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ABSTRACT
Residual feed intakdrFl) is a measure of feed efficiency defined as the difference between
observed and predicted feed intake based on average requirements for maistetiance
production. At lowa State University, two lines of Yorkshire pigs were developeddy s
the effects of selection for RFI during the grow/finish phase of produd@Bhsfs). One line
was selected over 7 generations for decreasegf/RERFI ) to improve feed efficiency and
the other lineIRFI) was selected randomly for 4 generations and then for increasgg. RFI
The main objectives of this dissertation were to evaluate feeding betrait®and sow
reproductive performance and lactation efficiency. Pigs from the LR&hlad significantly
lower feed intakeKl) per day than did HRFI pigs. After adjusting for FI per day, number of
visits (NV) per day and per hour did not differ significantly between the two lines but the
trend was for LRFI pigs to have fewer visits, particularly during peakgeaiires.
Furthermore, pigs from the LRFI line ate faster and spent less tirtne fadder per day, per
visit, and per hour than HRFI pigs. Feeding behavior traits were moderately % highl
heritable, with heritabilities ranging from 0.36 for FI per visit to 0.71 for odcupéme
(OT) per day. Feed intake rate was also highly heritable at 0.59. HeritalolitidV per day,
OT per visit, and FI per day were similar (0.44, 0.42, and 0.42, respectively). Fypeasia
strongly correlated, both phenotypically and genetically, with RFI, avelabegain
(ADG), and backfat deptiBf). FI per visit was moderately correlated, both phenotypically
and genetically, with ADG and BF. OT per day was moderately correlatdd, bot
phenotypically and genetically, with RFI and BF. Other correlationsdmtvieeding
behavior traits and performance traits were low. For each feeding betnaitjayne or two

genomic regions were identified as being important in a whole genome assostiatly.



viii

SNPs located adjacent to MC4R (a gene already shown to be associatey faitness, and
growth) were significant for FI per day. Other genes with near®s3blund to be
associated with feeding behavior traits included several related tcedtftesinscription
regulators. After 7 generations, selection for decreasegfRfas improved piglet
performance and increased sow weight loss during lactation. LRFI sowsohagiglets
farrowed, born alive, and weaned than did HRFI sows. LRFI piglets weveehatbirth and
had better litter growth than did HRFI piglets. However, this increaséet pgrformance
came at a cost to the sow. During lactation, LRFI sows consumed less feed amaféos
body weight, fat mass, and BF than did HRFI sows. LRFI sows had a gregdgvaenergy
balance but more favorable lactation efficiency and RFI during lactétganHRFI sows.
Heritabilities were high (> 0.4) for sow weights, body composition, and maintenance
requirements and piglet birth weights. Piglet growth during lactation, matpirzof the
sow’s body tissue, sow feed intake and total born were moderately hefitabtelf < 0.4).
Correlations with RF4;r were not significant for most traits. However, strong, positive
genetic correlations with REF were found for sow weight at farrowing and weaning, sow
maintenance requirements, and sow RFI and strong, negative genetidiooseléh RFE/-
were found for sow protein mass loss and lactation efficiency. In conclusidreffeency
may be affected by feed intake behavior because selection for decreaggedh&SHesulted
in pigs which spend less time eating and eat faster. A large genepoment to feeding
behavior is evident and measuring and selecting for these traits may@llotldr
opportunities to improve traits of economic importance. Selection fa¥Rts positively
affected piglet performance and lactation efficiency but has negaéffelsted sow body

condition change and energy balance during lactation.
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CHAPTER 1. GENERAL INTRODUCTION

Introduction

As feed costs continue to rise due to competition with other industries such as ethanol
for feed resources and consumers become increasingly more concerned witialsilisy,
feed efficiency (kg growth per kg feed) continues to grow in importance fmdghedustry
and is a vital component of pig breeding programs. Feed efficiency hastralijtibeen
improved through selection for decreased feed intake and increased growth. However, only
about 65% of phenotypic differences in feed intake can be accounted for by growth and
performance (Cai et al., 2008). The remaining variation in feed intake canlbategaising
residual feed intakeRFI1), which is a measure of feed efficiency defined as the difference
between observed feed intake and the expected feed intake based on maintenance and
performance. The impact of selecting for RFI during the grow/finish pifgs@duction
(RFlg/p) must be evaluated so that possible detrimental effects can be asse$sed. Ztate
University, two lines of Yorkshire pigs were developed to study the effecedeation for
RFls/r One line was selected over 7 generations for decreaseg RIRFI ) to improve
feed efficiency and the other linedRFI) was selected randomly for 4 generations and then
for increased RE)r.

Therefore, the objectives of this dissertation included evaluating #asetf
selection for RRd/r on feeding behavior and daily feed intake patterns. Feeding behavior
traits that were evaluated included average feed intake per dayanti2-h block;
occupation time per day, visit, and 2-h block; number of visits per day and 2-h block; and
feed intake rate. To evaluate the association of feeding behavior traitR ki,

phenotypic correlations were estimated across and within lines. Phermg@iations of



feeding behavior traits were also estimated with average darlyagdibackfat. The second
objective of this study was to estimate heritabilities of feeding behasits, tgenetic
correlations of feeding behavior traits with Bl and perform a whole genome association
study for feeding behavior traits in order to identify regions of the pigrgerthat may be
associated with feeding behavior.

As the issue of sustainability becomes more important, we must also aim to have
sows which produce more piglets. Because of this, it is important to evaluateotut oh
selecting for more efficient finisher pigs on the reproduction and efficiehsgws.
Therefore, another objective of this dissertation was to evaluate thtseffeselection for
RFls/r on and to estimate the genetic and phenotypic correlations gi&Rkth and
heritabilities of sow reproductive performance and lactation efficieneytsTpertaining to
the piglets of the sow that were evaluated included number farrowed, born aidatde
birth, mummified, weaned by litter, and weaned by sow; total and averagevigights at
birth (both total farrowed and only those born alive) and weaning; farrowing and pre-
weaning survival; and litter and piglet average daily gain, growth, and enengyl crts
pertaining to the sow evaluated included sow weight, fat mass, protein mass, and backfa
depth at farrowing and at weaning; weight, fat mass, protein mass, and backf&tlassg
lactation; sow maintenance requirements; sow feed intake; energy output andactptign
efficiency; sow residual feed intake; and energy balance.

Thesis Organization
Three journal articles (one published, two to be submitted for publication) wiéenvio
achieve the objectives of this dissertation and are included as chapters. Samle gene

background information and a literature review of feeding behavior and appgtitation



are provided in the current chapter. The effects of selection feyHiAl feeding behavior

traits and the phenotypic correlations of feeding behavior traits witgfR&Verage daily

gain, and backfat thickness are reported in Chapter 2. The heritabilities afyfbetiavior

traits, genetic correlations of feeding behavior traits withgRRahd other performance traits,
and a high density SNP analysis of feeding behavior traits are reportedoteCharhe

effects of selection for REk on sow reproductive performance and lactation efficiency traits
and the phenotypic and genetic correlations oiRRlith and the heritabilities of these same
traits are reported in Chapter 4. General conclusions and discussion of thénrasearc

summarized in Chapter 5.

Literature Review

Feeding behavior and appetite regulation in pigs are influenced by mangiffer
factors. The objective of the below literature reviews was to better uadetsie many
biological factors that contribute to differences in feeding behavior @metite regulation.
For the feeding behavior review, factors contributing to differences imigéeaihavior are
discussed. This is followed by discussion of genetic parameters of feeding bétadtaor
response in feeding behavior traits to multiple selection strategies, atdnships of
feeding behavior traits with RFI, average daily gain, and backfat. Thatepegulation
review addresses the many biological factors that are involved in apefitiation.
Feeding behavior
Introduction

Feeding behavior in pigs is a complex field of study with many factors comgltot

differing feed intake patterns. In this dissertation, feeding behaviorefelt to those traits



that pertain to the manner of feed intake including feed intake per day and per visit,
occupation time per day and per visit, number of visits to the feeder per day, anddked i
rate. Group size, breed, sex, and other environmental factors contribute to feedingr beha
(these areas will be discussed in more detail later in the dissertationfoRhe
development of electronic feeders, measuring individual feed intake during térgsh
phase of production required individual housing, which is expensive and labor intensive
(Nielsen et al., 1995). The development of computerized feed intake recordingssyste
allows for the recording of individual feeding behavior while housing pigs in gragipg
electronic transponders (Young and Lawrence, 1994). Measures of feeding bdtavior t
have been evaluated include number of visits or meals per day, occupation time per visi
meal, occupation time per day, feed intake rate, feed intake per visit or meal, @y ave
daily feed intake (de Haer et al., 1993). Meals in the de Haer et al. (1993) study were
classified as two or more visits within five minutes of each other without another pi
occupying the feeder. Labroue et al. (1994) used a meal criterion of two minutes! iost
five minutes because they found that increasing the meal criterion over hatesndid not
greatly affect the number of meals per day. With feed costs rising, ngdeeid
consumption while maintaining production is becoming more valuable to producers.
Therefore the relationship between feeding behavior traits and RFldéragbauated in
previous research (de Haer et al., 1993; Von Felde et al., 1996) but neither studg gmlecte
RFI.
Group size and feeding behavior

Previous studies have shown that group size affects feeding behavior. Walker (1991)

evaluated groups of 10, 20, or 30 pigs in a pen with one single-space feeder that was the only



access to feed and water. The feeder allowed for competition at the Wedtlesr (1991)

found no significant effect of group size in growing pigs on humber of visits per day.
However, a significant difference was found in occupation time per visit and [@ayeeoft

the day that the feeder was occupied by a pig with occupation time per visasilegrand
percentage of the day that the feeder was occupied by a pig increagmg@asize

increased (Walker, 1991). Labroue et al. (1999) evaluated Piétrain and Largegvéhiing
boars housed in groups of eight to thirteen and collected feeding behavior datasiisgig-a
space electronic Acema 48 feeder (ACEMO, Pontivy, France). The f&éneed for no
competition at the feeder due to a full body race with a gate that shut behind theepig w
entered the feeder. Group size was not found to affect feed intake per day but number of
visits per day and occupation time per day decreased and feed intake raketha® group
size increased (Labroue et al., 1999). When breeds were evaluated separatébcttbé
group size on number of meals per day, occupation time per meal, and feed intakalper m
were found to be breed specific with Large White boars eating a larger nahseall,

short meals when group size increased and Piétrain boars eating feweganch&als of
similar length as group size increased (Labroue et al., 1999). Hyun and Ellis (2@0h}exd
group sizes of 2, 4, 8, and 12 growing pigs per pen and used single-space electronic FIRE
feeders (Osborne Industries, Inc., Osborne, KS) for collecting feedingibetata. The
feeder reduced competition at the feeder due to pigs being in a full bodyhaceating;
however, the rear of the pig was still accessible by other pigs in the peawingj pigs,
number of visits per day and occupation time per day decreased and feed intaké gqued visi
feed intake rate increased as group size increased (Hyun and Ellis, 2001) whiah is w

Labroue et al. (1999) found in pens of Large White and Piétrain growing boars mixed



together. Occupation time per visit was higher in groups of 8 pigs compared to the other
sized groups (Hyun and Ellis, 2001). In a following study, evaluating finishing g

and Ellis (2002) found similar results with group size having an effect on all feeding
behavior traits with the exception of occupation time per day when evaluating gresosi

2, 4, 8, and 12 pigs per pen with a single-space electronic FIRE feeder. Hyun and Ellis
(2002) found that, as group size increased, number of visits per day decreased and feed
intake per visit and feed intake rate increased which is what Hyun and Ellis (200d)ih
growing pigs. Also like Hyun and Ellis (2001), Hyun and Ellis (2002) found that occupation
time per visit was greatest in groups of 8 pigs. Hyun and Ellis (2002) did not find a
significant difference in occupation time per day like Hyun and Ellis (2001); howteee
tendency was for occupation time per day to decrease as group size increakes thibic
same direction as Hyun and Ellis (2001).

Unlike the previous studies that used a constant pen size with differing grogip size
Nielsen et al. (1995) evaluated different group sizes of pigs in different sigerperder to
maintain a space allowance of 1.08mer pig. Nielsen et al. (1995) used single-space
electronic FIRE feeders for collecting feeding behavior. Nielseh €t95) evaluated group
sizes of 5, 10, 15, and 20 pigs per pen and found that pigs housed in groups of 20 had fewer
number of visits per day, higher occupation time per visit and feed intake pglowsit
occupation time per day, and faster feed intake rate than pigs in other groups.€Bés
are similar to those found by Labroue et al. (1999) and Hyun and Ellis (2001, 2002) although
group sizes were different. Nielsen et al. (1995) found no difference in dadlyrfeake due

to differences in group size which is also similar to Labroue et al. (1999).



Hyun et al. (1998) did not evaluate group size but rather space allowance, a trait
related to group size because space allowance per pig with a constane peousiz
decrease as the number of pigs per pen increases. Feeding behaviorreaitsmwpared
between pigs housed in groups of eight with either 0.25 or (*%@npig of pen space
(Hyun et al., 1998). With more space per pig, pigs had a higher gain to feed ratio and a
higher number of visits per day but lower occupation time and feed intake per visit whe
compared to pigs with less space per pig (Hyun et al., 1998). These results suppsultde re
found for the effect of group size where smaller groups which have more spaacg pexd pi
greater number of visits per day and a lower feed intake per visit and occupaéqyeti
visit. However, smaller groups had a lower feed intake rate which Hyun et al. (199 di
find with greater space allowance per pig. This shows that the number of pigeqearis
important for feeding behavior in addition to the space allowance per pig. The fiesults
these studies show that pigs adjust their feeding behavior based on the number of pigs per
feeder space and space allowance per pig.

Other studies compared feeding behavior in group housing with individual housing.
Gonyou et al. (1992) evaluated performance and behavior of pigs housed individually or in
groups of five. Gonyou et al. (1992) reported that individually housed pigs ate malaype
than group-housed pigs and tended to synchronize their eating schedules based on the pens
next to them. If individually housed pigs were next to a pen of five, they would synchronize
their eating with the pen of pigs as long as the feeder was adjacent todhedual pen
(Gonyou et al., 1992). On the other hand, pigs housed in pens of five were more likely to eat
by themselves rather than in pairs than would be expected by chance dlolomeveating

increasing as the pig aged (Gonyou et al., 1992). In a study by de Haer and {&993es,



growing pigs housed individually or in groups of eight were evaluated for feediagibe
using single-space electronic IVOG feeders (Insentec B.V., Man€le Netherlands).
These feeders allowed for competition at the feeder because there was toopratect the
pig (de Haer and de Vries, 1993a). The entrance to the hopper could be adjusted based on the
size of the pigs in order to allow only one pig access at a time (de Haer aneéslel983a).
Similar to Gonyou et al. (1992), individually housed pigs were found to eat less and spend
less time eating per meal and per visit, eat slower, eat more and spentnme@ating per
day, and have more meals and visits to the feeder than group-housed pigs (de Haer and de
Vries, 1993a). Bornett et al. (2000) also looked at the effects of group versus individual
housing using three blocks of four unrelated Large White x Landrace males.g~eedin
behavior from grouped pigs was collected using single-space electroiddéders
(Bornett et al., 2000). In blocks 1 and 3, pigs were housed individually for one period,
grouped together for the second period, and then returned to individual housing while pigs in
block 2 remained in individual housing for all 3 periods to serve as controls (Bornett et al
2000). Group-housed pigs in period 2 were found to have fewer visits per day and higher
occupation time per visit, feed intake per visit, and feed intake rate than in peBoch#t{
et al., 2000). Number of visits per day was not significantly different between boused
and individually-housed pigs (Bornett et al., 2000), which leads to the idea that the @fffect
group versus individually housed pigs may be confounded with age of the pig in this study.
Breed differences in feeding behavior

Previous studies have shown that breed has an effect on feeding behavior. In a study
by de Haer and de Vries (1993b), Dutch Landrace and Great Yorkshire pigs differed in both

growth performance and feeding behavior. Great Yorkshire pigs had highegadaily



gain and lean percentages, lower feed to gain ratios, and less backfat tHahdbdi@ce
pigs while also eating more frequently and faster than Dutch Landracevglys lower
occupation time per day and feed intake per visit (de Haer and de Vries, 1993bhdsrowi
Piétrain boars were found to have lower daily feed intake, number of visits per dayr numbe
of meals per day, occupation time per day, and feed intake rate than growiag/\latg
boars with occupation time per meal not being significantly different (Lalebale, 1999).
Labroue et al. (1994) found that French Landrace pigs had fewer visits per tiay,faag
intake per meal, and longer occupation time per meal than Large White pigs when penned
together. When penned separately, the only feeding behavior trait that diftgriéidamtly
was number of visits per day with French Landrace pigs having fewer wiits teeder
than Large White pigs (Labroue et al., 1994). The results from the above studigsstiea
that breed has an effect on feeding behavior while the results from Labredugl894)
suggest that breed not only affects feeding behavior but mixing breeds might@dst im
feeding behavior so warrants further research.
Sex differences in feeding behavior

Previous studies have found differences in feeding behavior traits betwesn se
Hyun et al. (1997) found that barrows had a greater number of meals per day tlsaamboar
gilts but no differences for other feeding behavior traits. The resultsHyam et al. (1997)
are similar to the findings of Hyun and Ellis (2001) who found that, in growing pigs, sarrow
had a greater number of visits and occupation time per day compared to gilts but no
difference in other feeding behavior traits. However, this differs fronfindengs of Hyun
and Ellis (2002) who found that, in finishing pigs, barrows had higher daily feed intake tha

gilts because of greater feed intake per visit rather than an increagedrfcy of eating. In a
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study by de Haer and de Vries (1993b), gilts had greater number of visits @erddaymber
of meals per day but consumed less feed per visit than boars which differsyuonet-al.
(1997) who found no differences in feeding behavior between boars and gilts. Labrioue et a
(1994) found that barrows had higher occupation time per day, occupation time per meal,
daily feed intake, and feed intake per meal than boars with no difference in numbaiof me
per day which differs from Hyun et al. (1997) who found that barrows had a greater number
of meals per day than boars but did not differ in other feeding behavior traits. Goou et
(1992) showed that barrows had higher daily feed intake than gilts which théier$iyun
et al. (1997) and Hyun and Ellis (2001) who did not find a difference in daily feed intake
between barrows and gilts but is similar to the study by Hyun and Ellis (2002pwa f
that barrows had a higher daily feed intake than gilts. Differences bessges are
inconsistent across studies which suggests that the effect of sex on feedingrizbtiars
depending on breed and environment evaluated.
Diet effects and feeding behavior

Hyun et al. (1997) evaluated the effect of diet on feeding behavior traits. &set w
found to affect the number of meals per day, feed intake per visit, feed intakeger m
occupation time per visit, and occupation time per meal. The diets consistedroigliffe
concentrations of corn, soybean meal, amino acids, and calcium supplements (&lyun et
1997). Diets, from 1 to 4, had increasing soybean meal, DL-methionine, L-threonine, and
limestone contents and decreasing corn, Lysine-HCL, L-tryptophan, anduhcgbbsphate
contents, resulting in increasing dry matter, crude protein, and total lysihe, w
metabolizable energy being equal between the four diets (Hyun et al., 1997). Pigs &n die

and 2 had similar feeding behaviors as did pigs on diets 3 and 4. Pigs on diets 1 and 2 had
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higher number of meals per day but lower feed intake per visit, feed intake per meal,
occupation time per visit, and occupation time per meal than pigs on diets 3 and 4 (Hyun et
al., 1997). Pigs on diet 1 also had lower feed intake per meal than pigs on diet 2 (Hyun et al
1997). These results show that diet may play a significant role in the feeding bethavior
pigs.
Electronic versus conventional feeders

Electronic feeders are single-spaced and provide protection from other pygysgvar
from just a shoulder race to a full body race with a gate that closes behind the pig.
Conventional feeders are multi-spaced and do not provide protection from other pigs. The
FIRE feeders used in the following studies had a full body race but no gate spigshsil|
had access to the rear of the pig in the FIRE feeder. Hyun and Ellis (2001) found that
growing pigs fed on FIRE feeders had lower feed intake and a greateo ¢@eal tratio than
pigs fed on conventional feeders. A follow up study in finishing pigs supported thesg resul
(Hyun and Ellis, 2002). However, a study by Casey (2003) found that pigs on a FIRE feeder
had lower feed intake, greater feed conversion, and lower residual fdezltima pigs on a
conventional feeder. Although no differences were found in boars for growth, backfat, and
loin muscle area, gilts on the FIRE feeders grew slower and depositbadiést and loin
muscle than gilts on conventional feeders (Casey, 2003). Since differemedeuvel for
feed intake per day, there is the possibility that other feeding behavismvimitd differ
between conventional and FIRE feeders, especially since it is easagpifpto displace
another pig at a conventional feeder than at the FIRE feeder. This brings up tlenaiest
how reliable the results found using FIRE feeders, or other electronic feemlddsbe in a

commercial setting where conventional feeders would be used.
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Heritability of feeding behavior
Heritabilities of feeding behavior tended to be moderate to high regardlessdfdar

species evaluated and are reported in Table 1.1.

Table 1.1 Heritabilities of feeding behavior traits in pigsttle, and sheep

Feeding behavior trait Piys Cattlé Sheep
Feed intake per day 0.16 (0.16), 0.22 (0.06), 0.42 (0.06), 0.25 (0.06)
0.42 (0.053
Feed intake per meal 0.47 (0.22).49 (0.06), 0.53 (0.05)
Feed intake per visit 0.35 (0.219.51 (0.03) 0.33 (0.07
Occupation time per day ~ 0.24 (0.21).36 (0.05), 0.43 (0.04), 0.28 (0.12) 0.36 (0.08)
0.44 (0.06)
Occupation time per meal  0.27 (0.179.45 (0.05), 0.54 (0.06)
Occupation time per visit ~ 0.27 (0.16).42 (0.04) 0.29 (0.06)
Number of meals per day  0.42 (0.2@).43 (0.06), 0.45 (0.05)
Number of visits per day ~ 0.38 (0.200.43 (0.04) 0.38(0.13) 0.35 (0.07§
Feed intake rate 0.29 (0.240.44 (0.04), 0.49 (0.05),
0.50 (0.063

¥ Estimates of heritabilities in pigs with standardor in ().

