
ABSTRACT

Objective: Our objective was to determine growth 
rates, body composition, and pubertal development of re-
placement gilts fed diets with different ratios of standard-
ized ileal digestible (SID) lysine to ME.
Materials and Methods: Diets with low, medium, 

and high ratios of SID lysine to ME (grower: 2.3, 2.6, and 
2.8; and, finisher; 1.7, 1.9, and 2.1 g/Mcal) were fed from 
100 to 200 d of age, after which gilts were moved from the 
gilt development unit to sow farms. Boar exposure and 
estrus detection began at 160 d of age and continued until 
first detected estrus. Estimates of BW and body composi-
tion were determined at 100, 142, 160, and 200 d of age 
and at puberty.
Results and Discussion: Body weights and growth 

rates were reduced (P < 0.05) as dietary SID lysine–to–
ME ratio decreased. Greater SID lysine–to–ME ratios in-
creased the number of gilts that exhibited estrus upon 
boar exposure, increased the number of gilts with a spon-
taneous first estrus, reduced the number of gilts requir-
ing P.G.600 (Merck Animal Health, Kenilworth, NJ), and 
decreased age at first estrus (P < 0.05). Slower growing 
gilts that weighed less with less backfat were more likely 
to require P.G.600 to induce puberty (P < 0.05).
Implications and Applications: Reducing SID ly-

sine–to–ME ratios in gilt diets can increase the number of 

gilts within optimal BW range at first estrus, but overall 
pubertal development is delayed if ratios are reduced be-
low 2.8 and 2.1 g of SID lysine to megacalorie of ME in 
grower and finisher diets, respectively.
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INTRODUCTION
To improve sow lifetime productivity, managing the re-

placement gilt to achieve optimum body composition as 
she enters the breeding herd should be a priority for pro-
ducers (Baidoo, 2001; Stalder et al., 2004; Bortolozzo et 
al., 2009). Appropriate strategies to achieve this goal are 
debated in the US swine industry. Traditionally, breeding 
herd replacement gilts have been fed grower and finisher 
diets containing excess AA to promote maximal protein 
deposition during the development phase (Rozeboom, 
1999). In 2012 The Scientific Committee of the National 
Pork Board (NPB) informally surveyed the US commer-
cial swine industry to determine the average levels of AA 
and energy content in diets fed during gilt development. 
The results indicated that pork producers feed greater 
amounts of standardized ileal digestible (SID) lysine to 
replacement gilts than those recommended by the NAS-
EM (2012) or the National Swine Nutrition Guide (Whit-
ney and Masker, 2010). Baidoo (2001) recommend that an 
appropriate gilt development diet should be either moder-
ate in SID lysine (0.6%) with high energy (3.5 Mcal/kg) 
or high in SID lysine (1.31%) with moderate energy (3.2 
Mcal/kg) and that such diets should be limit fed, which is 
not a common practice in the US pig industry. Reducing 
growth rate of developing gilts was associated with im-
proved reproductive efficiency through first parity (Klindt 
et al., 1999, 2001a,b). Others have shown that reducing 
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prebreeding growth rate did not limit pubertal develop-
ment (Patterson et al., 2002; Miller et al., 2011) and may 
be beneficial to first-parity performance (Barnett et al., 
2017; Winkel et al., 2018).

There are few publicly available reports in which ad-
equate numbers of females have been used to estimate the 
effects of feeding gilt diets ad libitum on reproductive de-
velopment, longevity, and productivity of replacement gilts 
in commercial production systems. The NPB Sow Lifetime 
Productivity Research Consortium concluded that addi-
tional research was needed to characterize relationships 
among prebreeding growth rates and body composition of 
gilts and their contribution to sow lifetime productivity, 
and that such research should involve diets that could be 
fed to gilts ad libitum during development. Previous stud-
ies using varied concentrations of either ME or SID lysine 
fed to gilts during development indicated that growth rate, 
body composition, and reproductive development of gilts 
were unaffected (Calderón Díaz et al., 2015a,b). Using the 
SID lysine–to–energy content (g of SID lysine:​Mcal of ME 
ratio) to formulate diets fed to replacement gilts showed 
these traits could be marginally improved (Calderón Díaz 
et al., 2017). The present study was conducted within a 
large commercial production system with the objective to 
evaluate growth and pubertal development in replacement 
gilts fed diets with varying SID lysine–to–ME ratios dur-
ing the growing-finishing phase of development.

