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BREEDING AND GENETICS

Associated Effects of Divergent Selection for Residual Feed Consumption
on Reproduction, Sperm Characteristics, and Mitochondria of Spermatozoa
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ABSTRACT Eighteen generations of divergent selec-
tion for residual feed intake have been completed in two
Rhode Island Red lines of domestic fowl. The high
intake R* line and the low intake R- line cocks used to
sire Generation 19 of the selection experiment have been
compared for associated responses on fertility, hatching,
and sperm quality. Evaluations of sperm samples were
based on volume, cell concentration, biochemical
parameters (pH, uric acid and protein concentrations),
and motility and morphology of spermatozoa. Finally,
individual spermatozoa were analyzed by flow-
cytometry (FCM) using Rhodamine 123 (Rh123) and
nonyl-acrydine-orange (NAO) specific fluorochromes to
assess, respectively, overall mitochondrial activity and
overall mitochondrial content. Hatchability of incubated
eggs was 20 points higher for the R- line, mainly
because unfertilized eggs were only 6 vs 30% in the R+
line. Early embryo mortality was also twice as high in

(Key words: residual feed intake, fertility,

INTRODUCTION

To study the efficiency of feed utilization in laying
hens, a divergent selection for residual feed intake was
started in 1976 in a Rhode Island Red population
(Bordas and Mérat, 1984; Bordas et al., 1992). Eighteen
generations of selection have now been completed. The
high feed intake R+ line and the low feed intake R- line
had previously shown line differences for correlated
responses on traits related to heat production and
dissipation (Geraert et al., 1991), to lipid metabolism
(Zein-el-Dein et al., 1985; Tixier et al., 1988; El-Kazzi et al.,
1995), and to fertility and embryo viability, with a drop
of hatchability in the R+ line due to an increase of both
unfertilized eggs and embryo mortality (A. Bordas,
unpublished data). At the 17th generation (1992),
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the R* line (21%). The ratio of Rh123 to NAO
fluorescence was identical for both lines. This result
suggests that there was no difference in the energy
producing potential of the individual mitochondria.
Therefore, the difference seen for both dyes between the
two lines might be attributed to a-difference in the
quantity of mitochondrial inner membranes present in
the cell (with 17% less for the R+ line). In the R+ line, the
poor performance at fertilization and during early
embryonic development was associated with lower
production of motile spermatozoa, possibly in relation
to a lower quantity of mitochondria in spermatozoa
from R+ cocks. Although the female contribution to the
differences between lines was not explored separately,
results suggest that selection for residual feed intake
may have altered some cellular function related to the
production of energy in the R+ line.

spermatozoa, mitochondria, egg lines)

1997 Poultry Science 76:425-431

hatching rate was 31% in R+ line as compared to 63% in
R- line, whereas embryo development was delayed in
the R+ line, with about 10 h difference in time of
hatching (Bordas and Mérat, 1993).

These differences are likely to be correlated responses
to selection, but their underlying mechanisms are
unknown. In an attempt to explain the decrease in
hatchability in the R+ line, inbreeding (Bordas et al.,
1992), chromosomal abnormalities (Ladjali ef al., 1995),
porosity, shell microsplits, and response to long-term
storage of the eggs (Bordas and Meérat, 1993) were
studied; however, no significant interaction was found
between these factors and line for hatchability. Degrada-
tion of R+ cocks’ semen characteristics could also explain
part of the observed differences between the two lines.
Among possible responsible factors, uric acid forms an
extraseminal pollution, modifying motility and fertiliz-
ing ability of spermatozoa (Hammade, 1986) and, on the
other hand, Thurston et al. (1992) reported that high .
protein concentration in seminal plasma was related to
reduced fertility in turkeys. Also, optimal pH for
survival of fowl spermatozoa is close to 7 (Lake and
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TABLE 1. Average performances (+ SE) of the 9 R- and 10 R+
cocks selected for reproduction after the 28-d feeding triall

Value of t and
significance of

Trait R- line R* line difference
Body weight, g 3,454 + 138 3,648 + 116 11
Weight change on test, g -102 + 24 =101+ 28 0.03
Feed intake on test, g 2,017 + 133 3,798 £ 81 3 B0 e
Residual feed consumption on test, g -746 * 61 870 + 62 18,50

IR~ = low intake line, R* = high feed intake line.