® Estimates of heritabilities in cattle with stardiarror in ().

¢ Estimates of heritabilities in sheep with standamr in ().

9 Estimates of feed intake per day as a behavitr tra

de Haer and de Vries, 1993b — 273 Dutch Landradel88 Great YorkshirélLabroue et al., 1997 —
1285 French Landrac&.abroue et al., 1997 — 2425 Large Whit¢on Felde et al., 1996 — 1814
Large White and 1374 Landracitkrumah et al., 2007 — 464 composit®ammack et al., 2005 —
1239 % Columbia, ¥ Hampshire, and ¥ Suffolk lambs

Heritabilities found by de Haer and de Vries (1993b) tended to be lower witkrgreat
standard errors than those found by Von Felde et al. (1996) and Labroue et al. (1999) which
may be due to smaller number of pigs used in the study. Even in species with deffiremt
habits (ruminants versus non-ruminants), heritabilities of feeding beheaitsrwere
consistent.
Predicted response to simulated selection for feeding behavior

Hall et al. (1999) predicted responses to selection when including feeding behavior

traits along with average daily gain, backfat, and daily feed intake iecisa index with
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the goal of improving growth rate, lean content of the carcass, and feed con\aisiorhe

three traits that Hall et al. (1999) included were feed intake per visit, nuhwisits per

day, and occupation time per visit because they had favorable correlations fatmpace

traits and other feeding behavior traits are a function of those three mchitgoald therefore

add no new information. Hall et al. (1999) concluded that the use of feeding behavior traits

increased genetic gain potential for average daily gain, percentdedn;dnversion ratio,

and daily feed intake. Hall et al. (1999) also concluded that the most effectiaggre

genetic gain) and robust (less prone to error) index included average dajlgagkfat, daily

feed intake, and number of visits per day. The index that also included feed intaké per vis

and occupation time per visit was considered to be less robust because moreeparamet

would need to be estimated which allows for more error to be introduced into thmselec

index.

Relati onshi ps between feeding behavior and feed efficiency

Several studies have evaluated the relationship of feeding behavior withrdiffere

measures of feed efficiency in pigs, cattle and sheep. Phenotypic atid gemelations

between feeding behavior traits and feed efficiency varied from studydy abd are shown

in Tables 1.2 to 1.3.

Table 1.2 Phenotypic correlations of feeding behavior sraiith measures of feed efficienitypigs, cattle,

and sheep.

Feeding behavior trait REI FCR G:F

Feed intake per day 039.47,0.58% 0.60, -0.0T,0.15,0.16,0.27 -0.06%,0.73
0.61%, 0.98

Feed intake per meal 007 -0.04, -0.00

Feed intake per visit -0.200.1%, -0.03" -0.07 -0.3¢, -0.12*

Occupation time per day ~ 0.820.06°, 0.08, -0.0€’, -0.03"*, 0.05, 0.08
0.10% 0.15, 0.37, 0.4F, 0.1%, 0.14
0.49, 0.64

Occupation time per meal 000 -0.05, 0.02
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Table 1.2 Phenotypic correlations of feeding behavior sraiith measures of feed efficienitypigs, cattle,
and sheep.

Feeding behavior trait REI FCR GF
Occupation time per visit  -0.150.03 0.0F -0.16
Number of meals per day 045 0.07*
Number of visits per day ~ -0.610.10% 0.1%, -0.1%, -0.07, 0.0Z, 0.12%, 0.34
0.17,0.18, 0.24%, 0.26, 0.14°
0.45° 0.51
Feed intake rate -0.640.07, 0.08, -0.07, -0.02, 0.08, -0.15, -0.11
0.1%, 0.25%, 0.26° 0.02, 0.54°

@ Phenotypic correlations of feeding behavior traiith residual feed intake (RFI).

® Phenotypic correlations of feeding behavior traitth feed conversion ratio (FCR, kg feed to kgnjai

¢ Phenotypic correlations of feeding behavior traiith gain to feed ration (G:F, kg gain to kg feed)

Pigs:'de Haer et al., 1993 — 273 Dutch Landrace and ¥8at(Y orkshire?Von Felde et al., 1996 — 1814
Large White and 1374 Landradeabroue et al., 1997 — 1285 French Landrécabroue et al., 1997
— 2425 Large White’Hyun and Ellis, 2002 — 208 crossbred pfigauw et al., 2006a — 104 Durocs;
"Rauw et al., 2006b — 200 Durocs

Cattle:®Nkrumah et al., 2007 — 464 compositésincaster et al., 2009 — 341 Angtfelly et al., 2010a — 86
Limousin x Friesian*'Kelly et al., 2010b — 50 Limousin x Friesian

Sheep?Cammack et al., 2005 — 1239 ¥ Columbia, ¥: Hampshire ¥4 Suffolk lambs

Table 1.3 Genetic correlations of feeding behavior traithhwneasures of feed efficienay pigs,
cattle, and sheep.

Feeding behavior trait REI FCR
Feed intake per day 0.61 (0.15).97 (0.01) -0.06 (0.10%, 0.11 (0.06),
0.13 (0.28)
Feed intake per meal 0.05 (0.94).10 (0.06)
Feed intake per visit 0.13 (0.09) 0.01 (0.13)
Occupation time per day 0.22 (0.22).44 (0.10), -0.25 (0.299, 0.12 (0.16),
0.57 (0.28 0.16 (0.073, 0.16 (0.08)
Occupation time per meal 0.09 (0.94).24 (0.09
Occupation time per visit -0.01 (0.12) -0.02 (0.17
Number of meals per day -0.19 (0.3,®.03 (0.05)
Number of visits per day -0.34 (0.309.17 (0.12%,  -0.52(0.219, 0.11 (0.16)
0.20 (0.22)
Feed intake rate 0.25 (0.11) -0.21 (0.08), -0.03 (0.05),
0.03 (0.16)
& Genetic correlations of feeding behavior traitthwesidual feed intake (RFI) with standard error
in ().

® Genetic correlations of feeding behavior traitthvieed conversion ratio (FCR, kg feed to kg

gain) with standard error in ().

Pigs:'Von Felde et al., 1996 — 1814 Large White and 1i3¥fdrace’Labroue et al., 1997 — 1285
French Landracél.abroue et al., 1997 — 2425 Large White

Cattle:*Nkrumah et al., 2007 — 464 composites

Sheep”Cammack et al., 2005 — 1239 % Columbia, ¥4 Hampshire ¥ Suffolk lambs
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Overall, daily feed intake was found to be strongly and positively correlated, both
phenotypically and genetically, with RFI in pigs, cattle, and sheep. Tdterehip of other
feeding behavior traits with RFI was study dependent with varyingtisdsaged on breed,
species, and sex of animal being evaluated. In general, feeding behaviotashoderately
correlated with RFI. In pigs, both genetic and phenotypic correlationgsaihfg behavior
with feed conversion ratio were weaker than and in the same direction as gedeti
phenotypic correlations of feeding behavior with RFI. However, this did not hold true in
cattle with some correlations between feeding behavior and feed conversidoenag in a
different direction than the correlation between that feeding behavior and Rfelugh in a
different direction, correlations of feeding behavior traits with feed ceroreratio were
weaker than correlations of feeding behavior traits with RFI in cattle.
Relationship of feeding behavior with average daily gain and backfat thickness

Previous studies have evaluated the relationship of feeding behavior with average
daily gain and backfat thickness in pigs, cattle, and sheep. Phenotypic and genetic

correlations previously reported are shown in Tables 1.4 to 1.5.

Table 1.4 Phenotypic correlations of feeding behavior srafith average daily gain and
backfat thicknesh pigs, cattle, and sheep.

Feeding behavior trait

ADG

BF°

Feed intake per day

Feed intake per meal
Feed intake per visit
Occupation time per day

Occupation time per meal
Occupation time per visit
Number of meals per day
Number of visits per day

Feed intake rate

02®.47, 0.50°", 0.52,

0.66, 0.67* 0.76
029.32, 0.49
-0.1%0.04, 0.13, 0.41
-0.5®.09%, 0.10¢ 0.13,

0.17 0.19%° 0.2¢, 0.25,

0.3C
034.19, 0.29
-0.1%0.0¢, 0.05, 0.18
-0220.09, -0.07
-0.160.14, 0.0%, 0.03,

0.04,0.16, 0.22*, 0.281°
-0.810.09, 0.15¢, 0.23,

0.24, 0.35, 0.37, 0.43,
0.68

0.17, 0.26, 0.36

0.1¢, 0.33

-0.05, 0.07, 0.0¢, 0.15,
0.2%% 0.37

0.17* 0.20

0.0¢%, 0.18

-0.19, -0.09, -0.06
-0.2¢, -0.18, 0.0Z, 0.05

0.13,0.1%, 0.18, 0.29,
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Table 1.4 Phenotypic correlations of feeding behavior srafith average daily gain and
backfat thickness pigs, cattle, and sheep.

Feeding behavior trait ADG BF
0.25',0.28, 0.37, 0.38, 0.35
0.5¢

 Phenotypic correlations of feeding behavior traiith average daily gain (ADG).

® Phenotypic correlations of feeding behavior traiith backfat thickness (BF).

Pigs:'de Haer et al., 1993 — 273 Dutch Landrace and ¥8at(¥orkshire?Von Felde et
al., 1996 — 1814 Large White and 1374 Landrdicabroue et al., 1997 — 1285
French Landracélabroue et al., 1997 — 2425 Large Whiidyun and Ellis,
2002 — 208 crossbred pigRauw et al., 2006b (evaluated rate of fat depasitio
instead of backfat thickness) — 200 Durocs

Cattle:’Nkrumah et al., 2007 — 464 compositésgncaster et al., 2009 — 341 Angus;
Kelly et al., 2010a — 86 Limousin x FriesidfKelly et al., 2010b — 50 Limousin
x Friesian

SheepCammack et al., 2005 — 1239 % Columbia, ¥4 Hampshite ¥ Suffolk lambs

Table 1.5 Genetic correlations of feeding behavior traithwaverage daily gain and
backfat thickness pigs, cattle, and sheep.

Feeding behavior trait ADG BF°

Feed intake per day 0.68 (0.69).80 0.35 (0.03, 0.45 (0.09),
(0.10Y, 0.81 (0.03, 0.62 (0.05}
0.87 (0.03j

Feed intake per meal 0.29 (0.§4).49 (0.05) 0.18 (0.023, 0.31 (0.04)

Feed intake per visit 0.20 (0.87) 0.07 (0.05)

Occupation time per day 0.02 (0.88).17 0.07 (0.043, 0.09 (0.02,
(0.14¥, 0.19 (0.03), 0.15 (0.07, 0.37 (0.25)
0.32 (0.08), 0.42 (0.25)

Occupation time per meal 0.16 (0.2).23 (0.04) 0.12 (0.02), 0.13 (0.0

Occupation time per visit 0.07 (0.08) -0.05 (0.07Y

Number of meals per day -0.19 (0.6.03 -0.15 (0.063%, -0.10 (0.10)
(0.02Y

Number of visits per day -0.33 (0.23).04 -0.47 (0.223, 0.06 (0.07)
(0.06), 0.31 (0.15)

Feed intake rate 0.27 (0.68).29 0.11 (0.03%, 0.19 (0.07,
(0.04¥, 0.48 (0.05) 0.25 (0.03)

@ Genetic correlations of feeding behavior traitthvaiverage daily gain (ADG) with
standard error in ().
® Genetic correlations of feeding behavior traittwiackfat thickness (BF) with standard
errorin ().
Pigs:'Von Felde et al., 1996 — 1814 Large White and 1i3¥drace’Labroue et al.,

1997 — 1285 French Landraceabroue et al., 1997 — 2425 Large White
Cattle:*Nkrumah et al., 2007 — 464 composites
Sheep”Cammack et al., 2005 — 1239 % Columbia, ¥4 Hampshire ¥ Suffolk lambs
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Overall, feed intake per day, visit, and meal were found to be highly and positively
correlated, both phenotypically and genetically, with average dailyirgaigs, cattle and
sheep. Daily feed intake was found to be highly and positively correlated, both
phenotypically and genetically, with backfat thickness; however, feaklemter visit and
meal were only lowly to moderately correlated with backfat thickness. Cwoupane per
day was moderately and positively correlated, both phenotypically andogdigetvith
average daily gain. Occupation time per day had low and positive phenotypic and genetic
correlations with backfat thickness in pigs but high and positive phenotypic and genetic
correlations with backfat thickness in cattle. Occupation time per visit agaton time
per meal were lowly to moderately correlated, both phenotypically and gahetwith both
average daily gain and backfat thickness. The relationship of the numbersbwrisieals
per day with average daily gain and backfat thickness varied greatlystnggbaat there is
a strong influence of species, breed, and population on the phenotypic and genetic
correlations. Feed intake rate was moderately to highly correlated, batbtybieally and
genetically, with both average daily gain and backfat thickness.
Differencesin feeding behavior based on differencesin residual feed intake

A few studies have evaluated differences in beef cattle based on ranking tlo@m as
medium, and high residual feed intake animals. Nkrumah et al. (2006, 2007) evaluated daily
feeding frequency, defined as independent visits to the feed bunk, and daily feedtrandur
defined as time spent at the feed bunk in feeding activities such as prehensiong caedi
socializing at the feed bunk. Nkrumah et al. (2006) evaluated 27 steers with Cahtinent
British dams and either Angus or Charolais sires. Nkrumah et al. (2007) edalGdtbeef

composite steers. Nkrumah et al. (2006, 2007) found that low, medium, and high RFI steers
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differed in both daily feeding frequency and daily feeding duration with low Rétlsste
having lower daily feeding frequency and daily feed duration than both medium and high
RFI steers. Medium RFI steers were intermediate to low and high R &ieboth daily
feeding frequency and daily feeding duration (Nkrumah et al., 2006, 2007). Golden et al.
(2008) evaluated 80 crossbred Angus steers and divided them into efficient (loan&FI)
inefficient (high RFI) groups. Golden et al. (2008) evaluated eating bouts anpeakaig

rate. They also found that efficient (low RFI) steers had fewer eating peudsy than did
inefficient (high RFI) steers (Golden et al., 2008). They found no difference dretase and
high RFI steers for eating rate (Golden et al., 2008). Lancaster et al. (2803ted 341
purebred Angus bulls for meal duration (defined as sum of all daily individual measkgve
meal frequency (defined as number of independent meal events per day), anatimgal e
rate (calculated as dry matter intake divided by meal duration). Laneastl. (2009) found
similar results to Nkrumah et al. (2006, 2007) and Golden et al. (2008) with low RFI bulls
having lower meal frequency and meal duration than high RFI bulls and medium RFI bulls
being intermediate to the low and high RFI bulls. Like Golden et al. (2008), they found no
difference in meal eating rate between low, medium, and high RFI bulls @taneaal.,
2009). Bringham et al. (2009) evaluated 115 Brangus heifers for head-down duration
(min/d), head-down frequency (events/d), and head-down eating rate (g/min) and only
divided the heifers into low or high RFI animals and did not include a medium RFI group.
Bingham et al. (2009) found that low RFI animals had a lower head-down frequency than
high RFI animals but found that low RFI animals had a higher head-down duketiohigh
RFI animals which is contrary to other studies (Nkrumah et al., 2006, 2007; Laratadter

2009). This may be due to the animals in the study by Bingham et al. (2009) being heifer
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while the other studies focused on steers and bulls. Unlike Lancaster et al. (2009318
et al. (2009) found a difference in eating rate with low RFI animals esibager than did
high RFI animals. All studies found a decrease in dry matter intake in lowariRfaals
compared to high RFI animals. These studies show that there are consifgssmiabt in
feeding behavior between groups of cattle differing in RFI but these difiesanay be sex
dependent.
Correlated response in feeding behavior to selection for feed efficiency

In laying hens, behavioral differences were evaluated in lines selectedlicand
low feed efficiency over 3 generations (Braastad and Katle, 1989). Ferenely was
measured as proportional residual feed consumpBB#C) which was expressed as a
percentage deviation between observed and expected feed consumption. Expected feed
consumption was based on weight gain, egg production, and metabolic body weight
(Braastad and Katle, 1989). In the high efficiency lines, the 20 hens with the PRIESt
were selected from 276 hens (Braastad and Katle, 1989). In the low effigrenapé 25
hens with the highest PRFC were selected from 122 hens (Braastad and Katle, 1989).
Braastad and Katle (1989) looked at eleven measures of behavior: resiimg i(sactive) or
sleeping (eyes closed), standing inactive, standing with head movements, food,pecking
drinking, grooming, dust-bathing, walking, extreme pacing, flight, and aggrds=naior.
Food pecking was defined as time spent pecking at or eating food. Hens fromhthe hig
efficiency line were found to be inactive more of the time and spent lesfotich@ecking
than hens from the low efficiency line (Braastad and Katle, 1989). They founderb dir
correlation between behavior and PRFC but this might be attributed to the linditadual

variation within lines due to individuals selected for the study being aktreees of PRFC



20

(Braastad and Katle, 1989). Food pecking was found to be negatively correlated/wgh la
frequency, inactivity, and body weight (Braastad and Katle, 1989). This studssssitfuat
the amount of time spent pecking at or eating food may be related to feezheffisince
more efficient hens spent less time pecking at their food than less effierent
Correlated response in feeding behavior to selection for litter size

Comparing feeding behavior traits in a line selected for litter size aantamly
selected control line, Estany et al. (2002) found no differences in feed intakedimdyfe
time. However, the number of visits per day was found to be different over the duration of
the study with the select line having fewer visits to the feeder than theldorr(Estany et
al., 2002). Feed efficiency also differed between the lines with the selebainreg a higher
feed efficiency up to about 100 d of age and the control line having a higher feeaeyficie
from approximately 100 d to 165 d of age (Estany et al., 2002).
Appetite regulation
Introduction

Understanding what controls appetite is important in the rapidly growing pigtso tha
nutrient requirements for rapid lean growth can be met. Appetite carfibeddas the desire
of an animal to eat and satiety as the lack of desire to eat (Pond et al., 2005)eAppeti
moderately heritable, 0.2 to 0.4, highly correlated, both phenotypically and gégetidth
growth rate (positive) and percentage lean (negative) and moderatelyghpsitirrelated
with lean tissue growth rate (Whittemore, 1998). The relationship of appetitéeed
conversion efficiency is positive as long as maintenance costs are offeetdgsing lean-
tissue growth rate; however, it tends towards negative when fatty tissue depositiorebe

dominant (Whittemore, 1998). Appetite control usually refers to internal factors, both
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physiological and psychological, which stimulate or inhibit hunger in animals (Rahd e

1995). These various signals from the gut caused by stretch, osmo-concentraticzifior spe
chemical stimuli must be relayed to the brain, either via the vagus nehe or

neuroendocrine system, that are then integrated with post-absorptive signat$hieosites,
including the brain itself, to produce a response which also accounts for the animal’

previous experience (Rayner et al., 1992). The hunger and satiety centecsita@e ih the
hypothalamus (Pond et al., 1995) which is the same area where two primary regfilators
growth hormone secretion, growth hormone-releasing factor and somatostghidueed

(Barb et al., 1998). In ad libitum fed animals, individual meal size varies and inftutérece
between meal interval that follows so that overall feed intake can be adpystiee number

of meals consumed (Le Magnen, 1983; Rayner, 1992). Pigs that weigh between 10 and 15 kg
typically eat about 12 meals per day (Yen, 2001). As pigs grow, feed intakaddted

intake per meal increase while number of meals per day decreases (Yen, 200Esuls a

60 kg pigs typically eat about 7 meals per day and 250 kg pigs eat between 2 and 5 meals per
day (Yen, 2001). In pigs that are meal-fed, long-term feed intake is a functioeabEize as
opposed to long-term feed intake being a function of number of meals as in ad libitum fed
animals (Rayner, 1992). Long-term feed intake involves a learned anticipatiatadjolic
requirements (Rayner, 1992). From a management standpoint, understanding the mgchanism
that regulate feed intake in the pig is of great interest becausegliedy composition

through the repartitioning of nutrients to favor lean growth and improve production

efficiency is a primary goal in the pig industry (Houseknecht et al., 1998).
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Sgnals of hunger and satiety

Feed consumption causes both physical and chemical changes in the body. These
changes create hormonal and/or neural signals that are carried to the brain to initiate
satiety (Yen, 2001). The brain monitors these changes in order to determine wheg feedi
should cease (Yen, 2001). Previous work has shown that recognition of gastrointestinal
signaling for the learned oral control of intake from texture and tast@dfisaot
unconditioned (Davis and Campbell, 1973). Due to the meal being completed before
absorption is complete, meal size must be signaled primarily from theigtestinal tract
(Rayner, 1992) and most of these signals will come from the stomach and sreaatiente
(Davis and Campbell, 1973).
Central nervous system

The central nervous system has been shown to be involved in appetite regulation
through a series of sophisticated neural and endocrine interactions (Whittemore, 1998)
Peptides in the central nervous system have been shown to have a direct effect on feeding
behavior and metabolism (Pond et al., 1995). Neuropeptide Y, agouti-related protein,
melanin concentrating hormone, orexin, galanin, opioid peptides, and nitric oxide are
hypothalamic neurotransmitters that strongly increase feed intakeirfg/i002).
Neuropeptide Y is found in high concentrations in the hypothalamus where it is gedhes
in the arcuate nucleus. Neuropeptide Y increases feed intake while decredsinglimeate
(Wilding, 2002). Neuropeptide Y also inhibits LH secretion and, therefore, may be thee of
signals to shut down reproduction when body fat stores decrease (Wilding, 2002). Agouti-
related protein, which co-localizes with neuropeptide Y, is an endogenous antagtmast of

melanocortin-4 receptor (MC4R) and is able to increase feed intake by bloeking
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melanocyte-stimulating hormone from acting at the receptor (Wilding, 2005gnMe
concentrating hormone, which is localized to the lateral hypothalamus andmeaifarea,
increases energy intake when administered and results in reduced body weiglaibadint
(Wilding, 2002). Opioid peptides have been thought to play a role in appetite regulation
through a reward process that increases feed intake (Wilding, 2002). Blockage oixide
has been shown to decrease feed intake (Wilding, 2002). Cocaine and amphetamine-
regulated transcripti-melanocyte-stimulating hormone, neurotensin, glucagon-like peptide
1, and serotonin are hypothalamic neurotransmitters that decrease feedmotakerease
energy expenditures (Wilding, 2002). Feed intake is inhibitedtoglanocyte-stimulating
hormone, which acts within the hypothalamus via MC4R (Wilding, 2002). Glucagon-like
peptide 1 is released from the gut in response to feed intake and stimulatessexaiiion
(Wilding, 2002). Administration of glucagon-like peptide 1 results in decreasednfiade
while inhibition of its action results in increased feed intake (Wilding, 200B) gktnerally
accepted that the ventromedial hypothalamus is responsible for satietyheHageral
hypothalamic area is responsible for hunger (Yen, 2001). Taste and smell bashben
to play important roles in central nervous system-mediated feeding behavidte(Wéne,
1998). Feed intake has been shown to increase when pigs are injected with barbiturate,
central nervous system depressant, directly into the ventromedial hypothalsenu2@y¥1).
This shows that the central nervous system clearly has a role in appetitéaegula
Glucostatic control

Glucose has been shown to have some influence on feed intake. Reduction in
metabolizable brain glucose has been shown to stimulate weaned pigs to eatr,ltbigage

not present in nursing piglets (Yen, 2001). Blood glucose concentration has been shown to be
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negatively related to feed intake over a short term period and low blood glucosehbxe|

led to contractions of the stomach (Pond et al., 1995). Glucose loading of the gastraintest
tract has been shown to reduce meal size (Whittemore, 1998). However, it appehes that t
effect of glucose on feed intake is energetic as opposed to physical beealistake is

only reduced by the amount of calories that is infused in the form of glucrs®(fz et al.,

1949; Woods et al., 1984). Intestinal response to infusions of glucose seem to originate in the
intestine and to be mainly neural in the pig, with osmotic action through neurah&teme

the wall of the duodenum that initiate inhibitory signals to the central nervetesisyo

bring a meal to an end (Houpt et al., 1979). Glucose infusions into the small intestine have
been shown to decrease feed intake in a dose dependent manner which shows that feed intake
is limited physiologically by eliminating intestinal signals frdme digesta (Reidelberger et

al., 1983). Glucose infusion into the duodenum also slows gastric emptying in a dose
dependent manner such that satiety occurs at a constant stomach fidr(R2@2).