MATERIALS AND METHODS
Animals, Diets, and Management

This study was reviewed and approved by the Institu-
tional Animal Care and Use Committee of the US Meat 
Animal Research Center and conducted in accordance 
with the Guide for the Care and Use of Agricultural Ani-
mals in Research and Teaching (FASS, 2010). The study 
was conducted at a commercial farm in the southwestern 
United States using maternal-line, sows (n = 1,052) in 
parities 1 through 8. The Large White × Landrace F1 
gilts (n = 2,960) were born over 42 consecutive weeks and 
were individually identified at 1 d of age. Gilts remained 
with their dams, and only male piglets were cross-fostered 
when necessary. Within a weekly group, gilts were blocked 
by litter of origin and parity of dam before being randomly 
allocated to pens at 80 d of age. The gilt development unit 
was naturally ventilated. Pens (24 gilts, 0.93 m2 per gilt) 
had fully slatted concrete flooring (slat width = 15.2 cm, 
space between slats = 2.5 cm) and contained a feeder (5 
feeding spaces, 30.5 cm per space) in the center. Access 
to water was ad libitum via one hanging waterer with 2 
nipples in each pen.

Dietary treatments were designated as low, medium, and 
high based on SID lysine and ME content (g of SID lysine:​
Mcal of ME ratio; Table 1). The development of diets used 
in this study was described previously (Calderón Díaz et 
al., 2017) and based on estimates for the SID lysine re-

quirement developed from modern commercial lean geno-
types (Zier-Rush et al., 2013). Calculated and analyzed 
composition of diets is listed in Table 1. Beginning at 100 
d of age, gilts had ad libitum access to the grower diet for 
approximately 6 wk and were then fed the finisher diet 
until 200 d of age, when gilts were moved to sow farms. 
Daily feed intake was estimated in 2-wk intervals and was 
based on feed disappearance (pen basis). Daily SID lysine 
(g) and ME (Mcal) consumed in every 2-wk interval were 
calculated by multiplying the formulated dietary SID ly-
sine and ME content by the pen feed disappearance (kg) 
per number of pigs in the pen. Feed, total lysine, and ME 
intake per kilogram of BW were calculated.

At 201 ± 1 d of age, gilts were transferred from the gilt 
development unit (GDU) to a sow farm. Gilts born in wk 
1 to 22 were moved to sow farm 1, where they were penned 
by dietary treatment in a finisher GDU and were provided 
ad libitum access to an industry-standard gestation diet. 
Gilts were moved to individual stalls in the breed line by 
231 d of age or approximately 10 d before their expected 
breeding date. When in stalls, gilts were fed a gestation 
diet at 1.81 kg/d. Gilts in groups 23 to 42 were moved 
to sow farm 2, where they were placed directly into indi-
vidual stalls and fed a gestation diet at 1.81 kg/d.

Measurements
Birth weight, BW and other growth traits (ultrasound, 

caliper, flank to flank) were recorded for each gilt at 100, 
142, 160, and 200 d of age and at each recorded estrus. 
Body weight was recorded using a digital scale (Digi-Star 
SW4600EID Digital RFID, VID Recording scale; Digi-
Star LLC, Fort Atkinson, WI). Average daily gain was 
calculated using the standard formula [(final BW − initial 
BW)/days]. A trained technician obtained ultrasonic im-
ages using an EXAGO ultrasound (S. E. C. Repro Inc., 
Québec, Canada) at the 10th rib. Ultrasonic images were 
interpreted using the Biosoft Toolbox II for Swine (Bio-
tronics Inc., Ames, IA) to measure backfat thickness (BF) 
and loin depth (LD). A caliper was used to estimate back-
fat at the last rib (Knauer and Baitinger, 2015). A cloth 
tape was used to measure the distance from flank to flank 
on each animal. Fat-free-lean meat was calculated with 
the equation for live hogs using real-time ultrasound mea-
sures (Burson, 2006): 0.379 × 2 − [0.649 × 10th rib of fat 
depth (mm)] + [0.841 × 10th rib loin muscle area (cm2)] 
+ [0.132 × live BW (kg)] − 0.243. A fat-to-lean ratio was 
calculated as BF divided by LD. Reasons for removing 
gilts from the study were based on the trial manager’s 
decisions at the gilt development facility. Removal reasons 
were acquired retrospectively from farm records.