*op = 20001

Ravie, 1979) and deviations from this value may be
examined. Moreover, the motility of spermatozoa is
primarily dependent on mitochondrial function for the
required energy for generation and propagation of the
flagellar wave (Auger et al., 1989; Folgero et al., 1993).
Mitochondrial contents can be evaluated indirectly by
using the 10-N-nonyl acridine orange (NAO), which
spontaneously penetrates cells and specifically gets
incorporated into the inner mitochondrial membrane by
interaction with cardiolipin independently of transmem-
brane potential, even with dead or fixed cells (Maftah et
al., 1989, 1990; Leprat et al., 1990; Petit et al., 1992, 1994,
1995). Activity of mitochondria may be assessed by
using Rhodamine 123 (Rh123), a cationic fluorochrome
accumulated by mitochondria in response to the elec-
trochemical gradient set up by the mitochondrial
membrane potential. It is a responsive probe of mem-
brane potential, providing information on the functional
state of mitochondria in both intact cells (Darzynkiewicz
et al., 1981; Johnson et al., 1981; Nadakavukaren et al.,
1985) and isolated mitochondria (Emaus et al., 1986;
O’Connor et al., 1988). It has been used to assess ram
(Windsor and White, 1993), turkey (McClean et al., 1993),
and human (Auger et al., 1989, 1993; Folgero et al., 1993)
sperm mitochondrial function.

In the present work, to study further the fertility and
hatching rate decrease of the R+ line, Lines R+ and R-
have been compared for their performances of reproduc-
tion in relation to sperm quality, using 9 R- and 10 R+
cocks, the sires of generation 19 of the divergent
selection experiment. Quantitative evaluation of ejacu-
lates was based on volume and concentration of
spermatozoa, whereas qualitative evaluation was ob-
tained for motility and morphology of spermatozoa.
Biochemical characteristics of seminal plasma were also
studied, including pH and uric acid and total protein
concentrations. Finally, mitochondrial content and ac-
tivity of spermatozoa were assessed by flow-cytometry
analysis.

MATERIALS AND METHODS

Lines and Experimental Animals

A complete description of the selection procedures has
been given previously (Bordas et al., 1992). Briefly, two
lines of the same Rhode Island Red origin have been

divergently selected for residual feed intake since 1976.
males, residual feed intake (R) is feed consumption (F
adjusted to equal BW and BW gain (AW), from individu
results of a 28-d feeding trial conducted at each generatic
on all candidates to selection. The equation was R = FI
91.0 BW0S5 - 3.67 AW + 1,907 for males (in females, fe
consumption is adjusted also to equal eggmass to evalua
R). Animals used in this work were hatched in early sprir
1993 and were housed in individual battery cages at tt
age of 18 wk. They consumed ad libitum a commercial di
containing approximately 160 g total protein and 2,6f
kcal ME/kg. The lighting regimen was 14 h light/d an
the average ambient temperature was 22 + 2 C. Thes
males were also the sires of generation 19. The
performances shown in Table 1 reflected the diverger
selection for R:FI were significantly different betwee
lines, whereas both BW and AW were quite similar in F
and R+ cocks. Matings were done within line but full-si
pairing was avoided. Hens and cocks belonged to th
same generation.

Fertility and Hatchability

Semen was collected from the 19 selected males at th
age of 11 to 12 mo, to inseminate by artificial insemina
tions (AD) 5 hens per cock. Semen was not pooled. Thre
inseminations were carried out before starting eg;
collection, and then twice per week thereafter. Semen wa
diluted 1:1 in a 7.5 g/L NaCl solution and each femal
received 0.2 mL diluted semen. Time between seme
collection and AI did not exceed 30 min. Eggs wer
collected for 3 wk and stored at 12 to 14 C befor
incubation. Two hatches were set up and performance
were registered for each“!fre and dam. Traits such a
unfertilized eggs and early embryo mortality (observed a
the 5th d of incubation), late embryo mortality (before thy
18th d of incubation), and dead in shell eggs (mortality
between the 18th d of incubation and hatching) were
noted and the ratios unfertilized eggs:incubated eggs
hatched eggs:incubated eggs, early embryo mortality
fertilized eggs, late embryo mortality:fertilized eggs, anc
dead in shell eggs:fertilized eggs were calculated. The
ratio hatched eggs:incubated eggs represents the overal
reproductive performance. Line differences may arise
from problems at fertilization evaluated by the ratic
unfertile eggs:incubated eggs. Among fertilized eggs
normal development to hatching is measured by the ratic
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hatched eggs:fertilized eggs. Failure to hatch may result
from early or late embryo mortality evaluated by the
ratios embryo mortality at 5 d:fertilized eggs and embryo
mortality between 5 and 18 d:fertilized eggs, respectively,
or from difficulties near the time of hatching measured by
the ratio dead in shell eggs:fertilized eggs.