However, feed intake and gastric emptying are slowed when an equivalent deathbt

sodium chloride is infused as opposed to glucose, indicating that glucose infusiantray

on osmotic receptors and not glucoreceptors (Rayner, 1992; Yen, 2001). This was shown in a
study by Houpt et al. (1979) where glucose and sodium chloride solutions covering ¢he sam
range of osmoconcentrations were infused into the duodenum of pigs. The regression lines
for glucose and sodium chloride impact on feed intake calculated by Houpt et al. (1849) we
very similar. However, there are neurons within the dorsomedial hypothaleemiiomedial
hypothalamus, and anterior hypothalamus that are glucose-sensitive andanagpond to

insulin (Wilding, 2002). High levels of insulin have been shown to stimulate feed intake
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pigs due to a depression in blood glucose concentration whereas low levels of insulin
suppress feed intake (Yen, 2001).
Intestinal control

Enteroendocrine cells form part of the neuroendocrine system in the gut, producing
multiple hormonally active peptides that regulate physiological func{®olsérquez and
Liddle, 2011). Some of these functions and peptides are: gastric emptying and nutrient
absorption regulated by cholecystokinin and peptide tyrosine tyrosine; sattegppetite
regulated by peptide tyrosine tyrosine, cholecystokinin, ghrelin, and oxyntomaghdin;
insulin release regulated by glucagon-like peptide-1 and glucose-deparsidinbtropic
polypeptide (Bohérquez and Liddle, 2011). Feed ingestion produces an osmotic rise in the
duodenum which is sensed by the osmotic receptors and sends signals to the central nervous
system to inhibit eating in pigs (Yen, 2001). Although the osmaotic receptors appear to pla
an important role in appetite regulation, other receptors have been shown to exist in the
intestine that respond to glucose, amino acids, and acidic and alkaline mf&ayaler,
1992). Intestinal receptors have been shown to regulate gastric emptying to adlosteentc
flow of energy into the small intestine (Rayner, 1992). This has been shown in two studies
with Rhesus monkeys. McHugh and Moran (1979) infused liquid meals of saline, glucose,
isocaloric casein hydrolysate, and medium-chain triglyceride oil into éhgashs of Rhesus
monkeys and measured both the physical and caloric rates of emptying.eXHakd®ons
emptied slower than did saline solutions but at a constant caloric rate indeperglecosé
concentration while the casein hydrolysate and triglyceride oil solutionseehaptthe same
caloric rate as did glucose (McHugh and Moran, 1979). Wirth and McHugh (1983) showed

that emptying the stomach of Rhesus monkeys during their first meal doubled thedked i
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over that of monkeys whose stomach contents were left alone. However, despitgehe |
difference in feed intake, the amount of glucose that passed through the pylbris to t
duodenum remained the same (Wirth and McHugh, 1983). Rayner and Miller (1990) showed
that pigs may be able to regulate the amount of energy reaching the ses#ihént
independently of gastric distension. Pigs were fed the same ration, sitn@res or dry
meal, and dry matter intake and emptying was equal regardless of diet althgaitrapi
consumed the wet diet had greater gastric distension (Rayner and »M96).
Sgnals generated from the stomach

Animal appetite is limited by the physical capacity of the gut which usetion of
gut size and rate of throughput (Whittemore, 1998). Gastric distension has been shown to
decrease feed intake (Janowitz and Grossman, 1949). Increased distension fesulting
water being drawn into the gut by its hypertonic contents might result in thatiogfiect
being regulated by the stretch receptors of the gut, which in turn send informatien to t
brain via afferent fibers of the vagus in order to initiate satiety (Yen, 2001)tdrhach also
releases a satiety factor as evidenced when feed placed in extra tradsgitamechs
reduced the overall feed intake whether or not the feed was allowed to pass febomiheh
to the intestine (Koopmans, 1983). The release of this satiety factor is dependent be both t
distension of the transplanted stomach and the chemical stimulation of the gastrga
(Koopmans, 1983).
Cholecystokinin

Cholecystokinin (CCK) is a peripheral and central satiety hormone which infeience
the cessation of feed intake (Rayner, 1992; Pond et al., 1995). The presence of certain amino

acids and fatty acids in the duodenum has been shown to cause the release of CG& from t
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intestine and cause satiety in pigs (Whittemore, 1998; Yen, 2001). In pigs, the le@X of C
in the blood has been shown to be at least double after eating compared to beifgre eati
(Pond et al., 1995). Receptors for CCK exist as two subtypes in the central nervaus syste
CCK, and CCK;, with only CCK, receptors being located peripherally (Yen, 2001).

Although there is evidence that CCK is produced and released within the braigaacin
signal of satiety, CCK cannot enter the central nervous system and, therafeténhibit

feed intake peripherally (Pond et al., 1995; Yen, 2001). CCK receptors are found on the
muscle of the pylorus and on the vagus nerves, leading to the opinion that CCK either
constricts the pylorus, which results in slower gastric emptying antegigstric distension,

or increases the sensitivity of vagal afferent receptors (Rayner, 19920C%), CCK
stimulates the vagus nerve projecting to the nucleus tractus solitaries,atlheast one of

the connections is to a central CCK neurone that signals within the hypothalamus via a
central CCK receptor (Wilding, 2002). Effects of endogenous CCK on feed intake are
independent of the slowing down of gastric emptying in the pig which provides evidahce th
CCK has a paracrine effect in the upper small intestine and may not beaudxjiat

circulating CCK on stomach receptors (Rayner, 1992; Yen, 2001). This is supported by CCK
infusions in the pig being most effective in decreasing feed intake when theyeatedli

toward the post-gastric mesenteric circulation (Rayner, 1992). It hashmeen that pigs
respond instantly to infusion of exogenous CCK although this response is short-lives] (Peka
1991). The infusion of exogenous CCK does not significantly slow gastric emptying even
when it significantly reduces feed intake (Rayner, 1992). Administration of qadaze

which is a CCK receptor antagonist and can cross the blood-brain barrier, results in

increased feed intake as a result of a central effect rather than thengsrtagf endogenous
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peripheral CCK (Yen, 2001). Administration of MK-329, another G@€eptor antagonist,
results in increased feed intake in both fasted and non-fasted animals (Raynein1®92).
study by Pekas (1991), feed intake increased by 8.2% and growth by 10.6% in pigsehat we
immunized against CCK without changing the carcass composition relative itol cont
animals. Pekas (1991) showed that the benefit of CCK immunization is determitiesd by
increased body and carcass weights that results from the increased fed inta
Serotonin

Serotonin has also been shown to be involved in satiety signaling via the 5-hydroxy-
tryptamine (5-HT) receptor (Wilding, 2002). Pharmacological studies Hewensthat
agonists of 5-HT receptors decrease feed intake; however, injectiors/df@ey-2 (di-n-
propylamino) tetralin (8-OH-DPAT) have been shown to increase operantdeerdiatiated
pigs (Ebenezer et al., 1999). Ebenezer et al. (1999) showed that administering 8AOH-DP
(5, 10, or 2Qug doses) 15 min prior to morning feeding resulted in a dose-dependent
reduction of feed intake during the first 30 minutes of feeding. When 8-OH-DPAT (25 or 50
ug doses) was administered 60 min prior to morning feeding, feed intake was reducgd durin
the first 45 min (Ebenezer et al., 1999). These results were similar to sartlees that
showed agonists of 5-HT receptors to decrease feed intake. However, both of these
experiments were in fasted pigs. After 60 min of time allotted for feediriy pigs reaching
satiety between 30 and 45 min, 8-OH-DPAT (@0dose) was administered and feed intake
was significantly increased during the 30 min following the injection (Ebeneaér £999).
These results show that the effect of serotonin on feed intake may be dependent an whethe

the pig is faster or satiated.
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Ghrelin

Ghrelin is a growth hormone-releasing peptide that has been shown to assist in the
control of feed intake and long-term regulation of body weight (Vizcarra et al.,.Z06%)
active form is a 28-amino acid peptide withraactanoyl modification at serine 3 (Jarkovska
et al., 2006). The inactive form of ghrelin, or des-acyl ghrelin, lacks the sulostitserine
3 and predominates in systemic circulation (Jarkovska et al., 2006). Removing thehstoma
rats decreased serum ghrelin levels, suggesting that the stomach is theurtarics
ghrelin synthesis (Vizcarra et al., 2007). Although the stomach is the predomiretian
for ghrelin production, ghrelin production has been found in the bowel, kidney, placenta,
hypothalamus, and pituitary gland (Jarkovské et al., 2006). Administration of ghilin ha
been shown to increase adiposity via an increase in feed intake and a decmgase in f
utilization (Vizcarra et al., 2007). Ghrelin expression has been shown to be algered vi
ingestion of sugar and hypoglycemic and hyperglycemic states which sutlpgésfisrelin
regulation is controlled through some of the same mechanisms that control glucose
concentrations (Vizcarra et al, 2007). In pigs immunized against ghrelieagsd antibody
titers, decreased feed intake, and decreased body weight gain were obsed/adake
immunized pigs was decreased by more than 15% while body weight was decked8%d b
(Vizcarra et al., 2007). The exact role of ghrelin in growth regulation isistilear with a
study evaluating acromegaly and growth hormone deficiency showing ecedift in total
or active ghrelin between acromegalics and growth hormone deficient indiveduapsred

to controls (Jarkovska et al., 2006).
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Leptin

Leptin is a 16-kDa protein that is secreted by white adipocytes into the bl@malstre
and has been proposed to play a role in feed intake regulation (Houseknecht et al., 1998;
Ramsay et al., 1998; Yen, 2001). Leptin receptors come in long and short forms and include
two cytokine domains, each containing a single copy of Trp-Ser-X-Trp-8#rand a
fibronectin type Ill domain (Houseknecht et al., 1998). Although leptin productionitedim
to adipocytes and placenta, leptin receptors are found in most tissues with therong fo
being prevalent in the hypothalamus and the short form predominating in most other tissues
(Houseknecht et al., 1998). The expression of leptin is highly correlated with bodyeadipos
tissue (Houseknecht et al., 1998; Yen, 2001) with leptin concentrations decreasing when
animals lose weight or fall into a negative energy balance (Wilding, 2002)isT$upported
by obese pigs expressing higher levels of leptin mRNA and protein than norpaseat
the same body weight (Ramsay et al., 1998). It has been shown that as little as a 10%
reduction in body weight in obese humans resulted in a 53% reduction in plasma leptin and a
10% increase in body weight resulted in a 300% increase in plasma leptin (Hahs&ktne
al., 1998). Leptin is actively transported into the central nervous system and bimels to t
long-form of its receptor, which is predominantly located in the arcuate nerve of the
hypothalamus (Wilding, 2002). It is thought that leptin acts at the level of timetbraugh
neurotransmitters such as Neuropeptide Y to reduce feed intake, body weight aaskfabm
increase energy metabolism, and to alter endocrine activity (Barb et al., 98&kdecht
et al., 1998). In a study by Barb et al. (1998), it was shown that leptin reduced f&edrinta
a dose-dependent manner in prepubescent gilts and that leptin acts dirbéatiyheitcentral

nervous system to regulate feed intake.
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Leptin interactions

Neuropeptide Y, agouti-related peptide-containing neuronsy-amelanocyte
stimulating hormone neurons predominantly respond to a fall in leptin, suggestitigethat
role of leptin in appetite regulation is to restore homeostasis when an animaitéaa
negative energy balance (Wilding, 2002). Neuropeptide Y stimulates feed, imtaikés
brown fat thermogenesis, and increases plasma insulin and corticosteroid levels.
Neuropeptide Y has also emerged as a major target of leptin action, migstifkine
inhibition of neuropeptide Y synthesis in the hypothalamus (Houseknecht et al., 1998).
Insulin has been shown to play a role in long term regulation of leptin levels with
hyperinsulinemia leading to increased leptin levels (Houseknecht et al., 1998).rhapt
also affect insulin levels by affecting insulin secretion. Leptin receptopancreati@-cells
have been shown to inhilfitcell secretion of insulin by changing ion channel function
(Houseknecht et al., 1998). Glucocorticoids have been shown to be up-regulators of leptin
expression via the in vivo administration and in vitro incubation of adipocytes with various
glucocorticoids (Houseknecht et al., 1998). Leptin and cortisol are involved in a negative
feedback pathway with leptin inhibiting cortisol synthesis by the adrernsl Eewever,
cortisol is a stimulator of leptin expression (Houseknecht et al., 1998). Expressiptirof le
has been shown to be inhibitedbpdrenergic agonists, CAMP, and thiazolidinediones
(Houseknecht et al., 1998). Ghrelin has also been shown to be a potential inhibitor of leptin
(Wilding, 2002).
Other hormones and peptides

The role of somatotrophin in appetite regulation is unclear, as it has been shown to

both increase and decrease feed intake (Whittemore, 1998). Somatostatin is dmepdide
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both in the central nervous system and the gastrointestinal tract. Somatostagema
shown to peripherally reduce feed intake in both rats and baboons (Lotter et al., 1981).
Bombesin is a tetradecapeptide that has been shown to inhibit feed intake whestadsdini
peripherally (Hostetler et al., 1989). Bombesin shares its terminal sequéhgmstrin-
releasing peptide (Rayner, 1992). Although it decreases feed intake, it does nogyagtrin
emptying and therefore must operate on something other than gastrit gtoeqators to
inhibit feed intake (Hostetler et al., 1998). Bombesin’s reduction of feed intake is dapend
on an intact gut to brain neural connection (Wilding, 2002). Gastrin is a pentapeptioastha
the same terminal pentapeptide sequence as CCK (Rayner, 1992). Gastremhaiba to
slow gastric emptying without an effect on feed intake (Dozois and Kelly, 1971). Othe
hormones involved in the regulation of feed intake through unknown roles include glucagon,
pentagastrin, vasopressin, endorphins, and satietin (Yen, 2001).
Fat

Gastrointestinal signals have shown to be important in the regulation of fat intake
Duodenal infusions of emulsified fat have been shown to be more effective than infusions of
non-emulsified fat in inhibiting feed intake and slowing gastric emptyimigs (Rayner,
1992).
Nutrient/protein balance

A balanced diet is essential in appetite regulation in pigs. Pigs are able tormoni
their protein status and adjust their intake of the diet provided accordingly (Yen, 2@01).
diet is lacking in a nutrient the pig senses it needs, the pig will consume the diexioeas
of energy in order to meet its dietary requirement (Whittemore, 1998). On the othea hand,

pig will also not consume enough energy if it senses that it is consuming a rintagoéss
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(Whittemore, 1998). For example, if the ratio of tryptophan to large neutral amasigci
low, competition from large neutral amino acids prevents the brain from taking up
tryptophan, resulting in low brain serotonin levels, which in turn results in a reductiedin fe
intake (Yen, 2001). Kyriazakis and Emmans (1990), in a study using low and high protein
diets, showed that pigs on the low protein diet (134 g crude protein) consumed more feed,
grew slower, and had poorer feed efficiency than those pigs on the high protein diet (278 g
crude protein).
Environmental temperature

Feed intake is known to increase below the thermoneutral zone and decrease above
the thermoneutral zone (Yen, 2001). Avoidance of heat stress will limit feed inteketiae
environment fails to allow for adequate dispersal of body heat, with the limg bstimated
at 1 g of feed for every 1°C of heat above the thermoneutral zone for every 1 kg of body
weight (Whittemore, 1998).
Genetics

Although appetite has not been a major part of selection in pigs, there has been some
manipulation of appetite through genetic selection with both high- and low-appesit@ pig
current populations (Whittemore, 1998). Modern pigs breeding programs selecttindirec
appetite by selecting for decreased feed intake, where decreata@ud&e would be
indicative of having a small appetite.
Conclusions

Appetite regulation is a complex system involving many hormones along with
environmental factors. Cholecystokinin, leptin, somatostatin, bombesin, fat, andésat st

have all been shown to reduce feed intake. Neuropeptide Y, ghrelin, insulin, and low
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temperatures have been shown to increase feed intake. With all the diffetenst éffecting

appetite regulation, it would be hard to identify just one as a cause in the diffeetween

eating patterns of different pigs.
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CHAPTER 2: EFFECT OF SELECTION FOR RESIDUAL FEED INTAKE ON
FEEDING BEHAVIOR AND DAILY FEED INTAKE PATTERNS IN YORKSH IRE
SWINE

Modified from a paper published in tdeurnal of Animal Science*

J. M. Young?, W. Caf, and J. C. M. Dekkefs

Abstract

Residual feed intake (RFI) is a measure of feed efficiency defined dsfédrence
between observed and predicted feed intake based on average requirements fongrowth a
maintenance. The objective of this study was to evaluate the effect ofosefectdecreased
RFI on feeding behavior traits and to estimate their relationships with Ri€le Tata sets
from the 4th and 5th generations of a selection experiment with a line selealedrieasised
RFI (LRFI) and a randomly selected control line (CTRL) were analyaeds were mixed
in pens of 16 and evaluated for feeding behavior traits obtained from a single-space
electronic feeder over a growing period of ~3 mo before ~115 kg. The followirgviieie
evaluated as averages over the entire test period and over the first and sdafritientdst
period: number of visits per day and hour; occupation time per day, visit, and hour; feed
intake (FI) per day, visit, and hour; and FI rate per visit. Models used included firetseff
of line and feeder, covariates of on-test age and FI per day, and random effects oftesin, on
group, sire, and litter. Repeated measures models were used to analyze fetatimg pat

during the day. The LRFI pigs had significantly less FI per day than CTRIfquigH 3 data

'Reprinted with permission of J. Anim. Sci. 89:63926
2 Department of Animal Science, lowa State Univgrsit
% Primary researcher and author.

* Pioneer Hi-Bred, Johnston, IA.
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sets. With adjustment for FI per day, line differences of all traits weheisame direction
for all 3 data sets but differed in significance and size. Feed intake pendisibar and
visits per day and hour did not differ between lines, but the trend was for LRFI p@gsto h
fewer visits, in particular during peak eating times. The LRFI pigs haeategifeeding rate
and less occupation time per day, visit, and hour than CTRL pigs, but this was not significant
for all data sets. Correlations of RFI with FI per day and visit and visits peveta
positive. Average daily gain was positively correlated with FI per dayiaitcand
occupation time per visit but negatively correlated with visits per day. Resdakiper day
was positively correlated with backfat. In conclusion, feed efficiengylmaaffected by FI
behavior because selection for decreased RFI has resulted in pigs that spemeleating
and eat faster.
Introduction

Feed is the largest variable cost in pigs production, representing 50 to 85% of
production costs (McGlone and Pond, 2003). Because of this, feed intake, a component of
feed efficiency (kg of product/kg of feed), is a vital component of pig bmgqutiograms.
Feed efficiency has positive genetic correlations with growth and legrimasever, only
about 65% of phenotypic differences in feed intake are correlated with growth and
performance (Cai et al., 2008). The remaining variation in feed intake canlbategaising
residual feed intake (RFI), which is defined as the difference betweewveth$eed intake
and the feed intake expected based on average requirements for the achievedmgtowt
performance of the pig.

