolutionary and

genetic terms than cattle breeds which show little variation in tissue distributions (Berg and

Butterfield 1976).

The search for QTL in the backcross hybrids revealed particularly interesting results. In

particular a consistent observation across all traits examined using a mixture distribution

analysis technique provided significant evidence for a segregating QTL whereas this was not

always supported by similar evidence from the single marker linear regression and/or the

maximum likelihood interval mapping analyses. This raises the issue of why these different

methods did not generate more consistent results. Examination of these inconsistencies

requires a clear definition of the hypotheses being tested. The mixture distribution analysis

tested for the presence of two normally distributed populations against the null hypothesis of

one normally distributed population based on the assumption that one segregating QTL would

inflate the observed variance, render the distributions more platykurtic and provide evidence

for two normally distributed populations in the backcross hybrids.

For any given trait both genetic and environmental factors influence its expression, which this

analysis attempts to account for, in addition, random environmental variance is partitioned

between the two sub-populations. While the test is intended to provide evidence for or against

the segregation of a QTL, it also by default fits both multi-allelic and multi-QTL effects. Thus

this test is very specific and is not designed to consider the situation where multiple alleles

and/or QTL might exist. Where multiple QTL do exist, one might expect to observe a larger

variance than for the single QTL model. Simulations using degrees of freedom representative

of all traits (45, 76, 127, 233, 245, 254 and 278 df) and using 1000 iterations were carried out

assuming two bi-allelic QTL each of I SD unit difference. This would generate a population

Chapter 11. General discussion 	 140



consisting of 1/16 with no copies of either positive QTL alleles, 1/16 with 4 copies of the QTL

alleles, 4/16 with 1 copy of a QTL allele and 4/16 with 3 copies of the QTL alleles while

individuals with two copies of QTL alleles would constitute 6/16 of the population. In this

context, the simulations indicated that he mixture distribution analysis detected a difference of

between 1.26 (45 df) and 1.40 SD units (278 df) between two segregating populations with

powers between 56 (45 df) and 100% (278 df) and the probability of observing a result at least

as large as this of between 29 (45 df) and 17% (278 de. This inflated difference between sub-

populations is the result of a mismatch between the hypothesis tested which assumes a single

QTL and the presence of two QTL with the same allelic effects. Thus for traits with multiple

QTL the mixture distribution analysis will detect effects larger than those estimated by either

the single marker linear regression or multiple marker maximum likelihood interval mapping

techniques.

A regression analysis of trait on marker allele, where markers were treated as fixed effects

nested within sire, resulted in nearly identical marker effects to those estimated from an animal

model which included random polygenic animal effects. The animal model is theoretically more

appropriate, however dam parentage was limited, phenotype information was not available and

most dams only had one offspring thus essentially providing no additional information and

hence similar solutions. If information such as dam pedigrees could have been included where

some of the dams had common parer is or grandparents then this information in conjunction

with phenotype observations on the se animals would have allowed a more appropriate

partitioning of polygenic, QTL and environmental effects. This would have resulted in better

estimates of QTL effects in addition tc an estimate of the polygenic contribution of the dams.

While the growth rates for backcross hybrids on pasture were superior to their red

counterparts, the hybrid live weight performances were lower than expected based on the

performance of the parental species (Loudon et al. 1989). Sixteen month least square mean

live weights for hybrid and red males were 123 and 108 kg and 100 and 89 kg for hybrid and

red females. If infusion of Pere David gene/s increased live weight gain then it may have been

due to either heterosis or a Pere David gene effect per se. A negative effect where Pere David

gene/s resulted in live weight gain lower than that for reds was indicative of an interesting

genetic effect considering the substantial differences in mature female live weights of the

parental species (PD 180 kg vs R 105 kg; Loudon et al. (1989)). The QTL analyses detected
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DNA sections which appear to have both positive and negative effects on several traits in the

backcross genetic background including live weights, live weight at pedicle initiation and 6

month testes diameter. The lower nunners of animals recorded for antler cleaning and casting

(both good indicators of seasonality) may have precluded the detection of significant positive

and negative effects on these traits. It is of considerable genetic interest that for live weight at

pedicle initiation, other live weights and 6 month testes diameter, both positive and negative

effects were detected, suggesting either incompatibilities or epistasis between Pere David and

red alleles at specific loci.

The advantage of interval mapping maximum likelihood over the ANOVA technique are

greatest where the marker intervals larger than about 25 or 30 cM. Given that 9 of the 13

putative QTL for live weight traits in Chapter 9 are present in intervals of greater than 18 cM,

it is likely that the interval mapping tec hnique does provide additional precision for both QTL

effect and position. This is despite the fact that average marker distance across the whole

genome was just 7.3 cM.

Other techniques which have potential for the detection of QTL include the use composite

interval mapping techniques which fit multiple QTL simultaneously (Zhao-Bang 1994) and

mixed models (Henderson 1984) which fit both random and fixed effects (Meuwissen and

Goddard 1997). Composite interval mapping offers a distinct advantage over the techniques

used in this thesis, as multiple QTL cal be fitted simultaneously, allowing for the interactions

between QTL or other epistatic gene. is effects. This technique may be worthwhile for the

detection of production trait QTL in commercial herds such as Wapiti hybrids. The mixed

model methods derived for the detection of QTL (Meuwissen and Goddard 1997) offers

advantages where pedigrees are more complex than backcross or F2 designs and in it's ability

to fit both random and fixed effects, thus allowing for a more appropriate estimation of the size

or effect of putative QTL.
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Covariance functions (Kirkpatrick et al. 1997) can help particularly for traits which are

repeatedly measured over time (such as live weights) and have been used for the analysis of

lactation in dairy cattle (Kirkpatrick 1997). A covariance function is a continuous function

which fits the variance and covariance of traits measured at different points on a trajectory.

This technique may also have been useful for the analysis of the food intake and growth data in

Chapters 3 and 4.

11.1 Future research

While the allele effects observed are very large for some traits and provide good evidence for

putative QTL, follow up experiment, to test the consistency of these findings would be

valuable. Experimental designs using other hybrids such as Wapiti could assist in determining

the value of these allele effects in commercially farmed deer genotypes. The putative QTL

positions also provide potentially significant information in terms of likely linkage groups and

specific DNA regions likely to influence the traits examined here. Thus the potential exists for

manipulating gestation lengths, birth weights, live weight gains and pedicle initiation in farmed

deer using QTL which have been verified in commercial hybrids. In addition, in the light of

these successful experiments, it may prove worthwhile to search for antler quality QTL

because this is a late maturing trait arid earlier identification of superior velvet may provide

significant gains through reduced generation lengths. Similarly, identification of the genetic

basis for the increased muscle mass in the hind quarter of hybrids would potentially open the

opportunity for either introgression or selection for this characteristic in commercial

populations.

The Pere David's deer hybrids examined in this thesis provide a good model for the

investigation of QTL in Wapiti hybrids but do not display features so outstanding as to warrant

their immediate and widespread introduction within the New Zealand deer industry.

Nevertheless they have been a useful tool in the search for QTL in deer and provide both

reference genome regions which might influence production traits in commercial herds as well

as the ability for comparative mapping with other species, thus providing useful information on

species differences in genome organisation.
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