Ejaculates

A study of the sperm was performed immediately after
the period of reproduction, when cocks were nearly 13 mo
old. Sperm was collected by massage according to
Burrows and Quinn (1937). Care was taken to avoid any
contamination of semen with the cloacal products and
particularly with the transparent fluid excreted from the
lymph folds of the cloaca during ejaculation. Ejaculate
volume of each cock was measured by weighing eight
samples collected over 4 wk. The concentration of
spermatozoa was estimated on four of the eight samples.
Right after collection, the semen was diluted (20 L in 2
mL of the 7.5 g/L NaCl solution), optical density was read
using a spectrophotometer3 at a wavelengh of 535 nm and
the concentration of spermatozoa was estimated accord-
ing to a standard curve.

Motility

Motility was assessed on seven of the eight ejaculates.
Each one of the seven samples per cock was diluted 1:1 in
BPSE (Beltsville Poultry Semen Extender) diluent (Sexton,
1977) and stored on ice until the motility measurement
was achieved (no later than 2 h after sampling). Motility
was observed under a light microscope and subjectively
noted from 0 to 6 according to the following scale: 0 = no
movement; 1 = spermatozoa moving on spot; 2 =
spermatozoa moving on spot but more rapidly; 3 =
preliminary waves; 4 = slow waves; 5 = rapid waves with
preliminary eddies; 6 = very rapid waves with eddies.

Morphology of Spermatozoa

Spermatozoa staining (adapted from Blom, 1950) was
performed on ice with semen diluted 1:1 in BPSE diluent.
Forty microliters of diluted semen were added to 150 uL of
the staining solution (eosin 16 g/L; nigrosin 60 g/L in
BPSE). Two minutes later, two smears were performed for
each sample and spermatozoa were observed by
microscopy with an oil immersion objective. Dead
spermatozoa (eosin-permeable, stained in pink), live ones
(eosin-impermeable, still white) and live but abnormal
ones were counted. Three hundred spermatozoa per
sample were observed on four of the collected ejaculates
(i.e., 1,200 spermatozoa per cock).

3Model DU20 spectrophotometer, Beckman, 93220 Gagny, France.
4Model ACR 1500, Bruker Spectrospin, 67160, Wissembourg, France.
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Seminal Plasma Contents

Seminal plasma was separated from spermatozoa as
described by Blesbois and Hermier (1990). To ensure
separation without release of intracellular components
into seminal plasma, four centrifugations were carried
out. The first one was performed on the whole semen
within 10 min after semen collection. It lasted for 10 min at
500 x g and 20 C. The resulting supernatant was harvested
and a second centrifugation was performed under the
same conditions. The second supernatant was submitted
to a third centrifugation performed at 3,000 x g and 2 C for
30 min. The last centrifugation was carried out for 1 h at
10,000 x g and 2 C to eliminate cellular fragments. The
seminal plasma was stored at -20 C for subsequent
analysis. Four samples of seminal plasma per cock were
pooled, and uric acid and total protein concentrations
were determined with commercial kits, by spec-
trophotometry3 at a wavelength of 590 and 570 nm,
respectively.