Feeding behavior of pigs housed in groups can be evaluated using data from single

space electronic feeders. Several studies have evaluated the relptadrisading behavior
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with RFI in finisher pigs (de Haer et al., 1993; Von Felde et al., 1996; Rauw et al., 2006a, b).
All these studies have found positive phenotypic or genetic correlations (or both)witRFI
feed intake per day, occupation time per day, and number of visits to the feeder per day. N
study has directly evaluated the effect of selection for RFI on feediayioe traits in pigs.
Thus, the objectives of this study were to evaluate correlated responseaBng fexhavior
traits to selection for RFI and to establish phenotypic relationships of feed inte@pa
with performance traits of RFI, ADG, and backfat. Another objective was to de&eifim
response to selection held true across parities and generations; thereddirenadaeveral
generation and parity combinations from the selection experiment descyikizdl &t al.
(2008) were evaluated.
Materials and Methods

Experimental protocols for this study were approved by the lowa State kltyver
Institutional Animal Care and Use Committee.
Experimental design and data collection

Using purebred Yorkshire pigs, a selection line for decreased RFI (LRJFFahdea
randomly selected control (CTRL) line were begun in 2001. In this selectp@nierent,
each generation, 2 parities were produced, with feed intake data being dallettears
from parity 1 sows and on gilts from parity 2 sows. Beginning with random allocation of
littermates from generation 0 to the LRFI and CTRL lines, the followintg tngere recorded
for each generation on ~90 boars from first parity and ~90 gilts from secondsoavi of
the LRFI line: electronically measured daily feed intake, BW recordexy & wk, and 10th-
rib backfat (BF), loin muscle area, and intramuscular fat at market wé&lghtatter 3 traits

were evaluated by ultrasound using an Aloka 500V SSD ultrasound machine fitted with a
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3.5-MHz, 12.5-cm, linear array transducer (Corometrics Medical System&\alingford,
CT). Average daily feed intake was derived as a performance trait adbddsny Cai et al.
(2008). Average daily gain was obtained as the slope from simple linear regresBW on
number of days on test. After evaluation of boars from first parity sows, ~12 boars and 70
gilts were selected to produce ~50 litters of ~10 piglets for the next ¢enefzelection
decisions were based on EBV for RFI, as described by Cai et al. (2008). Adtgiose full-
or half-sisters of selected boars were evaluated for RFI to provide additadadbr the next
generation. The control line was maintained by creating ~30 litters frOnboedrs, and 40
gilts were randomly selected. Full- and half-sib matings were avoided inifesh Ih early
generations, only LRFI pigs were evaluated for feed intake becausateflltapacity to
measure feed intake. Starting in generation 4 with gilts from parity 2 sowd, gig&were
also evaluated for feed intake to make direct line comparisons. Further detai<ai et al.
(2008) and Bunter et al. (2010).

For feed intake recording, pigs were put in pens of 16 pigs at ~90 d of age, each of
which had a single-space electronic feeder, Feed Intake Recording Equi{fitRE,
Osborne Industries Inc., Osborne, KS). The FIRE feeders recorded epom@ers entrance
time, start weight of feed, exit time, and end weight of feed for each visit tedtier. Pigs
were given approximately 1 wk to acclimate to the FIRE feeders bedorg put on test in
groups by on-test date based on age and BW (typically 2 or 3 age groups perayeaedat
parity). In general, pigs were taken off test on an individual basis whenetheyed ~115 kg
of BW, but were removed at a lighter BW if few pigs remained in a pen, in whichltase a
remaining pigs were taken off test. Pigs with an off-test BW less than 102 kg didzaot ha

enough BW to estimate RFI and were also not scanned. Therefore, they were not used f
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data analysis of performance traits; however, they still had feed intakizadatthe FIRE
feeders and were included in the feeding behavior analyses.

Data for this study were from generation 4 parity 2 (G4P2) and from generation 5
parity 1 (G5P1) and parity 2 (G5P2). These were the first generations for whdh [Js
were also placed on FIRE feeders alongside LRFI pigs in mixed pensr@at&4P2 and
G5P2 were on gilts and data from G5P1 were on boars. Pigs were placed on test in 2 groups
and housed in 12 pens with 8 pigs from each line in each pen, balancing by BW. For G4P2,
pens were balanced to the extent possible for genotype of the calcitonin reckionvas
used to investigate its impact on bone strength as reported by Alexande2@1@). Lines
were mixed within a pen to maximize power at the risk of some bias from pig4 fiiam
affecting the behavior of pigs from the other line. If lines are split by penypald be the
experimental unit, which, with only 12 pens and large feeder effects, would haveyseverel
reduced power. The pigs were housed in 1 room with fully slatted concrete floorihg. Eac
pen was 5.6 m length x 2.3 m width (0.82 m2/pig). Pens were separated with steel rod gates
and contained a 2-nipple type waterer (Edstrom, Waterford, WI), which providdutanhli
access. Collection of feeding behavior data was terminated when the firstepegtaken off
from that pen due to the expectation that feeding behavior would change when stocking
density and the number of pigs per feeder changed. Test lengths and averageB\yeah
on- and off-test are reported in Table 2.1. Only 6 of the 12 pens had feed intake recording, so
pigs were switched between pens every 2 wk after being weighed in the mortengaisl
pens were in the same room and had single-space feeders of a similar desigot $0 as
induce the need for an acclimation period. Data from days when pigs were swittheenbe

pens were not used.
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Database and edit systems developed by Casey et al. (2005) were used to handle and
edit the large amount of data collected by the FIRE feeders. Errorshinvisdqvisit defined
as feeding event from the entrance of a pig into the feeder to its exit) watiGadeoy 16
criteria. Using the edited data, feeding behavior traits were derivedh@ventire test period,
the first half of the test period by time, and the second half of the test periodeby ti
Average daily feed intake as a behavior trait (DFI) was derived sepdratalyhe
performance trait ADFI by summing feed intake of each pig per day amagawg across
days, as recorded by the FIRE feeders. Average daily feed intakd)(WB4-calculated
using a regression model as described by Cai et al. (2008). Average numbes peviddy
was calculated by averaging the number of visits per day by pig. Average tdexipet
visit was calculated by averaging feed consumption by visits acrossfdeyage
occupation time per day and average occupation time per visit were cal¢alatsimilar
manner as DFI and feed intake per visit. Average feed intake rate was obtagaécuiating
a feeding rate for each visit by dividing the amount of feed consumed by thepémiein the
feeder and then averaging the individual visit feeding rates. To evaluatat@es patterns
during the day, feeding behavior traits were also derived from the edited@édB& data by
computing traits by 2-h blocks during the day, resulting in the following traitsbeuof
visits, feed intake, and occupation time for each 2-h block, from midnight to midnight.
Satistical analysis

Feeding behavior traits were analyzed separately for each generaticarignd/iph
the MIXED procedure (SAS Inst. Inc., Cary, NC). The following mixed lineadehwas
used:

Yijimnop = L+ B1 * Ajjimnop + B2 * DFljimnop + Lj + Fc+ G + (LG)y +Sy + Py + Ry +Dp + Ejamnop
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where Yjumnop = feeding behavior trait; fymnop = fixed regression covariate of on-test age;
DFlijxmnop = fixed regression covariate of DFI (not included when analyzing DF fixed
effect for line j; k = fixed effect for feeder k (k = 1 to 6); & fixed effect of calcr genotype |
(I=1to 3, included for G4P2 only); (L{s¥ interaction effect of line j and calcr genotype |
(for G4P2 only); & = random effect of sire m;,” random effect of penn (n =1to 12); R
= random effect for on-test group o (o = 1, 2);=Drandom effect of litter p, angumnop = a
random residual effect. Pigs that consume less are expected to spendel@ssherfeeder.
Therefore, to correct for differences in feed intake so that differemé¢esding behavior
were independent of feed intake, DFI was included as a covariate to ensurdeheiat in
feeding behavior were not due to differences in feed intake. Results for falesl iate and
number of visits per day were similar whether DFI was included or not. &iffes for feed
intake per visit and occupation time per day and visit were greater when Blekaladed
from the model. Daily feed intake over the whole, first half, or second half of thsetesd
was used, depending on the feeding behavior trait being analyzed (whole, fiesprad s
half). Measures of RFI for individual pigs were obtained as the residualsafralysis of
ADFI using the above model but with BF and ADG included as additional covariates and
DFI removed. Residual feed intake was computed over the whole test period osty. Lea
square means were obtained from the MIXED procedure of SAS to compare linendigier
in feeding behavior traits.

Repeated measures models were used to analyze daily feed intake pifered,
by 2-hr blocks. The model for analyzing daily feed intake patterns includsetsefér 2-h

block (12 levels) and for the interaction between line and 2-h block as fixed ¢ff¢ioes
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model above. An autoregressive covariance structure of order 1 was used in anegaing f
intake patterns.

Phenotypic correlations between behavior traits and RFI, ADG, and BF were
computed based on residuals derived from the above models using the CORR procedure of
SAS. Correlations were computed on combined residuals from the 3 data sets, both across
and within lines, and for the whole test period and each half of the test period.

Results and Discussion
Line differences

Figure 1 shows LS means by line for feeding behavior traits for each of the 3 da
sets. Pigs from the LRFI line had less (P < 0.0001) DFI than CTRL pigs, aseskgéigs
from the LRFI line also spent approximately 10 min less in the feeder perata€TRL
pigs, even after adjusting for differences in DFI. This difference in occupatiercimbe
explained by differences in feeding rate and number of visits per day;di§dlended (P =
0.40) to visit the feeder fewer times per day and ate significantly {&te0.0001) than
CTRL pigs, even after adjusting for DFI. Line differences were consiatgoss the 3 data
sets in direction, but results from G5P1 differed from G4P2 and G5P2 in degree and
significance (Figure 2.1). These differences could be due to sex di#fsrgasP1 pigs were
boars, whereas pigs in G4P2 and G5P2 were gilts. Differences could also be due tads4P2 a
G5P2 animals coming from second parity sows, whereas G5P1 animals camestrom fir
parity sows. Season could also have an effect on differences between thee3j&dP2
was on test from November through February, G5P1 from July through November, and
G5P2 from April through September. The observed differences in feeding behavieemetw

LRFI and CTRL pigs are consistent with results found by Braastad and k28@)( who
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selected laying hens for RFI and found that hens with low RFI spent les®tichpecking
than hens with high RFI. Food pecking in chickens would be equivalent to our trait of
occupation time per day and the difference in time spent food pecking between gnelat
less RFI hens is in the same direction as the difference in occupation time pemasgnbe
LRFI and CTRL pigs in our study.

Several studies have evaluated differences in feeding behavior between groups of
cattle differing in RFI. Similar to our study, Nkrumah et al. (2006, 2007) found that low RFI
steers had fewer visits to and spent less time at the feed bunk than did steersliuith one
high RFI. Golden et al. (2008) found that low RFI Angus steers consumed less feed and had
fewer eating bouts per day than high RFI steers, which is consistent witlsoits teat low
RFI pigs consume less feed and visit the feeder fewer times per day tharpgsR
However, Golden et al. (2008) found no difference in eating rate between low and high RFI
steers, which differs from our result that low RFI pigs ate faster th&L@igs. Lancaster et
al. (2009) found similar results in Angus bulls to Golden et al. (2008), with low RFI bulls
consuming less feed and eating less often but with similar feeding rateb ®HMigulls.
Lancaster et al. (2009) also evaluated time spent eating and found that low BREpbuntl
less time eating than high RFI bulls, which is what we found in pigs. However, temeas
al. (2009) did not adjust for DFI in evaluating time spent eating, so it cannot be deterfmine
the difference in time spent eating is due entirely to consuming less feees=2, 2.3,
and 2.4 show the line LS Means for feed intake pattern traits adjusted fosrké¢ fwhole
test period. Results were similar for both halves of the test period and areréharet
shown. The pattern of feed intake during the day was similar between the 2 toepatibn

time was consistently less (Figure 2.3) across the entire day forddRifared with CTRL
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pigs. Number of visits per hour also did not differ between the 2 lines for most of the day
although there was a tendency for a difference at peak eating times.

Golden et al. (2008) evaluated Angus steers for feed intake in 3-h blocks across the
day. Although low RFI steers consumed less feed per time block than high R&)| aseer
expected because they consumed less per day, the percentage of feed consumddfdrd not
between low and high RFI steers (Golden et al., 2008). This is consistent with oursfiotling
no difference in feed intake per hour after adjusting for feed intake per day, which i
equivalent to no change in the distribution of intake across the day between the 2 lines.
Residual correlations

Residual correlations of feeding behavior traits with RFI, ADG, and BF were
generally low (Tables 2.2 to 2.4). However, correlations of DFI with RFI and ABX@ w
high, positive, and very significant (P < 0.0001). Correlations of DFI with BF wederate
and positive. Correlations of DFI with RFI, ADG, and BF were similar achoss &nd
within each line for the whole test period and each half of the test period. Highygositi
correlations of DFI with RFI are consistent with previous studies that also found high,
positive correlations of DFI with RFI in pigs (Von Felde et al., 1996) and in bullc@iséer
et al., 2009). Daily feed intake was found to be positively correlated with ADG aid BF
Yorkshire and Landrace pigs by Labroue et al. (1997). Rauw et al. (2006a,b) alsadl dne
test period into parts and found a high correlation of DFI with RFI. This supports our
findings of high correlations of DFI with RFI for the first and second halves ofshe te
period, although they were not as high as the correlation of DFI with RFI over tteetesiti

period.
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With the exception of DFI, feeding behavior traits were not significantieltzded
with RFI within the LRFI line. Number of visits per day had significant pasitiorrelations
with RFI across lines and within the CTRL line for the whole test periodQPX and for
the second half of the test period (P < 0.05); the correlation was in the same dicedten f
LRFI line. Feed intake per visit had significant negative correlations Vitta&oss lines
and within the CTRL line for the whole test period (P < 0.01) and the second half of the test
period (P < 0.05). Occupation time per visit had significant negative correlatitnR kil
across lines and within the CTRL line for the whole test period (P < 0.05) and tended to be
negatively correlated with RFI across lines and within the CTRL line fasebend half of
the test period (P < 0.10). Feed intake rate tended (P < 0.10) to be negativédyecbrre
within the CTRL line. Correlations of visits per day, feed intake per visit, angaton
time per visit with RFI were in the same direction as the differencewénatobserved
between the 2 lines (Figure 2.1), although differences were not signifianipation time
per day and feed intake rate were not significantly (P = 0.89 and 0.47, respectively)
correlated with RFI, although the 2 lines differed significantly (P < 0.0001héset2 traits
(Figure 2.1). This could be due to line differences being genetic and correlatiogs bei
phenotypic. However, the correlations were in the same direction as thefianerdiés.

Correlations of feeding behavior with RFI can be compared with those of previous
studies in pigs (de Haer et al., 1993; Von Felde et al., 1996; Rauw et al., 2006a,b). Similar to
our study, reports of phenotypic correlations of RFI with number of visits per day reve be
positive, although the correlations are often greater than what we found in odérteéser
et al., 1993; Lancaster et al., 2009). However, the correlation found by Nkrumah et al. (2007)

is similar in degree to our correlations of RFI with number of visits per dayadedd al.
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(1993) found a significant correlation of -0.20 between RFI and feed intake per vish, whic
is consistent with our results across lines and within the CTRL line. Laneasde(2009)
found a correlation of 0.41 between RFI and meal duration in Angus bulls, which is in the
opposite direction from our correlation between occupation time per visit and RFI.
Correlations between occupation time per day and RFI reported in literaturgstrape
been high and positive (de Haer et al., 1993; Von Felde et al., 1996; Nkrumah et al., 2007).
Rauw et al. (2006a,b) found significant, positive correlations of occupation time pertday
RFI after dividing the test period into parts. Although the correlation of occupatierpém
day with RFI was not significant (P = 0.89) in our study, the correlations previeyslsted
in literature support the difference in occupation time per day we observed h¢wee
lines. Von Felde et al. (1996) and Labroue et al. (1997) evaluated the relationshipraf fee
behavior with feed conversion ratio, another measure of feed efficiency, and fouiad simi
correlations to those previously reported with RFI. However, the correlatitméeed
conversion ratio were of a smaller magnitude than those with RFI and most were not
significantly different from zero (Von Felde et al., 1996; Labroue et al., 198é)observed
correlations of RFI with feeding behavior traits, in both our study and previous studies,
suggest that feed efficiency may be affected by the manner of feed intake.

Average daily gain was positively correlated (P < 0.001) with feed intaxkeigt
and negatively correlated (P < 0.005) with number of visits per day across all (getioes
(Table 2.3). This is consistent with previous reports (de Haer et al., 1993; Labrbue et a
1997). In cattle, number of visits per day was not found to be significantly codrelate
ADG (Nkrumah et al., 2007; Lancaster et al., 2009). Average daily gain wasglgsi

correlated with occupation time per visit across the whole test period andsthealfirof the
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test period (Table 2.3), consistent with results reported by de Haer et al. éb893)broue

et al. (1997) in pigs and in cattle by Lancaster et al. (2009). Occupation time peasiay
negatively correlated with ADG during the second half of the test period. This igtegpos
previous reports for the correlation of occupation time per day with ADG (Labrale et

1997; Nkrumah et al., 2007), but these studies did not break the test period into parts and our
correlations for the whole test period were not significant. The relationshipdoita&e rate

with ADG depended on line and part of test period but tended to be positive, which is
consistent with previously reported results in pigs (de Haer et al., 1993; Lab@luel997)

and in cattle (Lancaster et al., 2009).

Backfat was positively correlated (P < 0.01) with occupation time per day and pe
visit across lines and within the LRFI line (Table 2.4). Previous studies in pigsdported
positive correlations of BF with occupation time per day (Labroue et al., 1997; Nketma
al., 2007) and per visit (de Haer et al., 1993; Labroue et al., 1997), consistent with our
results. Backfat was negatively correlated with feed intake ratesdares and with the
LRFI line, which was opposite to results from previous studies in pigs (de Halerl&93;
Labroue et al., 1997). Number of visits per day was not significantly correlate@.(®)
with BF, but all correlations were negative which is consistent with prevepasts in pigs
(de Haer et al., 1993; Labroue et al., 1997). Feed intake per visit was not sigyifieantl
0.36) correlated with BF in our study, although it has been shown to be positively edrrelat
with BF in pigs (de Haer et al., 1993; Labroue et al., 1997).

Conclusions and Implications
Differences between lines show that feeding behavior may be a factoeimuhetg

the feed efficiency of an animal. The LRFI pigs ate faster and leskapend spent less time
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eating per day than the CTRL pigs, even after adjusting for differencedimte&e. These
pigs also tended to visit the feeder fewer times, especially during p&ad eaes, and
spent less time eating per visit than the CTRL pigs. This shows that feedingobéfzata
have changed in response to selection for RFI. Correlations of RFI with feedangdveh
traits generally supported the line differences found. However, therk gslstito learn
about the relationships of feeding behavior with feed efficiency, ADG, and bachéste T
relationships also may be population dependent as shown by the varying responses found in
different studies. The relationship between feed efficiency and feedingitetnaits,
specifically occupation time, may lead us to review current production standards on number
of pigs per feeder space. As we select for more feed efficient pigs, drafgpat we are also
selecting for pigs that spend less time at the feeder, meaning we woule be lsave more
pigs per feeder space.
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Figure 2.1.Least square means with SE bars for the line selected for decreadeal feed
intake (gray bars) and the control line (white bars) for feeding behavitsrfta3 data sets

(generation by parity, G4P2, G5P1, and G5P2) over the total test period (TP) and over the

first (TP1) and second (TP2) half of the test period. Fvalue is less than 0.05 for pairs of
bars marked with * and less than 0.01 for pairs of bars marked with **.
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Figure 2.2.Least square means for feed intake per 2-h block over the whole test period for
the line selected for decreased residual feed intake (gray line) arahthd tine (black line)

for 3 data sets (generation by parity, G4P2, G5P1, and G5P2), with adjustmentyfor dail
feed intake. No significant difference3 ¥ 0.1 for all 2-h blocks) were found between lines.
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Figure 2.3.Least square means for occupation time per 2-h block over the whole test period
for the line selected for decreased residual feed intake (gray line)eandrttrol line (black

line) for 3 data sets (generation by parity, G4P2, G5P1, and G5P2), with adjustments for
daily feed intake. Th@-value is less than 0.05 for differences between lines at times marked
with * and less than 0.01 for **.
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Figure 2.4.Least squares means for number of visits per 2-h block over the whole test period
for the line selected for decreased residual feed intake (gray line)eandrttrol line (black

line) for 3 data sets (generation by parity, G4P2, G5P1, and G5P2), with adjustments for
daily feed intake. Th@-value is less than 0.05 for differences between lines at times marked
with *.
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CHAPTER 3: ESTIMATION OF GENETIC PARAMETERS AND HIGH DENSIT 'Y
SNP ANALYSIS OF FEEDING BEHAVIOR TRAITS IN YORKSHIRE PIGS
SELECTED FOR RESIDUAL FEED INTAKE
To be submitted to th@ournal of Animal Science

J. M. Young*? D. M. Gorbacf®, S. K. Ontertr® M. F. Rothschild, and J. C. M. Dekket$

Abstract

Residual feed intake (RFI) is a measure of feed efficiency defined ddfdrence
between observed and predicted feed intake (FI) based on average requiremengHor gr
and maintenance. Selection for RFI has been shown to be associated with echéeepiag
behavior. Therefore, the objectives of this study were to investigate thiecdwses and
genetic architecture of feeding behavior traits in a population of Yorkshirsggsted for
RFI (one line was selected for decreased RFI while the other was oyigaradomly
selected and then selected for increased RFI), including estimation betrtabilities, of
genetic and phenotypic correlations among feeding behavior traits angerfitlhmance
traits, and a genome-wide association analysis using high density sinlgetiue
polymorphisms (SNP). Feeding behavior traits analyzed were FI per dayransitpe
occupation time (OT) per day and per visit, number of visits (NV) per day, aateFI
Feeding behavior traits were highly heritable, ranging from 0.36 for FI petovix 71 for
OT per day. Fl per day and OT per visit had heritabilities of 0.42, NV per day had a

heritability of 0.44, and FI rate had a heritability of 0.59. Phenotypic and genettations

! Department of Animal Science, lowa State University.
2 Primary researcher and author.

* Provided cleaned up genotypes from 60k SNP chip.