Boar Stimulation and Puberty
Boar stimulation and estrus detection began when the 

average age of gilts in a pen reached 160 d. Vasectomized 
boars (>10 mo of age) were allowed approximately 10 min 
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Table 1. Calculated and analyzed composition of grower and finisher diets, as-fed basis1,2

Item

Grower diet

 

Finisher diet

Low Medium High Low Medium High

Ingredient, %
  Corn (15%) 47.88 58.50 73.00 49.10 66.13 80.26
  Soybean meal (47.5% CP) 14.40 14.40 17.10 7.50 7.50 10.30
  De-oiled corn germ 16.00 8.00 0 20.00 7.50 0
  Wheat middlings 18.00 15.00 5.00 18.00 15.00 5.00
  Dicalcium phosphate (21% P) 1.15 1.27 1.55 0.98 1.10 1.38
  Choice white grease 1.00 1.00 1.00 2.903 1.00 1.00
  Limestone ground 0.98 0.92 0.76 0.93 0.90 0.77
  l-Lysine (50%) 0 0.33 0.60 0 0.29 0.45
  Salt 0.40 0.40 0.40 0.40 0.40 0.40
  Trace mineral premix4 0.10 0.10 0.10 0.10 0.10 0.10
  l-Threonine 0 0.04 0.14 0 0.02 0.09
  Alimet MHA Liq5 (methionine) 0 0 0.11 0 0 0.03
  Vitamin premix6 0.05 0.05 0.05 0.05 0.05 0.05
  l-Tryptophan 0 0 0.03 0 0 0.02
  Biotin (200 mg/L) 0.03 0.03 0.03 0.03 0.03 0.03
  Red iron oxide 0 0 0.15 0 0 0.15
  FC&C blue #1 0.03 0 0 0.03 0 0
Calculated values, %            
  ME, Mcal/kg 2.95 3.07 3.21 3.08 3.13 3.27
  NE, Mcal/kg 2.36 2.44 2.56 2.46 2.49 2.59
  CP 16.94 15.66 14.89 14.70 12.83 12.10
  Total l-lysine 0.81 0.90 0.99 0.65 0.70 0.76
SID7 lysine 0.64 0.77 0.91 0.49 0.58 0.67
SID lysine:ME ratio, g/Mcal 2.3 2.6 2.8 1.7 1.9 2.1
Free lysine equivalent8 0 0.16 0.30 0 0.14 0.22
SID threonine 0.48 0.49 0.59 0.39 0.39 0.45
SID isoleucine 0.27 0.27 0.33 0.14 0.14 0.20
SID methionine 0.25 0.24 0.32 0.22 0.20 0.22
SID tryptophan 0.16 0.15 0.16 0.13 0.11 0.12
Linoleic acid, % 1.30 1.48 1.68 1.50 1.57 1.76
Chemical determined values, %            
  CP 16.95 15.53 14.95 14.92 12.80 12.34
  Total lysine 0.78 0.87 0.99 0.73 0.70 0.76
  Free lysine 0.02 0.16 0.27 0.03 0.15 0.21
  Methionine 0.26 0.24 0.24 0.26 0.22 0.21
  Methionine + cysteine 0.56 0.52 0.51 0.56 0.48 0.45
  Threonine 0.62 0.60 0.67 0.60 0.50 0.53
  Tryptophan 0.20 0.15 0.18 0.18 0.14 0.14
1Low, medium, and high are based on SID lysine:ME ratio listed in table (g/Mcal).
2Grower diet fed from 100 to 141 d of age; finisher diet fed from 142 to 200 d of age.
3More fat was added to provide a minimum of 1.5% linoleic acid.
4Premix provided the following minerals per kilogram: 19 mg of Mn, 77 mg of Zn, 77 mg of Fe, 12 mg of Cu, 171 mg of Se, 
400 mg of I, and 114 mg of Cr.
5Novus International Inc. (St. Charles, MO).
6Premix provided the following vitamins per kilogram: 20,566,783 IU of vitamin A, 2,932,099 IU of vitamin D3, 117,504 IU of 
vitamin E, 73 mg of vitamin B12, 589 mg of biotin, 9,700 mg of menadione, 14,698 mg of riboflavin, 58,790 mg of d-pantothenic 
acid, 88,183 mg of niacin, and 4,409 mg of folic acid.
7SID = standardized ileal digestible; calculated using SID coefficients for the various ingredients obtained from the NASEM 
(2012).
8Free lysine is computed from the ingredient liquid l-lysine, which is 50% lysine, by multiplying the diet percentage of liquid 
l-lysine by 0.50. This can be compared with the analyzed free lysine in the diet; the latter accounts only for added synthetic 
lysine, not that which is ingredient bound as protein.
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of daily contact with gilts in their home pen. A single 
boar entered up to 4 pens per day with up to 24 gilts per 
pen and was rotated daily among pens so that gilts were 
stimulated by different boars on consecutive days. Each 
gilt was assigned a daily estrus score (0 to 3) as described 
previously (Calderón Díaz et al., 2015b; Calderón Díaz et 
al., 2017). Scores were based on daily vulva changes and 
gilt behavior in the presence of the boar. A score of 3 was 
defined as standing estrus, and puberty was defined as 
the first day a gilt scored 3. At sow farm 1, boar stimula-
tion continued in pens until gilts were moved to gestation 
stalls, where they had daily fence-line contact with boars. 
At sow farm 2, gilts had contact with boars through the 
front of the stall during daily stimulation and estrus de-
tection. Gilts that failed to display estrus by 220 d of age 
were injected with P.G.600 (Merck Animal Health, Ke-
nilworth, NJ) to induce estrus.