Sperm Mitochondria

Spermatozoa were analyzed by flow cytometry4 (FCM)
after staining of their mitochondrial contents by fluores-
cent dyes. As two cocks could not be collected at the time
of the flow cytometry experiment, it was carried out with
semen of eight R~ and nine R+ cocks diluted 1:1 in BPSE
and stored on ice for 5 h. Staining with NAO (5 x 10-7 M)
was conducted on 2 x 107 sperm cells for 15 min at room
temperature. For Rh123 staining (10-6 M), 2 x 106 sperm
cells were incubated for 30 min at room temperature, and
they were counterstained by adding 50 mg/mL of
propidium iodide (PI) 2 min before FCM analysis to
distinguish dead (PI stained with specific red fluores-
cence) from living cells. The excitation wavelengths were
selected using a band-pass filter centered at 485 + 20 nm.
The green fluorescence emitted by NAO or Rh123 was
collected through a band-pass filter centered at 530 + 30
nm. The red fluorescence of PI was collected at
wavelengths greater than 600 nm (600 nm long-pass
filter). Cellular debris and aggregates were gated out from
the initial cytogram Forward Angle Light Scatter (FALS)
vs Wide Angle Light Scatter (WALS). Due to the fluidity of
the ACR 1500, all cells were appropriately aligned and
only one population appeared in the cytogram FALS vs
WALS. Electronic windows weresplaced around regions
of interest and at least 10,000 cells included in the window
were analyzed at a flow rate of 150 events per second.

Statistical Analysis

In all cases, proportion variables were subject to the arc
sine square root transformation before analysis, but only
least squares mean values of untransformed data are
given for ease of interpretation.

For fertility and hatchability criteria, results from each
mating were summed over the two hatches and the
subsequent ratios were calculated for each set of sires and
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TABLE 2. Least squares (LS) means and coefficients of variation
of reproduction performances in R- and R+ lines!

Value of F and

LS mean? significance of effect?
Rate R- R* Line Cock/line cvz2
(%)
Hatched eggs:incubated eggs 0.55 0.35 - 138 13 37
Unfertilized eggs:incubated eggs 0.06 580 2T R Z8 58
Hatched eggs:fertilized eggs 0.58 0.48 4.9* 0.8 39
Early embryo mortality4 0.09 021 i 43 3nae 0.4 61
Late embryo mortality+ 0.09 0.09 0.2 1.2 86
Dead in shell 0.22 0.18 1.0 12 47

IR- = low feed intake line, R* = high feed intake line.

2Untransformed variables.

3Arc sine square root transformed variable.
“As a proportion of fertilized eggs.

E e 06

P < 001

wip < 0.081.

dams. All variables were then analyzed by nested analysis
of variance with the model:

Yijk = p + li b Sij + Cijk/

where Yjj is the observation from the kth hen inseminated
by the jth cock of the ith line, u is the average over all
effects, 1; is the fixed effect of the ith line, sij is the random
effect of the jth cock in the ith line, and ejjk is the random
error assumed to be N (0, ¢2,).

As sperm quality and contents were assessed repeat-
edly on the same cocks over 4 wk, split-plot analysis of
variance was carried out on all corresponding variables
with the model:

Yijk = u + li o+ Sij * dk i (ld)ik + eijk,

where Yjj is the observation on the kth day from the jth
cock of the ith line; y is the average over all effects; I; is the
fixed effect of the ith line, s;; is the random effect of the jth
cock in the ith line and the corresponding mean square is
the error term to test the line effect; dy is the fixed effect of
the kth day; (1d);x is the interaction between the effects of
the ith line and of the kth day; and Eijk is the random error
assumed to be N (0, ¢2,).

For all other variables, measured or calculated only
once for each cock, the two lines were compared by using
Student’s ¢ test.

RESULTS

Fertility and Hatchability Measurement

The differences between the two lines (Table 2) were
highly significant (P < 0.001) for the hatched eggs:
incubated eggs and unfertilized eggs:incubated eggs
ratios. In the same way, early embryo mortality was

higher (P < 0.001) in the R+ line than in the R~ line. On the
other hand, late embryo mortality and dead in shell rates
were not different in the two lines. Correspondingly, a
small difference (P < 0.05) was found for the ratio of
hatched eggs:fertile eggs between the two lines. The ratio
of unfertile eggs:incubated eggs differed between cocks
within line (P < 0.01), but there was no significant effect of
the sire on the other traits.