4 Corresponding author.
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were similar for each pair of traits. NV per day had strong, negative c¢amnslavith Fl per
visit and OT per visit. Fl and OT per visit had strong, positive correlations. Odageand
FI rate were also strongly and positively correlated. Other cametabetween feeding
behavior traits were low. Fl per day had strong, positive correlationswitietfmance
traits of RFI, average daily gain (ADG), and backfat depth (BF). FI pemsitmoderately
and positively correlated with ADG and BF. OT per day was moderately ano/@lgsi
correlated with RFI and BF. Other correlations between feeding behaarterand
performance traits were low (<0.2). SNPs located adjacent to MC4Rdalyjeady shown
to be associated with FI, growth, and leanness) were significant for &apeOther genes
that were found to be associated with feeding behavior traits included sevtaaiipg to
transcription regulators. In conclusion, there appears to be a large gensgimnent to
feeding behavior and measuring and selecting for these traits may @dlotiaér
opportunities to improve traits of economic importance.
Key words: residual feed intake, feeding behavior
Introduction

Feeding behavior has been shown to respond to selection for RFI in pigs (Young et
al., 2011). Pigs from a line selected for decreased RFI ate faster apéiemy and spent
less time in the feeder per day than pigs from a randomly selected control Iimefteve
accounting for differences in daily feed intake (Young et al., 2011). Pigs withasect RFI
also tended to visit the feeder fewer times, especially during peak eatesy &nd spent less
time eating per visit than the control pigs (Young et al., 2011). Previous studies loave als
evaluated the phenotypic correlations between RFI and feeding behavior in pitge(dst

al., 1993; Von Felde et al., 1996; Rauw et al., 2006a,b) but results have varied greatly. The
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correlations between daily feed intake and RFI estimated by Rauw(20@ba, b) were
much lower than the one estimated by Von Felde et al. (1996). Correlationsdantizke
per visit and occupation time per visit were found to be both negative and positive depending
on the study (de Haer et al., 1993; Von Felde et al., 1996; Rauw et al., 2006a,b). The
correlation between RFI and number of visits per day ranged from notcagnifRauw et
al., 2006Db) to positive (de Haer et al., 1993; Von Felde et al., 1996; Rauw et al., 2006a). de
Haer et al. (1993) and Rauw et al. (2006b) did not find a significant correlation bdRkée
and feed intake rate while Von Felde et al. (1996) estimated the correlation as 0.13.

Against this background, the objectives of this study were to investigate thecgeneti
basis and genetic architecture of feeding behavior traits in a population of Yenbsfs
selected for RFI (one line was selected for decreased RFI while tmenvatheriginally
randomly selected and then selected for increased RFI), by esgrrattrheritabilities,
genetic and phenotypic correlations among feeding behavior traits andiofyfeehavior
traits with performance traits, and performing a genome-wide asmwcanalysis using high
density single nucleotide polymorphisms (SNPs).
Materials and Methods

Experimental protocols for this study were approved by the lowa State kltyver
Institutional Animal Care and Use Committee.
Animals and housing

Using purebred Yorkshire pigs, a selection line for decreased R (line) and a
randomly selected control, which was later selected for increasedHRFI (ine), were
initiated in 2001. Beginning with the random allocation of littermates from ggae10 to

the LRFI and HRFI lines, the following traits were recorded each gerenat
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approximately 90 boars from first parity sows and 90 gilts from secong pavits of the
LRFI line: electronically measured daily feed intaké)( BW recorded every 2 wk, and"t0
rib backfat BF) and loin muscle area at market weight. Backfat and loin muscle area at
market weight were evaluated by ultrasound using an Aloka 500V SSD ultrasound machine
fitted with a 3.5-MHz, 12.5-cm, linear array transducer (Corometrics MEe8istems Inc.,
Wallingford, CT). Average daily Fl was derived as a performanceatsaiescribed by Cai et
al. (2008) using data collected from Feed Intake Recording EquipFI&E ( Osborne
Industries Inc., Osborne, KS). Average daily g&dD(G) was obtained as the slope from
simple linear regression of BW on number of days on test. After evaluation of myars fr
first parity sows, approximately 12 boars and 70 gilts were selected to prabloct 50
litters of 10 piglets for the next generation. Selection decisions were ba$eBV for RFI,
as described by Cai et al. (2008). After selection, gilts from parity 2 sowsh wiere full-
or half-sisters of selected boars, were evaluated for RFI to provide additedador the
next generation. The HRFI line was maintained through generation 5 bingread litters
from ~10 boars and 40 gilts which were randomly selected. Full- and half-sigsatere
avoided in both lines. In early generations, only LRFI pigs were evaluat&Ff because of
limited capacity to measure Fl. Starting in generation 5 with boars fraty paows, HRFI
pigs were also evaluated for RFI to make direct line comparisons. Thislalsedfor
selection within the HRFI line for increased RFI starting with thi fiftneration. Further
details can be found in Cai et al. (2008) and Bunter et al. (2010).

For Fl recording, pigs were housed in 1 room with 12 pens with fully slatted flooring
from ~90 d of age. Each pen was 5.6 m long and 2.3 m wide (G/R))rand

accommodated 16 pigs. Pens were separated by steel rod gates and contaipptedyde
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waterer (Edstrom, Waterford, WI) which provided ad libitum access. Six of the 12 a@ees
single-space electronic FIRE feeder. The other pens had single-spdeesfof a similar
design so as not to induce the need for an acclimation period. Pigs were switcleshbetw
pens every 2 wks after being weighed in the morning. Data from days when pigs were
switched between pens were not used. The FIRE feeders recorded ear transptrnadcee
time, start weight of feed, exit time, and end weight of feed for each visit tedtier. Pigs
were fitted with unique transponders at the start of the acclimation period.\viare mixed
within a pen to maximize statistical power to evaluate line differenced the ask of some
bias from pigs from one line affecting the behavior of pigs from the other lin@érag®ns
when both lines were evaluated for Fl. Pigs were given ~1 wk to acclimate tdriBe FI
feeders before being put on test in groups by on-test date based on age and BWY @ypica
or 3 age groups per generation and parity). In general, pigs were taken oiff &est
individual basis when they reached ~115 kg of BW but were removed at a lightéf@&W i
pigs remained in a pen, in which case all remaining pigs were taken offigssivith an off-
test BW less than 102 kg did not have enough BW to accurately estimate RFI and were not
used for data analysis of performance traits but they were included in dimegfeehavior
analyses.
Feeding behavior traits

Feeding behavior traits were derived from data obtained from the FIREdeeder
Collection of feeding behavior data was terminated when the first pigs Wweredt from
that pen as feeding behavior may change when stocking density and numbepef pigs
feeder changes. Database and edit systems developed by Casey et alvé2O05¢d to

handle and edit the large amount of data collected by the FIRE feeders. icgach wvisit
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(visit defined as feeding event from the entrance of a pig into the feedeetot) were
identified by 16 criteria (Casey et al., 2005). Using the edited data, deleelmavior traits
were derived. Average FI per day was derived by summing FI of each pigypandaia
averaging across days, as recorded by the FIRE feeders. Average nuwidies per day
was calculated by averaging the number of visits per day by pig. Averagewisiparas
calculated by averaging feed consumption by visits across days. Averagatomt time per
day and per visit were calculated in a similar manner as average FEypandl per visit.
Average FI rate was obtained by calculating a feeding rate for esitbydividing the
amount of feed consumed by the time spent in the feeder and then averaging the individual
visit feeding rates.
Genotyping

Tail samples were collected and stored at birth from each animal. ThenQiage
(Valencia, CA) DNeasy blood & tissue kit was used for DNA isolation from ilse fatotal
of 1042 pigs from generations 0, 4, 5, 6, and 7 of the population described above were
genotyped. The number of genotyped pigs that had feeding behavior collected aedline
per generation is reported in Table 3.1. A total of 1023 of the 1042 genotyped pigs had
feeding behavior data. GeneSeek Inc. (Lincoln, NE) completed the genotypingevith t
lllumina (San Diego, CA) PorcineSNP60 BeadChip (Ramos et al., 2009). Quality control
included the removal of all single nucleotide polymorphisms (SNPs) which wetkifi the
entire population or had a QC score less than 0.4 in greater than 20% of the population. A

total of 51,842 SNPs remained for analysis using build 10 of the pig genome.
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Satistical analyses

Genetic parameters were estimated using AS-REML (Gilmour et al., 18B5).
analyses included RFI as a trait to account for the effects of selectigiabifides and trait
correlations with RFI were estimated using a two-trait animal mottelgfRFI and the trait
of interest. Correlations between all other traits were estimated aiimge-trait animal
model, fitting RFI and the two traits of interest. The pedigree utilized inclub&d. 269
animals in the population, starting with generation -1 and continuing to generatigad’. F
effects of group and sex were fitted for RFIl, ADFI, ADG, and BF analysesniédraction
of generation, line, and on-test age was fitted as a covariate for RFI, &RFADG. The
interaction of generation, line, and off-weight deviation was fitted as aiatevéor BF.
Fixed effects of generation, parity, and the interaction between geneaatl parity were
fitted for feeding behavior traits. The interaction of generation, line, and owasyitted as
a covariate for feeding behavior traits. Feed intake per day was also inciualed\ariate;
however, results were the same whether feed intake per day was included asatecor
not so feed intake per day was removed from the analysis. The concatenation ohdroup a
pen was fitted as a random effect for all traits.

The software program GenSel, developed at lowa State University
(http://bigs.ansci.iastate.edu), was used to perform the genome-wide tams@rialysis
using high density SNPs of feeding behavior traits. Bayes\@lel averaging was used for
data analyses (Habier et al., 2011). The mixed linear model used wA$ + Zu + e,
whereX is an incidence matrix for fixed effects afds a matrix of SNP genotypes with
effects fitted as random effects. Fixed effects included group, pen, pax}y feeder fitted

within group, and on-test age as a covariate. The prior probability that a SNP izétdas
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effect was set to 0.995, which corresponds to approximately 260 non-zero SNP efiéelcts fit
in any of the Monte-Carlo Markov Chain (MCMC) used for the Bayesian andfgdiswing
a 1,000 iteration burn-in, 50,000 MCMC iterations were run. Results were obtained in the
form of a post burn-in posterior distribution for the effect of every SNP fittedlsineously
with other informative SNPs. The posterior mean effect of each SNP acrobsitiewas
used to predict the genomic breeding value of every chromosome fragmentirngpsis
contiguous SNPs. The contribution of each chromosome fragment of 5 contiguous SNPs
based on build 10 of the pig genome to the additive genetic variance in the population was
then derived, a statistic that has a multi-locus analogy to the gene fregpecdic
contribution to genetic variance of the substitution effect of a single locus.
Results and Discussion
Heritabilities

Although heritabilities of RFI, ADG, and BF have already been estimatédsin t
population (Cai et al., 2008), they were re-estimated in this study sinckidedanimals in
later generations than those used for previous estimates. HeritaliditieFI, ADG, and BF
were 0.20, 0.37, and 0.72, respectively, which are comparable to 0.29, 0.42, and 0.68
reported by Cai et al. (2008). Heritabilities of feeding behavior traits wederate to high
(Table 3.2). Feed intake per day had a heritability of 0.42 which is higher than phkgvious
reported heritabilities in pigs of 0.16 to 0.42 (de Haer et and de Vries, 1993; Von tralde e
1996; Labroue et al., 1999) and much higher than the estimate of 0.25 found in sheep
(Cammack et al., 2005). Heritability of occupation time per day was 0.71 whialcts
higher than estimates in previous studies of 0.24 to 0.44 in pigs (de Haer and de Vries, 1993;

Von Felde et al., 1996; Labroue et al., 1999), 0.36 in sheep (Cammack et al., 2005), and 0.28
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in cattle (Nkrumah et al., 2007). Heritability for the number of visits pemaesy0.44 which
is high compared to previous studies in pigs (0.38 to 0.45, de Haer and de Vries, 1993; Von
Felde et al., 1996; Labroue et al., 1999) and sheep (0.35, Cammack et al., 2005) and cattle
(0.38, Nkrumabh et al., 2007). Feed intake per visit had a heritability of 0.36 which is low
compared to previous studies in pigs (0.35 to 0.53, de Haer and de Vries, 1993; Von Felde et
al., 1996; Labroue et al., 1999) but higher than in sheep (0.33, Cammack et al., 2005).
Heritability of occupation time per visit was 0.42 which is within the rangeefious
studies in pigs of 0.27 to 0.54 (de Haer and de Vries, 1993; Von Felde et al., 1996; Labroue
et al., 1999) but higher than the estimate of 0.29 found in sheep (Cammack et al., 2005).
Heritability of feed intake rate was 0.59 which is higher than the rang@@to 0.50
previously reported in pigs (de Haer and de Vries, 1993; Von Felde et al., 1996; Letbroue
al., 1999).
Correlations among feeding behavior traits

With a few exceptions, both phenotypic and genetic correlations among feeding
behavior traits were low to moderate (Table 3.2). Number of visits per day, feezl peta
visit, and occupation time per visit were highly correlated with one another, bogtiogdly
and phenotypically. When number of visits per day decreases, one would expect a pig to
consume more feed and spend more time in the feeder per visit which was supported by the
correlations between the three traits. Occupation time per day and feed atealkad high
negative correlations, both phenotypic and genetic, which is as expected sinbatpegs t

faster are expected to spend less time in the feeder.
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Correlations of feeding behavior traits with RFI

Feed intake per day was found to have a phenotypic correlation of 0.59 £ 0.03 and a
genetic correlation of 0.65 + 0.12 with RFI. This supports the differences betwesim|Fie
per day previously reported (Young et al., 2011). Previous studies have reported varying
values for phenotypic correlations between FI per day and RFI in pigs, ranging.88no
0.98 (Von Felde et al., 1996; Rauw et al., 2006a,b), which support our finding of 0.59. Our
estimate of 0.59 also coincides with previous findings in cattle and sheep wperedgy
was found to have a phenotypic correlation with RFI between 0.58 and 0.61 (Cammack et al
2005; Kelly et al., 2010b; Lancaster et al., 2009). Our estimate of 0.65 is similar to the
genetic correlation of 0.61 found by Cammack et al. (2005) between FI per da¥kind
sheep. However, our genetic correlation of 0.65 was much lower than the conrefddio7
reported by Von Felde et al. (1996) in pigs.

In our study, the phenotypic correlation of occupation time per day with RFI was 0.26
+ 0.06 which falls within the range of estimates reported previously in pig$4f0.37, and
0.15 (de Haer et al., 1993; Von Felde et al., 1996; Rauw et al., 2006b). However, it is lower
than reports in cattle of 0.41 and 0.49 (Nkrumah et al., 2007; Lancaster et al., 2009) but
higher than that reported in sheep of 0.10 (Cammack et al., 2005). The genetid@orrelat
between occupation time per day and RFI of 0.65 + 0.12 found in our study is similar to that
previously reported in pigs (0.44; Von Felde et al., 1996), lower than that found in cattle
(0.57; Nkrumabh et al., 2007), and higher than the correlation reported in sheep (0.22;
Cammack et al., 2005). This suggests that the relationship between occupation tinye per da

and RFI may be species specific. However, the strong genetic correlationtsygppwaious
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findings that low RFI animals spend approximately 10 minutes less in the féemietsgh
RFI animals after correcting for differences in FI per day (Young),e2@l1).

In our study, number of visits per day was not found to be significantly codelate
with RFI, phenotypically or genetically. In previous studies, correlations of nuohbesits
per day with RFI ranged from small and not significant (Rauw et al., 2006a,b) to neoderat
Von Felde et al. (1996) found the phenotypic correlation between number of visits per day
and RFI to be 0.13 while de Haer et al. (1993) found it to be much higher at 0.51. In cattle,
phenotypic correlations of number of visits per day with RFI ranged from 0.18 to 0.45
(Nkrumah et al., 2007; Lancaster et al., 2009; Kelly et al., 2010a,b). In sheep, the phenotypic
correlation was found to be 0.10 (Cammack et al., 2005). Unlike our study, previous studies
reported the genetic correlation between number of visits per day and RFIdoibeasit.
The correlations were 0.17 in pigs (Von Felde et al., 1996), -0.34 in cattle (Nkrumah et al
2007), and 0.20 in sheep (Cammack et al., 2005). This shows that the relationship between
number of visits per day and RFI is still unclear and may be population dependent.

In our study, FI per visit did not have significant phenotypic or genetic abomes
with RFI. Previous studies report correlations of Fl per visit with RFI to betahboth
negative and positive. Phenotypic correlations of FI per visit were 0.11 (Von Felde et
1996) and -0.20 (de Haer et al., 1993) in pigs and -0.03 in cattle (Kelly et al., 2010b). The
estimate of Von Felde et al. (1996) corresponds to our finding of 0.12 = 0.05 for the
phenotypic correlation between FI per visit and RFI. The genetic coorelait| per visit
with RFI was found to be 0.13 in pigs (Von Felde et al., 1996) which is in the opposite
direction of the estimate of -0.07 £ 0.20 found in our study. However, our estimate is not

significantly different from zero.
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In our study, occupation time per visit did not have significant phenotypic or genetic
correlations with RFI. Like our study, the two previous studies that evaluated teoupa
time per visit did not find a significant correlation with RFI (de Haet.e1893; Von Felde
et al., 1996).

Despite significant line differences in Fl rate (Young et al., 2011){rdaiswas not
significantly correlated with RFI, phenotypically or genetically. Thieetje correlation
between Fl rate and RFI was 0.07 £ 0.05 and the phenotypic correlation was -0.04 + 0.18.
Studies by de Haer et al. (1993) and Rauw et al. (2006b) also found no significant
correlations of Fl rate with RFI. However, Von Felde et al. (1996) found cooredadf 0.13
(phenotypic) and 0.25 (genetic) between the two traits. In cattle, studies pyeall
(2010a,b) found the correlation of FI rate with RFI to be 0.25 while a study by t@nets
al. (2009) found no significant correlation.

Overall, daily FI was found to be highly and positively correlated with RFI. The
relationship of other feeding behavior traits with RFI varies in literat@pending on breed,
species, and sex of the animal being evaluated. In general, feeding béhkbwiotro
moderately correlated with RFI.

Correlations of feeding behavior traitswith ADG and BF

Like previous studies, Fl per day was found to be strongly and positively correlated
with ADG and BF, both phenotypically and genetically. Feed intake per dafpwads to
have a phenotypic correlation of 0.59 = 0.03 and a genetic correlation of 0.77 £ 0.08 with
ADG in our population, which falls within the ranges of 0.28 to 0.76 for phenotypic
correlations (de Haer et al., 1993; Von Felde et al., 1996; Labroue et al., 1997; Hyun and

Ellis, 2002; Rauw et al., 2006b; Cammack et al., 2005; Kelly et al., 2010b) and 0.68 to 0.87
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for genetic correlations (Von Felde et al., 1996; Labroue et al., 1997; Camna¢k605)
reported in previous studies. Feed intake per day was found to have a phenotypitiozorrela
of 0.45 £ 0.04 and a genetic correlation of 0.52 + 0.11 with BF in our population. These
values are similar to the ranges of 0.24 to 0.43 for phenotypic correlations (de Haer et al
1993; Von Felde et al., 1996; Labroue et al., 1997) and 0.35 to 0.62 for genetic correlations
(Von Felde et al., 1996; Labroue et al., 1997) reported in previous studies.

Occupation time per day was found to have a phenotypic correlation of 0.16 + 0.04
with ADG which falls within the range of estimates previously published ing#igsl3 to
0.30 (Von Felde et al., 1996; Labroue et al., 1997; Hyun and Ellis, 2002; Rauw et al., 2006b)
and in cattle of 0.17 to 0.25 (Nkrumah et al., 1997; Lancaster et al., 2009; Kelly et al.,
2010a). Labroue et al. (1997) found occupation time per day to have a significant genetic
correlation of 0.19 with ADG in French Landrace pigs but did not find a significant geneti
correlation in the Large White pigs evaluated. In our population, the genetiatonealf
occupation time per day with ADG was 0.13 + 0.15 which was not significant but is in a
similar direction to that found by Labroue et al. (1997) in French LandraceQulysr
studies evaluating the genetic correlation of occupation time per day withe&bmated the
correlation to be 0.32 in pigs (Von Felde et al., 1996), 0.42 in cattle (Nkrumah et al., 2007),
and 0.17 in sheep (Cammack et al., 2005). Phenotypic and genetic correlations of occupation
time with BF were similar and ranged from 0.07 to 0.15 in pigs (de Haer et al., 1993; Von
Felde et al., 1996; Labroue et al., 1997) and were 0.37 in cattle (Nkrumah et al., 2007). This
differs from our findings where the genetic correlation (0.30 £ 0.11) was highehthan t

phenotypic correlation (0.19 £ 0.05) between occupation time per day and BF.
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Number of visits per day was found to have a phenotypic correlation of -0.10 + 0.04
and a genetic correlation of -0.19 + 0.16 with ADG. These are similar to the phenotypic
correlations of -0.16 and -0.14 found by Rauw et al. (2006b) and de Haer et al. (1993),
respectively. The genetic correlation found in cattle by Nkrumah et al. (2@&7also in the
same direction (-0.33). However, other studies found the correlation between number of
visits per day and ADG to be positive. Positive phenotypic correlations wereyshvi
reported in pigs (0.28, Hyun and Ellis, 2002), in cattle (0.28, Kelly et al., 2010b), and in
sheep (0.22, Cammack et al., 2005). Cammack et al. (2005) also reported a positive genetic
correlation of 0.31 in sheep. Number of visits per day and BF were not found to be
significantly correlated in our population. This agrees with Von Felde et al. (W®f@6also
found no significant phenotypic or genetic correlation between the two traits. Howaever
study by de Haer et al. (1993) found the phenotypic correlation of number of visits per day
with BF to be -0.15. A study in cattle by Nkrumah et al. (2007) found no significant
phenotypic correlation; however, they estimated the genetic correlation at -0.47.

Feed intake per visit was found to be positively correlated with ADG, both
phenotypically (0.34 + 0.04) and genetically (0.39 = 0.15). The phenotypic correlation is
similar to that found by de Haer et al. (1993) of 0.41 but much higher than correlatiods f
by Von Felde et al. (1996) who estimated a phenotypic correlation between it and
ADG of 0.13 and a genetic correlation of 0.20. In our population, correlations of FI per vis
with BF were lower than those with ADG. The phenotypic correlation was 0.16 £ 0.05 which
is lower than the estimate of 0.33 found by de Haer et al. (1993) but higher than the 0.10
found by Von Felde et al. (1996). The genetic correlation was 0.26 + 0.14 which is higher

than the 0.07 found by Von Felde et al. (1996).
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Occupation time per visit was found to have a phenotypic correlation of 0.22 + 0.04
and a genetic correlation of 0.20 £ 0.16 with ADG in our population. In previous studies,
occupation time per visit was found to have a phenotypic correlation of 0.18 with ADG (de
Haer et al., 1993) which is similar to our estimate. However, no other studies found
significant correlations between occupation time per visit and ADG (Vatefetlal., 1996;

Hyun and Ellis, 2002). Occupation time per visit was found to have a phenotypic correlation
of 0.14 £ 0.05 and a genetic correlation of 0.32 + 0.12 with BF in our population. In previous
studies, occupation time per visit was found to have a phenotypic correlation of 0.18 (de
Haer et al., 1993) with BF although Von Felde et al. (1996) found no significant correlation
between the two traits.