Ejaculates and Spermatozoa Evaluation

Ejaculate volume was similar in the two lines (Table 3),
but mean spermatozoa concentration was higher in R-
cocks. Therefore, the mean spermatozoa number of an
ejaculate was almost half in R+ than in R- cocks. The
differences between the two lines for spermatozoa
number and concentration were highly significant (P <
0.001). Spermatozoa motility mean value was higher (P <
0.001) in the R- line, and the rate of dead spermatozoa was
nearly twice higher (P < 0.05) in the R+ line. There were
significant differences within line between cocks for all
traits except the proportion of dead spermatozoa. Time
had a large effect on the volume of the ejaculate (P < 0.001),
but had little or no effect on other measures. Motility was
the only trait significantly gﬁted by all main effects of
the model, and also had a significant interaction between
line and time. :

Seminal Plasma Traits

No difference was found between the two lines for any
of the three seminal plasma traits (pH, uric acid, and total
protein concentrations). Values of pH and of total protein
concentration were, respectively, 8.8 and 5.86 g/L in both
lines. Concentration of uric acid was 91.5 and 100.8 mg/L,
respectively, in the R- and R+ lines.
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TABLE 3. Least squares (LS) means and coefficients of variation of sperm composition and spermatozoa variables

LS mean! Value of F and significance of effect?
Trait R- line? R* linet Line Cock/line  Time Line x time CV!
(%)
Volume, uL 435 444 0.05 T4 e Bl 1.4 20
Concentration, spermatozoa/mL 298 50100 154 x 109 24.5% o4 e 1.7 0.7 35
Number of spermatozoa 133 % 10 070 = 10° 185 2.6* 24 23 38
Motility 44 25 41.2%%+ 4109 2.2 3 28
Proportion of dead spermatozoa 0.036 0.061 71 I 2.6 1.1 64
Proportion of abnormal spermatozoa 0.043 0.052 0.6 e E 17 2.0 £
Proportion of living spermatozoa 0.92 0.89 3.8 3,74 2.9 02 4

1Untransformed variables.

2Arc sine square root transformed variables (for variables expressed as a proportion).

SR~ = low feed intake line.
4R* = high feed intake line.
*P < 0.05.

s B 011 0

g i, < ) (3,1} 5

Sperm Mitochondria Evaluation

Mean values (* SE) of the relative green fluorescence,
assessing the overall mitochondrial mass of the cells, were
76.54 +3.46 for R- cocks and 63.95 +2.64 for R+ cocks, with
a significant line difference (P < 0.01). Mean values (+ SE)
of Rh123 green fluorescence were 133.33 £2.33 for R- cocks
and 110.60 *+ 6.34 for R+ cocks; this difference was
significant (P < 0.01). However, the ratio of Rh123 to NAO
fluorescence was similar in both lines (1.74 and 1.73,
respectively).

DISCUSSION

The present work intended to explain why R+ cocks,
having a high caloric demand, also have poor reproduc-
tive capabilities when compared to R- males with
similar body weight but lower caloric demand. For that
purpose, cocks of the two lines have been compared for
their reproductive performance in relation to sperm
quality.

Both lines showed rather poor overall reproductive
performance, possibly due to the level of inbreeding and
to the duration of egg storage before incubation. Indeed,
inbreeding level was high, but it was similar (about 0.3)
in both lines (Bordas et al, 1992). Concerning egg
storage, longer (3 wk) storage, as in this experiment, is
known to depress fertility and hatchability in the R- and
R+ lines, to the same extent in both lines (Bordas and
Mérat, 1993). Inbreeding and duration of egg storage
therefore cannot explain why the results of reproduction
were different in the two lines, with a much larger
proportion of unfertilized eggs and with higher losses
during early embryo development in the R+ line. As late
embryo mortality and dead in shell eggs were similar in
both lines, observed differences in hatching rate as well
as those in proportion of fertilized eggs appear to stem
from events that took place around the time of

fertilization. These tesults confirm a previous study
(Ladjali et al., 1995), in which embryo development was
observed, and which showed that the percentage of
unfertilized eggs was significantly higher in the R+ line.
Within line, the only difference between sires was for
the rate of unfertilized eggs. It is interesting to note that
in the early generations of the divergent selection, losses
at hatching were higher in the R+ line because duration
of incubation was longer in this line (Bordas and Mérat,
1993). This line difference was then eliminated by
having the eggs incubate 12 h longer ever since.

As no significant difference was found between
seminal plasma in the two lines for pH, uric acid, and
protein concentrations, these characters were certainly
not involved in the reduced fertility of the R+ line. Of
course, total protein concentration may not reflect
possible variation in the content of specific, potentially
vital proteins. However, Thurston et al. (1992) showed
that total protein could be used as an indicator of semen
quality in turkeys because a high level of total protein in
the seminal plasma was associated with reduced fertility
and hatchability.

Line differences could then be explored further, on
the male side, by considering sperm and spermatozoa
contents and activity. The mean spermatozoa number of
an ejaculate was almost 50% lower in R+ the number in
R- cocks. Because each ejaculate was distributed to five
hens - during artificial insemination, each R- female
received an average total number of 266 million
spermatozoa as compared to 141 million for a R+ female.
However, hens have been inseminated twice a week, so
even the lower figure for the R+ line was well within the
range of the number of spermatozoa required for
successful artificial insemination (Brillard and de -
Reviers, 1989). Indeed, Bramwell et al. (1995) found less
than a 0.3 percentage difference in fertility (from 97.4
down to 94.7) 4 d after Al, for doses of 100 and 50
million spermatozoa. Therefore, it is questionable
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whether and to what extent the large 24-point difference
in the proportion of fertilized eggs between the two
lines can be explained by the lower number of
spermatozoa available for fertilization in the R+ line.

However, as spermatozoa motility was lower and the
ratio of dead or abnormal spermatozoa was higher in
the R+ line, those traits might also be involved in the
reduced fertility observed in R+ cocks, as shown by the
correlation observed between the abnormal spermatozoa
ratio and the unfertile eggs:incubated eggs ratio (+0.45,
P < 0.10) and between the abnormal spermatozoa ratio
and the hatched eggs:incubated eggs ratio (-0.51, P <
0.05).

In other respects, the results clearly showed that
mitochondrial content of sperm cells were lower in the
R+ line, as they confirmed unpublished observations of
NAO fluorescence (data not shown) on five males each,
made in a preliminary trial, with mean values of 96.6
and 54.6 respectively for R- and R+ cocks. In the present
work, both NAO and Rh123 incorporations were lower
in the R+ line and they remained in the same relative
proportions than in the R- line. Moreover, line differ-
ence in Rh123 incorporation did not depend on cell
viability, because the same low proportion of dead cells
(4.9%) was observed in both lines after PI staining.
Therefore, the two lines had the same mitochondrial
activity per mitochondrial inner membrane present in
the cell, but the R+ line appeared to have less
mitochondria than the R- line (17% less, when assuming
a perfect correspondence between the fluorescence of
mitochondrial inner membranes and the number of
mitochondria). Indeed, in spermatozoa, adenosine
triphosphate (ATP) produced by mitochondria is essen-
tial for muotility, and mitochondrial dysfunction is
known to affect sperm motility (Auger et al., 1989, 1993;
Folgere et al., 1993).

Overall, the accumulation of inferior results for
several sperm and spermatozoa variables measured in
the present work indicates that some detrimental
physiological condition appears to prevail in R+ males,
directly in relation to the decreased reproduction
performances of the line at fertilization. The primary
cause is unknown but observations on mitochondria
contents and activity indicate that, beyond the depress-
ing effect of inbreeding common to both R+ and R- lines,
selection might have affected some cellular function
involving the production of energy in the R+ line. If it is
the case, decrease of mitochondrial contents as a genetic
consequence of selection to increase residual feed
consumption could have taken place in any cell or
tissue. Mitochondrial content should be studied next in
other tissues of R+ and R- animals, including hens as
line differences at fertilization reported here may also
have been due to line differences on the female side, at
least to some extent. Indeed, sire-related line differences
for mitochondrial contents and quality of sperm were
clearly associated with differences of reproduction
performances between the two lines. On the other hand,

possible female contribution to line differences obtained
for reproduction traits around the time of fertilization
could not be separated from male-related differences, as
all matings were among individuals belonging to the
same line.
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