Feed intake rate had a phenotypic correlation of 0.13 + 0.04 with ADG which is
lower than the previously reported range of 0.23 to 0.50 in pigs (de Haer et al., 1993; Von
Felde et al., 1996; Labroue et al., 1997; Rauw et al., 2006b) but similar to the range of 0.09 to
0.32 previously reported in cattle (Lancaster et al., 2009; Kelly et al., 2010a8)infake
rate had a genetic correlation of 0.17 + 0.15 with ADG which is lower than the previously
reported range of 0.27 to 0.48 in pigs (Von Felde et al., 1996; Labroue et al., 1997). Feed
intake rate was not found to be correlated with BF, phenotypically or gengtighith
contrasts with previous studies that found the phenotypic correlation of ritlat8F to
range from 0.13 to 0.35 in pigs (de Haer et al., 1993; Von Felde et al., 1996; Labroue et al.,
1997) and the genetic correlation to range from 0.11 to 0.25 (Von Felde et al., 1996; Labroue
et al., 1997).

Overall, daily FI was found to be highly correlated with ADG and BF. The

relationship of other feeding behavior traits with ADG and BF varied betvieédies,
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suggesting that the correlation between these traits may be dependent on thepdjmiteg
evaluated.
Genome-wide association analysis using high density SNPs

Results from the high density SNP analysis are shown in Figures 1 to 6. The
Manhattan plots show the proportion of genetic variance explained by 5-SNP windows.
Daily FI had two main regions with larger effects, the largest ontpignrosome $SC) 11
and the second d88C1. The region or8SC11 overlaps the location of LIM domain only
protein 7 (LMO7) which has been shown to regulate transcription of the nuclear membra
protein emerin and other muscle relevant genes (Holaska et al., 2006). LMO8avas al
shown to be important in the development of the heart in vertebrates (Ott et al., 2008). The
region onSSC1 is adjacent to melanocortin-4 receptor (MC4R) which has been shown to
have an effect of feed intake, fatness, and growth in pigs (Kim et al., 2000). Garfotype
the MC4R mutation were not included in the panel. Occupation time per day also had two
main regions, one 08SC6 and the other 08SCX. The region or8SC6 is in the same
location as ZNF423 which has been shown to be important for retinoic acid-induced
differentiation and for transactivation of R&ARXRa nuclear receptor complex in response
to retinoids (Huang et al., 2009). This region was also important for FI ha¢é vg not
surprising since the two had a genetic correlation of -0.89. The regi8®dhis located
near the short stature homeobox-containing (SHOX) gene. SHOX is a nuckeamn fhrat
acts as a transcriptional activator and deficiencies in SHOX are agsbwiith short stature
(Binder, 2011). Number of visits per day also had two main regions, oc8838and the
other onSSCX. The region or8SC9 is located adjacent to the jerky homolog-like (JRKL)

which has not been extensively researched and has an Entrez gene function of being a
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nuclear regulatory protein. The region 88CX was located near the retinoic acid-induced 2
(RAI2) gene. RAI2 has been shown to be involved in vertebrate anteroposteriordarmati
and cellular differentiation (Walpole et al., 1999). This gene, along with ZNF423, both
pertain to retinoic acid which suggests that retinoic acid may play a roledindgdzehavior.
Since retinoic acid is involved in growth and development, this may be explained by the
moderate genetic correlations of ADG with occupation time per day, numbeit®féas

day, and Fl rate. Feed intake per visit had one main regi@&@@hwhich was near the

neural cellular adhesion molecule 1 (N-CAM1). N-CAML1 has been shown to be involved in
the response to ionic stress in the optic nerve (Carreras et al., 2009). Occupatioertim

visit had two main regions, one 88C9 at the folate receptor 4 (FOLR4) and the other on
SSC6 at the zinc finger Ran-binding domain-containing protein 2 (ZRANB2). FOLR4 has
been shown to be involved in immune response via antigen-specific regulatory T-cell
expression and administration of FOLR4 was shown to produce tumor immunity in tumor-
bearing animals (Yamguchi et al., 2007). ZRANB2 is found in the nucleus and regulates
alternative splicing through its interactions with several splicing m®{®langs and Morris,
2008). Feed intake rate had two main regions, orte&S640 and one or$SC6 as mentioned
before. The region 08SC10 is at the same location as myosin IIIA (MYO3A). MYO3A has
been shown to be involved with cell structure and actin-dependent cell motility etitiee r
(Lin-Jones et al., 2009) as well as with progressive hearing loss in huvvals (et al.,

2011). Since both N-CAM1 and MYQO3 are related to the eye, it is possible that vision, or at
least differences in eye development, may play a role in feeding behawvieralS# the

genes mentioned above are involved in nuclear regulation and translation. Moréhredearc

how these genes are involved in the multiple factors contributing to appetitetiagid
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warranted. More work needs to be done to validate the above results and to better understand
the connection between feeding behavior and the genes in the regions that eXpdained t
greatest amount of the genetic variation in feeding behavior traits.
Conclusions
In general, feeding behavior traits were moderately to highly herit@bleelations
with performance traits were mostly study dependent with the exceptioryoFtiaihich
had high, positive correlations with RFIl, ADG, and BF in most studies. Genesrgjfecti
feeding behavior traits have not been evaluated previously. Therefore, thérenigrst
research needed to better understand the genetic basis of feeding behavior latetedva
results of this study.
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Figure 3.1.Proportion of genetic variance explainedwindows of 5 SNPfor average
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Table 3.1.Number of pigs with feeding behavior data per line, generation, and sex with

number genotyped in parantheses.

LRFI line HRFI line
Generation Boars Gilts Boars Gilts
0 87 (69) 90
1 89 81
2 71 86
3 81 49 38
4 81(31) 105 (89) 79 (73)
5 83(62) 81(81) 94 (85) 92 (90)
6 94 (90) 86 (83)
7 76 (76) 61(61) 81(81) 52(52)
Total 662 (328) 553 (231) 261 (249) 261 (215)
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Table 3.2.Heritabilities and correlations for performance and feeding behavits; traih

standard errors in parentheses below the estimate

RFI ADFI ADG BF DFlI OTD NVD FIV OTV FIR

RFl 0.20 059 026 0.10 0.12 005 0.07
(0.06) (0.03) (0.06) (0.06) (0.05) (0.05) (0.05)

ADFI 0.37 090 029 -0.03 0.36 020 0.16
(0.07) (0.01) (0.04) (0.05) (0.04) (0.05) (0.05)

ADG 0.37 059 0.16 -0.10 0.34 0.22 0.13
(0.08) (0.03) (0.04) (0.04) (0.04) (0.04) (0.04)

BF 0.72 045 0.19 -0.05 016 0.14 0.01

(0.08) (0.04) (0.05) (0.05) (0.05) (0.05) (0.04)

DFI 065 099 077 052 042 023 -004 033 015 0.21
(0.12) (0.01) (0.08) (0.11) (0.08) (0.04) (0.05) (0.04) (0.05) (0.04)

OTD 039 032 013 030 024 071 017 -0.05 049 -0.80
(0.15) (0.13) (0.15) (0.11) (0.13) (0.09) (0.04) (0.05) (0.03) (0.02)

NVD 0.15 -0.16 -0.19 -0.16 -0.12 0.20 0.44 -0.84 -0.68 -0.09
(0.18) (0.15) (0.16) (0.13) (0.15) (0.13) (0.08) (0.01) (0.02) (0.05)

FIV -007 035 039 026 038 -007 -096 036 078 0.15
(0.20) (0.14) (0.15) (0.14) (0.14) (0.15) (0.02) (0.08) (0.02) (0.04)

OTV 007 029 020 032 024 062 -065 071 042 -0.43
(0.19) (0.15) (0.16) (0.12) (0.15) (0.09) (0.09) (0.08) (0.08) (0.04)

FIR -0.04 008 017 001 015 -0.89 -0.13 0.12 -0.58 0.59
(0.18) (0.15) (0.15) (0.15) (0.14) (0.03) (0.14) (0.15) (0.11) (0.08)

! Heritabilities in bold on the diagonal. Phenotypic correlations above the diagonatidGe
correlations below the diagonal.

% Trait abbreviations: RFI = residual feed intake; ADFI = averagg ted intake
(performance); ADG = average daily gain; BF 21 backfat depth; DFI = average daily
feed intake (behavior); OTD = average occupation time per day; NVD = avevagoer of
visits per day; FIV = average feed intake per visit; OTV = average oconiae per visit;

FIR = average feed intake rate.
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CHAPTER 4: EFFECT OF SELECTION FOR RESIDUAL FEED INTAKE DURI NG
THE GROW/FINISH PHASE OF PRODUCTION IN YORKSHIRE PIGS ON SO W
REPRODUCTIVE PERFORMANCE AND LACTATION EFFICIENCY
To be submitted to thaournal of Animal Science

J. M. Youngd*? R. Bergsm3 E. F. Knof, J. F. PatiencdeJ. C. M. Dekkers’

Abstract

As feed costs continue to rise and feed efficiency during finishing is esmphathe
impact of selecting for more efficient grow/finish pigs on the reprodeiggerformance and
feed efficiency of sows must be evaluated. Therefore, the objectives olithysastre to
evaluate correlated response to selection for residual feed intake durgrgwiinish phase
of production (RR;F) on sow reproductive performance and feed efficiency in two lines of
pigs developed at lowa State University and to estimate heritabénabgenetic correlations
of these traits with R} One line was selected over 7 generations for decreaseg RFI
(LRFI line) and the other line was randomly selected for 5 generations anc:kbeted for
increased RiJr (HRFI line). After 7 generations, LRFI sows had 1.7 more piglets farrowed
(P<0.01) compared to HRFI sows, 1.2 more born alR=)(05), 0.4 more dead at birth
(P<0.05), and more weaned, both by litter (9.0 vs. 7<®.01) and by sow (8.8 vs. 8.2,
P<0.05). Piglets from the LRFI line were ~70 g heavier at bR#0(05) and had better litter
growth (44.2 vs. 40.6 kdp<0.1) than HRFI piglets. However, this increased piglet

performance came at a cost to the sow as LRFI sows consumed 33 kgdemsdéost 8.5

! Department of Animal Science, lowa State University.
2 Primary researcher and author.

? Institute for Pig Genetics, Beuningen, the Netherlands.
4 Corresponding author.
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kg more body weight, 5.3 kg more fat mass, and 2.24 mm more backfat than HRFI sows
(P<0.01). Although LRFI sows had a greater negative energy balance (-18.2 vs. -10.1 MJ
ME/d, P<0.01), they had a more favorable lactation efficiency (45.9 vs. 413-0633) and

RFI during lactation (1.44 vs. 15.90 Kx0.05) than HRFI sows. Heritabilities were high
(h*>0.4, S.E.<0.07) for sow weights, body composition, and maintenance requirements and
for piglet birth weights. Traits pertaining to piglet growth during laateiind mobilization

of the sow’s body tissue were moderately heritable (G<2%H, S.E.<0.07). Strong, positive
genetic correlations with REF were found for sow weight at farrowing (0.51+0.11) and at
weaning (0.41+0.11), for sow maintenance requirements (0.49+0.11) and for lactation RFI
(0.43£0.20). Strong, negative genetic correlations withsRRlere found for sow protein

mass loss (-0.35x0.15) and for lactation efficiency (-0.55%0.25). In conclusioctj@eler
decreased REJr has positively affected piglet performance and lactation efficiency but has
negatively affected sow body condition change and energy balance durinigmactat

Key words: residual feed intake, reproduction, lactation efficiency, pigs

Introduction

Residual feed intakdRI) is a measure of feed efficiency that is defined as the
difference between observed feed intake and feed intake predicted frageaver
requirements for growth and maintenance. Therefore, in theory, selectionreaskzt RFI
in grow/finish pigs RFlg/r) should result in decreased feed intake without affecting growth.
When developing strategies for genetic improvement of feed efficiencywifgnish pigs, it
is important to evaluate correlated responses to selection in other econoimpalfiant

traits.
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Lactation is an energetically expensive process that results in thezatndl of
body fat and body protein because nutrient intake often fails to meet daily requseftes
mobilization of body tissue coincides with a negative energy balance thbeba shown to
have negative consequences on health and reproduction in many studies involving dairy
cattle, which are intensively managed (Veerkamp et al., 2001; Formigoni ansli,T200i3;
Llewellyn et al., 2007). In pigs, the effect of a negative energy balance onghairitom
weaning to first estrus has been the focus of some studies (Whittemore and Morgan, 1990;
Clowes et al., 2003) which found that sows which have a greater negative energg balan
have a delayed return to estrus.

Selection for decreased Rfdhas resulted in market pigs that are leaner and
consume less feed than pigs with higherdgKCai et al., 2008; Smith et al., 2011).
Selection for leanness has resulted in smaller litter sizes and bightsv@Kersey DeNise et
al., 1983; Kerr and Cameron, 1996). Therefore, an objective of this study was to evaluate
correlated responses in and genetic parameters of sow reproductive pectoemd
lactation efficiency and its components in the selection lines fagRBht have been
developed at lowa State University.

Materials and Methods

Experimental protocols for this study were approved by the lowa State &ltyver
Institutional Animal Care and Use Committee.

Selection lines and grow-finish traits

Using purebred Yorkshire pigs, a line selected for decreased_RFI (ine) and a
randomly selected contraHRFI) line were initiated in 2001. The control line was selected

for increased RFI starting generation 5. Beginning with the random adloadtlittermates
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from generation 0 to the LRFI and HRFI lines, the following traits were recordedda
generation on ~90 boars from first parity sows and ~90 gilts from second pargy$§the
LRFI line: electronically measured daily feed intake, BW recorded éedy, and 18-rib
backfat BF) and loin muscle area at market weight. Backfat and loin muscle area at marke
weight were evaluated by ultrasound using an Aloka 500V SSD ultrasound machthe fitt
with a 3.5-MHz, 12.5-cm, linear array transducer (Corometrics MedicalrBysie.,
Wallingford, CT). Average daily feed intake was derived as describ€abgt al. (2008)
using data collected by Feed Intake Recording Equipment {ijIft&tions (Osborne
Industries Inc., Osborne, KS). Average daily gain was obtained as the slopénfifgen s
linear regression of BW on number of days on test. After evaluation of boars fropafitgt
sows, each generation ~12 boars and 70 gilts were selected from the LRé&-pliaduce
~50 litters of ~10 piglets for the next generation. Selection decisions ws=é ba EBV for
RFI, as described by Cai et al. (2008). After selection, gilts from parity & sdvich were
full- or half-sisters of selected boars, were evaluated for RFI to providgoadtidata for

the next generation. The HRFI line was maintained through generation 5 bygre4iin
litters from ~10 randomly selected boars and 40 randomly selected giltsakaithalf-sib
matings were avoided in both lines. In early generations, only LRFI pigsewah@ated for
feed intake because of limited capacity to measure feed intake. Starjeigdration 5, with
boars from parity 1 sows, HRFI pigs were also evaluated for feed intake to medtdide
comparisons possible and to allow for selection within the HRFI line foraseteRFI.

Further details can be found in Cai et al. (2008) and Bunter et al. (2010).
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Sow management and lactation traits

Sows were housed in gestation crates from breeding and fed 2.8 kg feed daily.
Approximately 3 to 5 days before their due date, sows were weighed and then moved into 1
of 4 rooms in the farrowing house, with each room having 12 farrowing crates.aPrior t
farrowing, sows were fed 1.4 kg twice a day. After farrowing, sows veerénfice a day to
appetite and the amount offered to them was recorded. If a lot of wet feedtwashle feed
trough, it was removed and weighed. Piglets were processed each morning arahaliga
in the afternoon if more than 5 or 6 litters were born on one day. Any cross-fostesing wa
performed within 24 hours of birth unless a sow quit producing milk or died during lactation.
At approximately 21 d post-farrowing, piglets were weaned and moved into the nursery
Sows were weighed and moved back into the gestation barn.

Traits recorded during the lactation phase that were evaluated in thicatutg
divided into two main categories, piglet traits and sow traits. Piglét prartain to the piglets
while sow traits pertain only to the sow.

Piglet traits

Piglet traits included litter counts and weights. All piglets born to a sow were
recorded at processing and coded for live, dead at birth, or mummy. Farrowivglswas
calculated as the percent born alive out of the total number farrowed (born aliad atde
birth + mummies). Farrowing and weaning dates were recorded foglattgpialong with
date of death for piglets that died during lactation. Individual weights wewedextat birth
for all non-mummified piglets and at weaning for all piglets aliveedning. Pre-weaning
survival was calculated as the percent weaned out of the number of piglets thessow wa

nursing after cross-fostering. Cross-fostering was done within 24 hr of bppinoXimately
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2% of piglets born were cross-fostered, with ~80 % of cross-fostering occwting line.
Litter weaning weight, average weaning weight, and number weaned Werateal in two
ways. The first was by litter, which was based on all piglets born to a gavdless of
whether she nursed them or not. The second was by sow, which was based on all piglets
nursed by a sow regardless of whether she farrowed them or not. Piglet gesndfimed

as the difference between weaning and birth weights. Average daily gagiet$ that

survived to weaning was calculated as piglet growth divided by age at we&imaog the
weights of piglets that died were not recorded but mortality date was known, the afeig

the piglets at mortality was estimated using the growth rate of theinidtes and the age at
mortality as:

Mortality weight (kg) = Birth weight (kg) + [(Fraction X AD¢germated/1000] x Age at mortality (d)
where fraction refers to the relative piglet growth during each weektatilan, as defined
by Bergsma et al. (2009):

Fraction = 0.583333 + 0.270833 x WM — 0.058333 x \WM0.004167 x WN
where WM = week of mortality (1, 2, 3, 4). Piglet energy gain from birth to weavasg

calculated using estimated fat and protein deposition and piglet maintengquicements,

following Bergsma et al. (2009):
Fat deposition, FD (kg) = (Weaning weight — Birth weight) x (0.135 + 0.0da04 ADG)
Protein deposition, PD (kg) = (Weaning weight — Birth weight) x 0.16
Piglet maintenance (MJ ME/d) = 0.440 x [((Weaning weight + Birth weight) / 2)0775]

Piglet energy gain (MJ ME/d) = [(FD x 39.5 + PD x 23.8) / Age at weaning] + M@nance

Litter average daily gain, litter growth, and litter energy gairevealculated across piglets
nursed by the sow (i.e. on a by sow basis) as the sum of piglet average daily tgin, pig

growth, and piglet energy gain, respectively.
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Sow traits

Sows were weighed upon entering and exiting the farrowing house. Ultrasonic
backfat, using the same equipment as used on the finishing pigs, was obtaineavatdarr
and at weaning by averaging measurements taken at'fvébldnd the last rib. Sow weight
at farrowing was calculated by adjusting the weight at entry into th@nfilag house for the
estimated weight of the piglets, placentas, and intra-uterine fluid, follpiNoblet et al.
(1985):

Total fetal weight (g), TEW = e (872962-4.07466+¢(~003318(d=45)10.000154++d+0.06774m)

Placental weight (g), PW = ¢(7-02746-0.95164:("0.00072:(1745)£0,000085++d+0.09535+n

Intra-uterine fluid weight (g), lUFW = (~0.2636+0.18805+d—0.001189+d? +0.13194+n)

whered = day of pregnancy;= energy intake during gestation (MJ ME/d); arel number

of fetuses. Parametéwas set equal to 35 MJ ME/d based on sows being fed 2.8 kg of feed
each morning during gestation and the energy content of the diet being 12.5/kgj] Wiial
fetal weight was estimated separately for the day of pregretnweighing and the day of
pregnancy at parturition in order to convert the observed litter birth weight stiarated
weight of the litter, placenta, and intra-uterine fluid at the time of wegglwhich was used

to adjust the recorded weight of the sow as follows (Noblet et al., 1985):

Sow weight at farrowing (kg) = Recorded weight (kg) — Litter birth weight (kg) x

[(TFW at weighing + PW at weighing + IUFW at weigh) / TFW at parturition]
Sow weight at weaning was adjusted for the change in water content ofanilkhfe start to
the end of lactation, using equations derived by Bergsma et al. (2009) from Kim et a
(1999a, 1999b, 2000).

Sow weight at weaning (kg) = Recorded weight (kg) — [(walgEning— Watefarowing/1000]

Watel yearing @ = (NFG — NWBS) x 73 + (NWBS X 146.15 + 2.17 X ADGJ1- DMyeanind100)



102

Water tarroning (9) = NFG X 431.5 X (1 — DMirowingd100)
% dry tissue (DM) = 31.805 — 0.6027 x DL + 0.011 x BL
ADG (g) = [(Litter weaning weight of piglets / NWBS — Totarth weight of piglets to be nursed by

sow / Number to be nursed by sow) * 1000] / Lactatength

where NFG = number of functional glands at parturition (assumed to equal the mimber
piglets to be nursed + 1 with a maximum value of 15), NWBS = number of pigletsdveane
by sow, and DL = day of lactation.

Protein mass and fat mass of sows at farrowing and weaning were estisiatgequations

derived by Bergsma et al. (2009) from Everts et al. (1994):

Protein mass (kg) = 1.90 +0.1711 x Body weight (kg) -0.3113 x Batkfam)

Fat mass (kg) = -11.58 + 0.1027 x Body weight (kg) +1.904 x BatKkmm)

Weight loss, fat mass loss, protein mass loss, and backfat loss were chlzsitdie value at
farrowing minus the value at weaning. Therefore, a positive value meansvieeeaeloss in
that trait. Sow maintenance requirements were estimated using the saneregs used for
piglet maintenance:

Sow maintenance (MJ ME/d) = 0.440 x [((Weight at weaning + Weight at farragj / 2) * 0.75]

Feed intake was recorded on sows while they were in the farrowing housen8mised 1.4
kg twice a day prior to farrowing and twice a day to appetite after farrowheglactation
diet contained 13.64 MJ ME and 172 g crude protein per kg of feed.

Lactation efficiency, sow residual feed intake, and energy balance wereuse
evaluate the efficiency of the sow during lactation. Lactation efficiaras/defined as the
ratio of energy output (in the form of piglet growth and maintenance) to energyemgugy
from feed and body tissue mobilization above maintenance requirements of the smiv) bas

on the diagram of energy flow during lactation shown in Figure 1 (Bergsma et al., 2008,
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2009). Sow residual feed intake was calculated by estimating regressiocieatstfor sow
metabolic mid-weight, litter growth, sow weight loss, and sow backfat loss usingxbe m
procedure in SAS (SAS Institute Inc., Cary, NC). The model used was based on the mode
used by Gilbert et al. (2010) which included the sow’s metabolic body weight and the
differences in sow body weight, sow backfat depth, and litter weight, acrdise all
generation, and parity combinations. Using regression coefficientsagstifinom our data,

the equation for sow residual feed intake was:

Sow RFI (kg) = Sow feed intake — (84.5025 + 0.1XBw metabolic mid-weight + 4.7602 x Litter

growth — 2.1796 x Sow weight loss — 3.5643 x Souwklst loss)

Energy balance was defined as the difference between energy retathedsbw at
weaning and energy retained by the sow at farrowing which were eslinmsing protein
mass and fat mass at weaning and farrowing. The energy contents of proteinaerd tet
as 23.8 MJ ME/kg protein and 39.5 MJ ME/kg fat (Bergsma et al., 2009).

Energy retained by the sow at farrowing (MJ ME)awSrotein mass at farrowing * 23.8 + Sow fat
mass at farrowing * 39.5

Energy retained by the sow at weaning (MJ ME) = $ostein mass at weaning * 23.8 + Sow fat
mass at weaning * 39.5

Energy balance (MJ ME / d) = (Energy retained leysbw at weaning — Energy retained by the sow at

farrowing) / Lactation length

Satistical analyses

Numbers of records available for analyses are in Table 4.1. To estimate line
differences, data were analyzed using the mixed procedure of SA8 .dfigets included in
the model were line, line by generation interaction, and generation by ip&eigction,

where generation refers to the generation to which the piglets belong. The rdfetmofe
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sow was included for all traits to account for repeated measures on eacthsgandom
effect of birth litter was originally fitted for piglet traits but wesall and caused problems
with model convergence in SAS and, therefore, was removed from the model. Cevariate
depended on the trait being analyzed (Table 4.2). Heritabilities and comnslafisow traits
with residual feed intake were estimated using a two trait animal rfitiohg) a sow trait and
RFls/rin AS-REML (Gilmour et al., 1995), both across and within lines. The random effect
of animal (=sow for piglet and sow traits and pig for &#lwas fitted as a genetic effect.
The pedigree included 14,169 individuals from generation -1 through generation 8, plus the
parents of generation -1. Sow was fitted as a permanent environmerdabatfeas
removed due to it being small and not significant and causing problems with convengence
AS-REML. Fixed effects and covariates for sow traits were the sanf@ line differences.
Fixed effects for RRJrin the two trait model were group, sex, and the concatenation of
group and pen (see Cai et al., 2008 for details on model fggydRHAlhe three-way
interaction of generation, line, and on-age deviation was fitted as aateviarn RF/r.
Results and Discussion
Line differences

After 7 generations, selection for Rfglimpacted sow reproductive performance and
lactation efficiency (Tables 4.3 and 4.4). The LRFI line had 1.7 more piglets/&d per
litter (P < 0.01) but only 1.2 more piglets born aliv®e< 0.05). This was due to the LRFI
line having 0.4 more piglets dead at birth per litex(0.05). There was no difference in
number of mummies between the two linBs=(0.76). The LRFI line weaned more piglets
both by sow (8.8 vs. 8.2, < 0.05) and by litter (9.0 vs. 7.B,< 0.01). Differences in number

weaned by sow and by litter are due to cross-fostering across lines andly lsiigter pre-
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weaning survival in the LRFI line (83.3 % vs 80.9 %, P = 0.31). The LRFI line had greater
average birth weight than the HRFI line (1.27 vs. 1.20Pkg0.01). Although not
significantly different P = 0.25), the LRFI line had a greater total birth weight (13.7 vs. 13.3
kg). Although the LRFI line still had heavier piglets when considering onlytpiglan
alive, these differences were not significant on either an avePag@.(L2) or entire litter
basis P = 0.55). Litters nursed by LRFI sows were heavier at weaning (55.2 vs. 5P.%Kkg,
0.1) and grew faster during the lactation period (1824 vs. 167@ &/@.05. LRFI litters
were heavier at weaning than HRFI litters (53.9 vs. 50.8kd).1). However, this increased
performance in terms of piglets was at a cost to the sow. The LRFI soed@8rkg lighter
(P < 0.05) at farrowing with 5.8 kg less fat maBs<(0.01) than HRFI sows but 0.9 kg
greater protein mas®  0.01). Sows from the LRFI line lost more weight during lactation
(11.0 vs. 2.5 kg < 0.01), which was due to a greater fat mass depletion (6.9 vs. P6&Kkg,
0.01) because there was no difference in protein mass depletion (0.34 vs. -@.41Kkg1).
As a result, LRFI sows had lower estimated maintenance costs than HRHPSo9vvs.
26.7 MJ ME/dP < 0.1). Sows from the LRFI line consumed 14.9 kg less feed(.01) and
had a greater negative energy balance (-18.2 vs. -10.1 MJ FIE/@,01) than sows from
the HRFI line. Energy output was higher in the LRFI line than in the HRFI line (29.4 vs. 27.1
MJ ME/d,P < 0.05) while energy input was lower (55.2 vs. 63.4 MJ ME/d,0.05). This
resulted in the LRFI line having higher lactation efficiency (45.9 vs. 41 #4).83) than
the HRFI line although it was not significantly different. Sow residual fetdkeé was lower
in the LRFI line than in the HRFI line (1.44 vs. 15.90 Rg; 0.01).

A concurrent study in France has also evaluated the effects of selectidfidgrdr

sow reproduction (Dekkers and Gilbert, 2010; Gilbert et al., 2010, 2011). Similar to our
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study, number born alive, litter weight gain, sow weight loss during lactaiidrsav

backfat loss during lactation were found to be greater in their LRFI linpa@ua to the

HRFI line (Dekkers and Gilbert, 2010; Gilbert et al., 2010, 2011). Sow weight at fagrowin
backfat depth at farrowing, sow feed intake, and sow residual feed intakelvieuadto be
lower in the LRFI line compared to the HRFI line in both studies (Dekkers abdrG2010;
Gilbert et al., 2010, 2011). While the French study found no difference in total born, we
found that total born was greater in the LRFI line than in the HRFI line (Dekkers BosaitGi
2010; Gilbert et al., 2010, 2011). Also contradictory to our study where we found that litter
birth weight tended to be greater in the LRFI line and average birth weiglgreatsr in the
LRFI line, the French study found no difference in litter birth weight between(lDedkers
and Gilbert, 2010; Gilbert et al., 2010; Gilbert et al., 2011).

Through selection for REJ;, we have selected for leaner pigs (Cai et al., 2008; Smith
et al., 2011) and results of this study show that this has resulted in sows whictsbdse le
mass and greater protein mass than HRFI sBws(.01). Several studies have selected for
lean growth and evaluated the effects on reproduction. Correlated responssditmder
lean growth have varied and depend on the method of selection for lean growth as shown by
studies that evaluated different methods of selection for lean growth (K2edbge et al.,

1983; Kerr and Cameron, 1996; Cameron et al., 2002). Response to selection for lean growth
resulted in greater (Vangen, 1980), equal (Kerr and Cameron, 1996), or fewer (Kersey
DeNise et al., 1983; Cleveland et al., 1988) piglets born. Our results of greater number of
piglets farrowed agree with results by Vangen (1980) who found that number iberalsb
increased with selection for lean growth which is what we found when seleatilegriness

by selecting for decreased Rfrl However, Kersey DeNise et al. (1983) and Cleveland et al.
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(1988) found that the number born alive decreased with selection for lean growthar 8mil
our results, response in litter birth weight to selection for lean growth W&s positive
(Vangen, 1980; Cleveland et al., 1988; Kerr and Cameron, 1996) or positive but not
significantly different (Kerr and Cameron, 1996; Cameron et al., 2002). Unlike our study
number weaned was lower (Kersey DeNise et al., 1983; Cleveland et al., 1988) or equal
(Kerr and Cameron, 1996) in lines selected for lean growth than in control linessResult
weaning weight varied from greater (Cleveland et al., 1988) to equal (Kerraaner@h,

1996) to smaller (Kerr and Cameron, 1996) for lines selected for lean growthvesght at
farrowing was either equal or greater in lines selected for componertafiowth (Kerr

and Cameron, 1996; Cameron et al., 2002) which is opposite to what we found in our study.
However, like our study, sow backfat depth at farrowing was less in lines ddfl@cte
components of lean growth than in control lines (Kerr and Cameron, 1996; Cameron et al.,
2002). Unlike our study, weight loss and backfat loss tended to be equal between lines
selected for lean growth and control lines (McKay, 1992; Kerr and Cameron, 1996 0G6amer
et al., 2002). Sow feed intake was less in lines selected for daily feed intakarafmbl®
conversion but greater in lines selected for lean growth rate (Kerr aner@a 1996;

Cameron et al., 2002). As a result, energy balance was more negative in theducted $et
daily feed intake and lean food conversion whereas the lines selected foro\e#nrgte had
similar energy balances (Cameron et al., 2002). These results show that resgefesgion

for lean growth will depend on which method is used. Results may also be population

dependent.
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Heritabilities

Heritabilities of piglet traits varied greatly, from 0.07 for averaganirgy weight by
litter across lines to 0.51 for litter birth weight in the LRFI line (Table 4.8jitabilities
were similar across and within lines, with the exception of weaning weigidveyand
average weaning weight by sow for which heritabilities were abooétas large in the
HRFI line (0.21 for both traits) than in the LRFI line (0.10 and 0.11, respectively)assacr
lines (0.08 for both traits). Traits pertaining to birth weight tended to be highlgibierit
ranging from 0.38 for total live piglet birth weight in the HRFI line to 0.51 faerlitirth
weight in the LRFI line. Traits pertaining to number of piglets tended to bg loevitable,
ranging from 0.08 for number of piglets dead at birth across lines to 0.26 for totah bloen i
HRFI line, with heritability for most traits being around 0.18. Number of mummiesotas
significantly heritable. Although piglet growth and litter growth were natiSaantly
heritable across and within the LRFI line, other traits pertaining to grofagiglets during
lactation were moderately heritable, ranging from 0.17 for piglet andditbevth in the
HRFI line to 0.31 for piglet energy gain in the HRFI line. Heritabilities of sawstalso
varied greatly, from 0.09 for lactation efficiency across lines to 0.75 for somteénance in
the LRFI line (Table 4.5) Traits pertaining to sow weight and body compositfarrawing
and at weaning were highly heritable, ranging from 0.41 for sow backfat deptioatirfg
in the LRFI line to 0.73 for sow weight at weaning in the LRFI line. Sow weightfiaiss
mass loss, and protein loss were moderately to highly heritable, ranging from G&&2 for
mass loss in the HRFI line to 0.40 for sow weight loss in the LRFI line. Sow manaie
was highly heritable (0.70 in the HRFI line, 0.71 across lines, and 0.75 in the LRFI line)

while sow feed intake was only moderately heritable (0.23 in the LRFI line, 0 @&sdures,
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and 0.28 in the HRFI line). With the exception of energy input, traits pertaining tcediffer
measures of efficiency during lactation were lowly heritable, ranigamg 0.09 for lactation
efficiency across lines to 0.18 for sow residual feed intake in the HRFI line.

Heritabilities of total number born across and within lines (Table 4.5) were higher
than the estimate by Bergsma et al. (2008) of 0.13. Previous reports of heritdbilities
number born alive range from 0.08 to 0.16 (Tholen et al., 1996; Chen et al., 2003; Ehlers et
al., 2005; Holm et al., 2005; Bunter et al., 2007) which is lower than our range of 0.18 to
0.20. Our heritabilities for litter birth weight of 0.42 to 0.51 are much higher than those
previously reported by Ehlers et al. (2005) which ranged from 0.162 to 0.195. Our
heritabilities for average litter birth weight were also much higher phhavious reports of
heritabilities by Tholen et al. (1996) which were 0.30 and 0.28 in their herd 1 and 0.15 and
0.11 in their herd 2 for first and second parity sows, respectively, and the esiiia@0
reported by Bunter et al. (2007). Previous reports of the heritability of numbeedéy
sow ranged from 0.02 to 0.09 (Chen et al., 2003; Serenius and Stalder, 2004; Serenius et al.,
2008) which is lower than the heritability found across lines and in the LRFI line in our
population. Although not significantly different from zero, the heritability of 0.04 forbarm
weaned by sow in the HRFI line falls within the range of heritabilities preyioegbrted.

Our heritabilities for pre-weaning survival were much higher than the Ihiétytaf 0.04
reported by Bergsma et al. (2008). Our estimates of heritability of wpamight by sow
across lines and in the LRFI line fall within the previously reported rah@€7 to 0.17
(Tholen et al., 1996; Chen et al., 2003), although the estimate in the HRFI line is slightly
higher than the heritability of 0.17 for first parity sows found by Tholen et al. (1996)

Heritability of litter growth in the HRFI line (0.17) was similar to the 0.J%oréed by
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Bergsma et al. (2008) and 0.16 by Bergsma (2011), although heritability oftdteth was
not significantly different across lines and within the LRFI line. Heriitgtf sow weight at
farrowing was higher in our population (0.62 to 0.66) than the 0.50 reported by Bergsma
(2011). However, heritability of sow fat mass at farrowing was sirbgéween our
population (0.42 to 0.46) and the population (0.42) evaluated by Bergsma (2011). Heritability
of sow weight loss was higher in our population (0.37 to 0.40) than the 0.14 reported by
Bergsma (2011). However, heritability of sow feed intake was similardestwur
population (0.23 to 0.28) and the population evaluated by Bergsma (2011) (0.23) and
estimates from both studies are greater than the 0.11 reported by Bunt€2@24|l
Heritabilities for lactation efficiency reported by Bergsmale(2008) of 0.12 and by
Bergsma (2011) of 0.10 fall within our range of heritabilities for lactatibciency of 0.09
to 0.15. Thus, with the exception of litter growth and lactation efficiency, hetitadiin our
population appear to be greater than in previously reported studies.
Correlations with grow/finish RFI

Phenotypic correlations of reproduction traits with &Fare not reported because
they are based only on 14 sows from generation -1 which were the only sows which also had
feed intake recorded during the grow/finish phase. Due to large standardfewaysnetic
correlations with RRJ;r were significantly different from zero (Table 4.6). Although not
significantly different from zero, estimates of the genetic catiga of litter growth with
RFls/r were -0.16 across lines and -0.14 in the HRFI line, which are in the oppositedirect
to the 0.18 reported by Bergsma (2011) but in the same direction as the differéee in |
growth found between lines. These estimates suggest that animalswetRBL,- would

have greater litter growth. Sow weight at farrowing was found to hawghagknetic
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correlation with RRe (0.51 across lines and 0.55 within the LRFI line), although Bergsma
(2011) found a very small, negative genetic correlation of -0.06 between sow weight at
farrowing and RFR4,~. However, the correlations found in our study support the differences
found between lines where sows from the HRFI line had greater body weights\atrfg

than sows from the LRFI line. Although Bergsma (2011) found a strong negativecgeneti
correlation of -0.35 between sow fat mass at farrowing angd,Rfe found no significant
genetic correlation between these traits (0.04 + 0.18). The correlation foundgsynae
(2011) is in the opposite direction as expected based on sows from the HRFI line having
greater fat mass at farrowing than sows from the LRFI line. Bergsma) (@Mt a genetic
correlation of 0.32 between sow weight loss andsRRRthich is opposite to the -0.40 found
in the LRFI line in our study. Although not significantly different from zero, thetgene
correlation between sow weight loss and &Flhas -0.19 across lines, which is in the same
direction as the correlation estimated in the LRFI line and in the oppositaatiras
estimated by Bergsma et al. (2011). The correlation between sow wesghhbb&R R/ in

the HRFI line was estimated at 0. Based on line differences where sowh&aREl line

lost more weight than sows from the HRFI line, one would expect the genetiatonre
between sow weight loss and RJFlto be negative, which is what we found in our study.
Although not significantly different from zero, genetic correlations of fema intake with
RFls/r in our study (0.18 across lines, 0.23 within both the LRFI and HRFI lines) are similar
to the 0.18 estimated by Bergsma (2011) and agree with the difference in somtdked i
between lines where sows from the HRFI line consumed more feed duretgplathan

sows from the LRFI line. Lactation efficiency and BFivere found to have a genetic

correlation of -0.55 across lines in our study which is similar to the -0.51 found bynierg



112

(2011); however, the correlation in the HRFI line was much stronger (-0.97) thantb#
correlation across lines or the one estimated by Bergsma (2011). Thie gerretation
between lactation efficiency and Rfgwithin the LRFI line was estimated at -0.30 which is
slightly lower than that estimated across lines or by Bergsma (2011). &iomslfound in
our study and by Bergsma (2011) support our findings that sows from the LRFI line had a
higher lactation efficiency than sows from the HRFI line. Sow resi@eal intake was
moderately to highly correlated with Rfd across lines (0.43 + 020) and within lines (LRFI
=0.30 £ 0.22; HRFI = 0.64 £ 0.31). This is in a favorable direction as it indicates that sows
with favorable RFR,- would also have a favorable residual feed intake during lactation. The
positive correlation is supported by line differences where the LRFI sows lhawera
residual feed intake during lactation than the HRFI sows. However, energy baksice
found to have a negative correlation with BFacross lines (-0.25 + 0.22) and within the
LRFI line (-0.41 £ 0.25). This is also in a favorable direction being that pigs witroeafde
RFIs/r would have a more positive energy balance. However, this correlation does not
support what we found for differences between lines where the LRFI sows hatka grea
negative energy balance than the HRFI sows.
Conclusions and Implications

Results from this study show that selection for decreaseglfRfls had no
detrimental effect on sow reproductive performance and, in fact, has resultecasatt
litter size and pre-weaning growth. The higher piglet performance is pusdéle by a
greater loss of body condition for sows from the LRFI line. The greater |dsxlgf
condition for sows from the LRFI line was accounted for in part by their decréasd

intake during lactation. As a result of having increased pre-weaning growthetsmgd
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decreased feed intake, sows from the LRFI line were more efficieoha¢rting energy
from feed intake and body tissue mobilization into piglet growth. The greateof body
condition for sows from the LRFI line may have an impact on rebreeding if rebyegdmn
performed at first estrus post-weaning. The greater loss of body condityoasoaesult in a
greater wean to first estrus interval.

The efficiency of sows transforming feed into piglet gain is heritable h&hétis
measured as lactation efficiency or sow residual feed intake. Hetjtastimates were
consistent across and within lines and with literature. Therefore, it would be pdesselect
sows which are more efficient. Efficiency during lactation appears to deimath
efficiency during the grow/finish phase. All correlations are in the félemirection and fit
with what has previously been reported. A second sign that grow/finish effi@adcgow
efficiency coincide is that the LRFI line shows better efficiencprgigss of how it is
measured. This is particularly true in sow RFI where there is a 14.5 kgeddeein residual
intake when sows are only consuming ~130 kg feed during lactation. This amounts to a
difference in residual feed intake of ~11% of total feed intake. With the industry gnovin
towards more total efficiency, it is desirable that grow/finish efficyeand sow efficiency
coincide which the results of this study support. Sows from the LRFI line consesse@géd
and produced more (in terms of piglet growth) than sows from the HRFI line, botdost
body reserves. Therefore, when selecting for pigs that are more fegeheffiuring the
grow/finish period, sow feed intake and body condition change during lactation must be

taken into consideration.



114

Note from authors
Measures of longevity and rebreeding were not evaluated in this study due to the
manner in which sows are bred and kept. All sows were culled after two pahi¢éiefore,
longevity cannot be evaluated. Sows were not bred at first estrus post-weanioditlthet
farrowing and finishing schedule of the research farm. Also only sows that bpdraif
selected to go onto the FIRE feeders for parity 1 were rebred to produce ptrésefore,
some sows were culled after only 1 parity.
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Table 4.1:Number of animals available for analyses.

Generation Line

Number of sows with data frdm Grow/finish

Parity 1  Parity 1 & 2 Parity 2 RFI
-1 22 (20°) 52" (52) 193
0 LRFI 17 (14) 35 (35) 153
HRFI 24 (22) 6
1 LRFI 9 (6) 36 (36) 1 (1) 139
HRFI 17 (17) ®
2 LRFI 26 (25) 23 (23) 8 (4) 154
HRFI 9 (7) 12 (11) 5(65) °.
3 LRFI 16 (15) 33 (30) 51
HRFI 11 (9) 17 (14) °
4 LRFI 22 (17) 37 (31) 27
HRFI 12 (8) 34 (22) °,
5 LRFI 16 (9) 41 (38) 64
HRFI 24 (21) 33 (29) 87
6 LRFI 9 (0) 41 (1) 4(4) 87
HRFI 13 (2) 37 ( 2) 79
7 LRFI 81
HRFI 85

! Sow counts are given as two numbe(b) wherea is the number of sows with
reproductive data arfalis the number of sows that have all the information necessary to
calculate lactation efficiency. Also, breeding animals come frontypghgows; therefore,
most sows do not have grow/finish RFI data since boars are on the FIRE feeders.

2 Number of pigs from each generation and line with grow/finish RFI.

% Includes 4 sows with grow/finish RFI data.

* Includes 10 sows with grow/finish RFI data.

® Includes 14 sows with grow/finish RFI data.

® In earlier generations, only LRFI animals evaluated for RFI.
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Table 4.3:Line differences in piglet traits after 7 generations of selection foluaseed

intake.

Least square means

Trait LRFI HRFI P-value
Total born (n) 12.1 104 <0.01
Number born alive (n) 10.9 9.7 <0.05
Number of piglets dead at birth (n) 1.2 0.8 <0.05
Number of mummies (n) 0.24 0.21 0.76
Farrowing survival (%) 89.2 91.5 0.24
Litter birth weight (kg) 13.7 13.3 0.25
Average litter birth weight (kg) 1.27 1.20 <0.05
Total live piglet birth weight (kg) 12.8 12.6 0.55
Average live piglet birth weight (kg) 1.27 1.22 0.12
Number weaned by litter (n) 9.0 7.5 <0.01
Number weaned by sow (n) 8.8 8.2 <0.05
Pre-weaning survival by sow (%) 83.3 80.9 0.31
Weaning weight by litter (kg) 53.9 50.8 <0.1
Average weaning weight by litter (kg) 6.1 5.9 0.37
Weaning weight by sow (kg) 55.2 51.9 <0.1
Average weaning weight by sow (kg) 6.1 5.8 0.19
Piglet average daily gain (g/d) 192.1 183.3 0.14
Piglet growth (kg) 4.63 4.45 0.36
Piglet energy gain (MJ ME) 3.16 3.02 0.10
Litter average daily gain (g/d) 1824 1679 <0.05
Litter growth (kg) 44.2 40.6 <0.1
Litter energy gain (MJ ME) 30.1 27.7 <0.05
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Table 4.4:Line differences in sow traits after 7 generations of selection for redehdal
intake.

Least square means

Traits LRFI HRFI P-value
Sow weight at farrowing (kg) 197.0 207.8 <0.05
Sow fat mass at farrowing (kg) 457 51.5 <0.01
Sow protein mass at farrowing (kg) 28.4 275 <0.01
Sow backfat depth at farrowing (mm) 20.5 249 <0.01
Sow weight at weaning (kg) 1954 203.8 <0.1
Sow fat mass at weaning (kg) 40.2 46.8 <0.01
Sow protein mass at weaning (kg) 27.3 26.2 <0.01
Sow backfat depth at weaning (mm) 19.0 234 <0.01
Sow weight loss (kg) 11.0 2.5 <0.01
Sow fat mass loss (kg) 6.9 1.6 <0.01
Sow protein mass loss (kg) 0.34 -0.41 0.11
Sow backfat loss (mm) 3.02 0.78 <0.01
Sow maintenance (MJ/d) 23.2 24.0 <0.1
Sow feed intake (kg) 120.4 135.3 <0.01
Energy output (MJ ME /d) 29.4 27.1 <0.05
Energy input (MJ ME/d) 55.2 63.4 <0.05
Lactation efficiency (%) 45.9 41.0 0.83
Sow residual feed intake (kg) 1.44 1590 <0.05
Energy balance (MJ ME/d) -18.2 -10.1  <0.01
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Table 4.5:Heritabilities of piglet and sow traits.

Within lines
Traits Across lines LRFI HRFI
Total born 0.21+0.04 0.22+0.05 0.26+0.06
Number born alive 0.18+0.04 0.19+0.05 0.20x0.06
Number of piglets dead at birth 0.08+£0.04 0.10+£0.05 0.18+0.07
Number of mummies 0.02+0.03 0.03+0.04 2
Farrowing survival 0.08+0.04 0.16+0.05 2
Litter birth weight 0.45+0.04 051+£0.05 0.42+0.06
Average litter birth weight 0.46+£0.04 050+£0.05 0.42+0.06
Total live piglet birth weight 0.40+0.04 044+0.05 0.38+0.06
Average live piglet birth weight 0.42+0.04 046+£0.05 0.39+0.06
Number weaned by litter 0.14+£0.04 0.18+£0.05 0.15+0.06
Number weaned by sow 0.12+0.04 0.17+0.05 0.04 £0.05
Pre-weaning survival by sow 0.18+0.04 0.18+0.06 0.15+0.06
Weaning weight by litter 0.04+£0.03 0.06£0.04 0.09+0.06
Average weaning weight by litter 0.07+£0.03 0.10+£0.05 0.11+0.06
Weaning weight by sow 0.08+£0.04 0.10+£0.05 0.21+0.06
Average weaning weight by sow 0.08+£0.04 0.11+£0.05 0.21+0.06
Piglet average daily gain 0.22+0.04 0.21+£0.06 0.30+0.06
Piglet growth 0.06 +0.03 0.07£0.040.17 £0.06
Piglet energy gain 0.21+£0.04 0.20+£0.05 0.31+0.06
Litter average daily gain 0.21+£0.04 0.22+0.05 0.26+0.06
Litter growth 0.06 £0.03 0.07 £0.04 0.17 £0.06
Litter energy gain 0.20+£0.04 0.21+0.05 0.27+0.06
Sow weight at farrowing 0.62+0.03 0.66+0.04 0.66+0.05
Sow fat mass at farrowing 0.44+0.05 046+0.06 0.42+0.07
Sow protein mass at farrowing 0.44+0.05 046+0.06 0.42+0.07
Sow backfat depth at farrowing 0.43+£0.05 041+£0.06 0.47+0.06
Sow weight at weaning 0.69+£0.03 0.73+£0.03 0.68+0.04
Sow fat mass at weaning 047+0.05 044+0.06 0.46=+0.07
Sow protein mass at weaning 0.47+0.05 044+0.06 0.46=+0.07
Sow backfat depth at weaning 0.50+£0.04 0.46+0.06 0.44+0.07
Sow weight loss 0.37+0.05 0.40+0.06 0.38+0.07
Sow fat mass loss 0.23+0.06 0.28+0.07 0.22+0.08
Sow protein mass loss 0.36+£0.05 0.36+0.06 0.43+0.07
Sow backfat loss 0.17+0.05 0.22+0.06 0.18+0.08
Sow maintenance 0.71+0.03 0.75+0.03 0.70+0.04
Sow feed intake 0.25+0.04 0.23£0.06 0.28+0.06
Energy output 0.13+£0.04 0.16+0.05 0.09+£0.06
Energy input 0.23+0.06 0.20+0.06 0.32+0.08
Lactation efficiency 0.09+0.04 0.14+0.06 0.15+0.07
Sow residual feed intake 0.16 +0.05 0.17+£0.06 0.18 +0.07
Energy balance 0.12+0.05 0.11+£0.06 0.23+0.08

! Heritabilities in bold are significantly different from zero.
% Analyses did not converge in AS-REML as a two-trait analysis with iRfitabilities were non-
estimable when run as a single trait analysis.
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Table 4.6: Genetic correlations of piglet and sow traits with &I

Within lines
Traits Across lines  LRFI HRFI
Total born 0.20+0.170.47+£0.18 -0.37+0.25
Number born alive 0.14 +£0.180.44 £ 0.19 -0.40+0.26
Number of piglets dead at birth 0.29+0.20.27 £0.26 -0.06+0.34
Number of mummies 0.53 + 0.530.52 + 0.49 !
Farrowing survival -0.29 £ 0.250.15 + 0.22 !
Litter birth weight 0.16 £+0.130.10+0.15 0.38+0.23
Average litter birth weight 0.18 £+0.130.14 + 0.15 0.43+0.23
Total live piglet birth weight 0.16 £0.140.09 £ 0.15 0.40x0.23
Average live piglet birth weight 0.14 +£+0.140.09 £+ 0.15 0.43+0.28
Number weaned by litter 0.16 £0.19.42 +0.19 -0.41+0.32
Number weaned by sow 0.10 £0.290.19 £ 0.21 0.99 + 0.69
Pre-weaning survival by sow 0.06 £0.19.28 + 0.20 0.67 £0.31
Weaning weight by litter -0.07 £0.33.12+0.29 -0.22 +0.40
Average weaning weight by litter ~ -0.00 £ 0.26.14 £ 0.25 -0.27 £0.39
Weaning weight by sow -0.06 +£0.28.12+0.31 0.03+0.30
Average weaning weight by sow -0.10£0.22.06 £ 0.25 -0.14+0.31
Piglet average daily gain -0.13+£0.1:-D.01 £ 0.20 -0.54 £+ 0.24
Piglet growth -0.15+0.270.09 £ 0.29 -0.44 +0.32
Piglet energy gain -0.10+0.10.01+0.20 -0.45+0.25
Litter average daily gain -0.15+£0.170.06 £ 0.19 -0.39 £ 0.27
Litter growth -0.16 £0.270.04 £ 0.28 -0.14 £0.32
Litter energy gain -0.12 £+ 0.170.03 £ 0.19 -0.30 £ 0.28
Sow weight at farrowing 0.51+0.110.55+0.12 0.26 £0.23
Sow fat mass at farrowing 0.01+£0.19.04 £0.15 0.08 +0.26
Sow protein mass at farrowing -0.01 £0.14.04 £0.15 -0.08 £0.26
Sow backfat depth at farrowing 0.29+0.10.40+£0.15 0.04x0.24
Sow weight at weaning 0.41+0.10.47+0.12 0.28+0.21
Sow fat mass at weaning -0.07£0.10.16 £ 0.15 0.02 £ 0.24
Sow protein mass at weaning 0.07£0.18116 £ 0.15 -0.02 £0.24
Sow backfat depth at weaning 0.20+0.1325+£0.15 0.09x0.24
Sow weight loss -0.19 £0.150.40 £ 0.16 0.00 £0.25
Sow fat mass loss -0.05+0.18®.08 £0.19 0.13+0.38
Sow protein mass loss -0.35+0.18.59 £ 0.15-0.13 £ 0.25
Sow backfat loss 0.01 £0.190.04 + 0.20 0.43 £0.39
Sow maintenance 0.49+0.10.52+0.12 0.33+0.22
Sow feed intake 0.18 £0.160.23+0.19 0.23+0.25
Energy output -0.05+0.200.02 +0.21 -0.18+0.41
Energy input 0.38+0.170.35+0.20 0.40+0.28
Lactation efficiency -0.55+0.250.30 £ 0.24 -0.97 £ 0.35
Sow residual feed intake 0.43+0.20.30+£0.22 0.64 +0.31
Energy balance -0.25+0.220.41 + 0.25 0.01 £0.37

! Analyses did not converge in AS-REML.
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CHAPTER 5: GENERAL CONCLUSIONS
General Summary

As shown in Chapter 2, selection for decreased residual feed intake during the
grow/finish phase of production (Ri#) has affected feeding behavior. Selection for
decreased REGJr resulted in pigs that consume significantly less feed per day than those
randomly selected. With adjustment for feed intake per day, feed intake pendipgrahour
and number of visits per day and per hour did not differ significantly between the ta/o line
but the trend was for pigs selected for decreased,RbBlhave fewer visits, particularly
during peak eating times. Pigs with low BfEhad a higher feed intake rate which resulted in
a lower occupation time per day, per visit, and per hour than high-RkJs even after
adjustment for feed intake per day. The decrease in occupation time per diay fesui a
decrease in occupation time per hour over the course of the whole day rather theasedecr
just during peak eating times like number of visits per day.

In Chapter 3, it was shown that heritabilities of feeding behavior traitshigre
ranging from 0.36 for feed intake per visit to 0.71 for occupation time per day. Fdes inta
rate was highly heritable at 0.59. Heritabilities of number of visits per daypation time
per visit, and feed intake per day were similar (0.44, 0.42, and 0.42, respectively). Number of
visits per day, feed intake per visit, and occupation time per visit were sticorgtlated
with one another, both phenotypically and genetically, as expected. One woulttbapec
pigs that visit the feeder fewer times per day would spend more time and consunfeador
during each visit to the feeder than pigs that eat more frequently throughout tineldag a
correlations between those three traits support that expectation. Occupati@etiday and

feed intake rate were also strongly and positively correlated, both phenbyypich
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genetically. This was expected as pigs that eat faster are expegqtedddess time eating

when consuming the same amount of feed. Other correlations between feeding behtsvior t
were low. Feed intake per day was highly correlated with the performaitseofrRFE/r,

average daily gain (ADG), and backfat depth (BF). This is as expected becanigks dmat
consume more feed have more energy to put towards growth and fat deposition thas animal
that consume less feed. Feed intake per visit was moderately corratitédd@ and BF

but not with RF§=. Occupation time per day was moderately correlated withRaiid

ADG but not BF. Other correlations between feeding behavior traits and perfertnaite

were low.

SNPs located adjacent to MC4R, a gene already shown to be associateddvith fe
intake, fatness, and growth (Kim et al., 2000), were significant for feed intake pédttay.
genes that were located in regions associated with feeding behavsointhited several
related to retinoic acid and several pertaining to transcription or nuctpdat@s. ZNF423,
which has been shown to be important for retinoic acid-induced differentiation (Huang et
2009), was located in a region associated with occupation time per day anddkeadat.

RAI2, which has been shown to be involved in cellular differentiation (Walpole et al., 1999),
was located in a region associated with number of visits per day. Retirbimagihave an
association with feeding behavior. Since retinoic acid is involved in growth and
development, this may be explained by the correlation of feeding behavior witdiyawkily
gain. MYO3A, which has been shown to be involved with cell structure in the retina (Lin-
Jones et al., 2009), was located in a region associated with feed intake ratMMINw@Ach

has been shown to be involved in response to ionic stress in the optic nerve (Carferas et a

2009), was located in a region associated with feed intake per visit. LMOh indsdeen
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shown to regulate transcription of the nuclear membrane protein emerin (Holakka et
2006), was located in a region associated with feed intake per day. SHOX, whizhciear
protein that acts as a transcriptional activator (Binder, 2011), was locateglgiom
associated with occupation time per day. JRKL, which has an Entrez gene functiomgat be
nuclear regulatory protein, was located in a region associated with naombgits per day.
ZRANB2, which is found in the nucleus and regulates alternative splicing @véarty

Morris, 2008), was located in a region associated with occupation time pef hiese

results suggest that nuclear regulation of transcription and translation rasydogated with
feeding behavior.

In Chapter 4, it was shown that selection for decreaseg/fals had an impact on
sow reproductive performance and lactation efficiency. After 7 generatelastian for
decreased REJ- has resulted in sows that have 1.7 more piglets farrowed, 1.2 more born
alive, 0.4 more dead at birth, and more weaned, both by litter (9.0 versus 7.5) and by sow
(8.8 versus 8.2). Piglets from the low RFI line were ~70 g heavier at birth than pighets
the high RFI line. The low RFI line also had better litter growth (44.2 versus 40.6akg) th
the high RFI line. However, this increase in piglet performance cameoat & the sow.
During lactation, sows from the low RFI line consumed 33 kg less feed and lost 8.5 kg more
body weight and 5.3 kg more fat mass than high RFI sows. Sows from the low RFI line
depleted 2.24 mm more of their backfat depth than did high RFI sows. Low RFI sows had a
greater negative energy balance (-18.2 versus -11.4 MJ ME/d) but a higagorac
efficiency (21.6 versus 18.9%) and lower residual feed intake during lactaighversus
15.90 kg) than high RFI sows. Heritabilities were highx(19.4) for sow weights, sow body

composition traits, sow maintenance requirements, and piglet birth weights.pemdaining
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to piglet growth during lactation and to tissue mobilization of the sow and sow felegl inta
and total born were moderately heritable (0.% < 0.4). Genetic correlations with R
were not significant for most traits, despite line differences foeteame traits. This could
be due to the large standard errors for the correlations. However, strong posiéitre ge
correlations with RRd,r were found for sow weight at farrowing and at weaning and sow
maintenance requirements, suggesting thagRFlay be associated with mature body size.
RFls/F also had a large positive genetic correlation with sow residual fe&e ,istaggesting
that some of the factors that result in decreased,Rfhy also result in decreased residual
feed intake during lactation. Strong, negative genetic correlations withxRfere found for
sow protein mass loss and lactation efficiency which is supported by line dif#snenthose
traits. Although other correlations were not significant, they were in the dia@otion as
expected based on line differences.

In conclusion, feed efficiency has been shown to be affected by the manner of feed
intake since selection for decreaseddaHias resulted in pigs that eat faster, spend less time
in the feeder, and tend to visit the feeder fewer times than pigs with higjRRlere
appears to be a large genetic component to feeding behavior, based on high hesitabilitie
therefore, measuring and selecting for feeding behavior traits toayfal other
opportunities to improve traits of economic importance. Selection for decreasgelREI
positively affected piglet performance and lactation efficiencyhastnegatively affected
sow body condition change and energy balance during lactation. Thereforeselbdteng
for improved feed efficiency during the growing phase, sow feed intake angecimainody

condition during lactation must be taken into consideration.
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Implications and Further Work

As shown in Chapter 2, selection for decrease@&RRhich results in more efficient
pigs, resulted in pigs that spent less time in the feeder per day than pigs éketsaer
efficient. As the pig industry continues to focus on efficient growth of gugig the
growing and finishing phases of production, feeding behavior may be changihgh®tjtit
warrants further research into the current recommendations for number pépigeder
space. If pigs are spending less time at the feeder, then more pigs dacach feeder
space, reducing the need for feeder space. Future work to investigataittiibecto set up
cameras to record occupancy of conventional feeders to see if the two lieegdifne
spent at a conventional feeder since we know they differ in time spent oagapsimgle-
space electronic feeder. It may also be of value to partner with a lgeednmpany to
compare time spent at the feeder between commercial lines whiahidifiéed efficiency to
determine if current selection practices for improving feed effogiéaelection for
components of efficient lean growth, feed to gain ratio, or gain to feed rstojesult in
decreased time at the feeder, similar to selection fogRFI

Labroue et al. (1997, 1999) showed that there were differences in feeding behavior
between breeds when they were penned separately by breed or when breedsecer
together, further research should be done to see if mixing selection lines #féefdeding
behavior of the two lines. The question to be evaluated would be: if lines are penned
separately instead of mixed, does it affect feeding behavior and the diffeiarfeeding
behavior between the two lines?

Fishermen use solar lunar calendars to determine peak fishing times. In an

unpublished study at PIC-USA, day to day variation of feed intake has been shown to differ
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between sire lines. Pigs have also been shown to eat in a diurnal pattern withikisvofpea
activity, one around 8:00 am and the other around 4:00 pm (Walker, 1991). However, when
feeder space is limited, the diurnal pattern disappears due to the feeden ladmngst
continuous use (Walker, 1991). It would be interesting to see if the two lines thatrdif
RFlg/r also differ in their day to day variation of feed intake and if these diffesencay to
day variation are affected by the solar lunar calendar. However, Chapter &lshow
differences in the pattern of feed intake over the course of the day behsdwmotines.

Denture irruption and its effects on feeding behavior have not been evaluated in this
population. It would be interesting to see if the two lines which differ igR&lso differ in
denture irruption and if differences in denture irruption are associated wihedites in
feeding behavior. In Chapter 2, it was shown that feeding behavior does differ ttheriinmgt
and second halves of the test period, although this was not the focus of Chaptegl2. biemi
beneficial to evaluate the change in feeding behavior over time and sediffdratbetween
the two lines.

In Chapter 3, a large genetic component of feeding behavior was evident. fidherefo
measuring and selecting for feeding behavior traits may allow for othertopipies to
improve traits of economic importance. Occupation time per day had a genetlateam of
0.39 with RF§;r, suggesting that selection for decreased occupation time per day would
result in pigs with decreased Rfslor more efficient pigs. Research could be done into how
variable occupation time per day is. If it is lowly variable from day to daycoulel
potentially select for occupation time per day on conventional feeders in a caaimer
setting simply by videotaping the pigs for 24 hours instead of just utilizing the dataeubt

from FIRE feeders in a nucleus setting.
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Since there is no previous research evaluating candidate genes for tesdthumpr,
more research to support the findings in Chapter 3 is warranted. This could be done by
reanalyzing the data as newer builds and better annotation for the newebboddses
available. Also with better annotation, all genes near a region found to be assodlated wi
feeding behavior trait could be recorded and a network/pathway analysis cqpaddrened
to determine if there are common networks/pathways that are shared taitsn These
pathways could also be compared with those that have already been found to be differentl
regulated in the low and high RFI lines by Lkhagvadorj et al. (2010) who evaluated gene
expression differences in the adipose tissue between the low and high RFIKheegp/ddor|
et al. (2010) found that genes related to carbohydrate metabolic process, regulzion of
expression, potassium ion transport, response to stress, and cellular carbohgtiatdic
process were up-regulated and genes related to multiple metabolic processestdtmme
processes, regulation of developmental process, respiratory chain compsseivbdy,
protein targeting, ion transport, generation of precursor metabolites agy,esr@tocytosis,
membrane invagination, DNA repair, membrane organization and biosynthesis, and
centrosome cycle were down-regulated in the adipose tissue of low RFI pigaredno
high RFI pigs.

Chapter 4 evaluated the effects of selecting for decreaseg BRlsow reproductive
performance and lactation efficiency. Although selection for decrdiSkg was not shown
to have a negative impact on piglet numbers and weights, it was shown to decreasszsow f
intake and increase sow weight loss, particularly fat mass loss, durirtgplactdith this in
mind, as the pig industry continues to select for more and more efficient pigé e wi

important to consider sow feed intake and change in body condition during lactation when
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making selection decisions. Typically, as litter size increases, dudivbirth weights of

piglets decrease. In our study, both litter size and average birth weighteregsed in the

line selected for decreased Rl Given that sows are fed the same amount of feed in
gestation and that maintenance costs are most likely reduced in the loweREidin sows

from the low RFI line would be able to put more nutrients towards their fetuses th&in sow
from the high RFI line. A study that could be performed to further investigatedhis be

to feed sows differing amounts through lactation and compare average pigletdigtitsw
between feeding levels within and across lines. Further research needs to lvetderseaas

of return to estrus post-weaning, rebreeding, and longevity to see how selecibiisfr

affects these traits. Since backfat depth is measured at farrowingwednang, backfat

depths could be measured once or twice a week post-farrowing to see if the sesvtoetur

her farrowing backfat depth and how long it takes her to do so. Also, in our results, the line
of the piglet and the line of the sow were confounded; therefore, a partiafastesng
experiment where each sow nurses piglets from both lines could be perforrednate

the effect of piglet line on differences in piglet performance duringtianthetween sow

lines. Although a lot of research has been performed on the implications of selecting f
decreased REJr, there is still quite a bit more needed to fully cover all potential pitfalls to
selecting for decreased R
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