Blood samples (10 mL) were collected at 210 and 220 d 
of age from gilts that had failed to display estrus at these 
age points. Serum was collected by centrifugation (1,500 
× g; 20 min; 4°C), and concentrations of progesterone 
were quantified by RIA to determine whether gilts were 
prepubertal or behaviorally anestrus. Procedures for the 
assay (ImmuChem Coated Tube RIA kit, MP Biomedi-
cals, Santa Ana, CA) were validated previously (Calderón 
Díaz et al., 2017). Pools of porcine serum measuring 23.4 
and 2.0 ng/mL progesterone were included in each assay. 
These had intra-assay CV of 6.6 and 9.0%, respectively. 
Samples were assayed in duplicate, and gilts having serum 
concentrations of progesterone ≥1 ng/mL were defined as 
having luteal activity indicative of behavioral anestrus.

Statistical Analysis
A randomized complete block design was applied with 

pen considered the experimental unit and litter of origin 
and dam parity as block factors. The Shapiro-Wilk test 
was used to evaluate growth, ultrasound composition, feed 
intake, and feed efficiency data for normality. Data were 
analyzed using mixed model methods (PROC MIXED; 
SAS version 9.4, SAS Institute Inc., Cary, NC). Models 
included fixed effects such as dietary treatments (high, 
medium, and low), data recording days (d 142, 160, and 
200), and week of birth. Additionally, the fixed effect for 
sow farm was used for BW and growth trait analysis. Ini-
tial BW at 100 d of age was included as a linear covariate 
in the models. The pen nested within barn was included 
as a random effect. Analyses of traits for feed intake and 
feed efficiency were similar; however, the BW at 100 d of 
age covariate was excluded in the model because these 
data represented dietary consumption per animal in a pen 
rather than per individual pig basis. Covariates of BW at 
100 d are reported as the slope or regression coefficient 
(±SE). Logistic regression that included treatment, birth 
week, farm, and BW at 100 d of age was used to esti-
mate differences in phenotypic traits between gilts that 
had spontaneous natural first estrus in the GDU or at 

the sow farm and those that had first estrus induced with 
P.G.600 with those that never achieved estrus. Because 
there is no replication of farm system, the effect of farm 
is not reported. Fixed and random effects were considered 
a significant source of model variation at P ≤ 0.05, and 
protected post hoc comparisons of LSM (±SE) were made 
using the Tukey-Kramer test. Frequency data (e.g., num-
ber of gilts responding to P.G.600) were analyzed using a 
chi-squared test (PROC FREQ; SAS).

RESULTS AND DISCUSSON
One of the goals of the NPB’s research effort into sow 

lifetime productivity was to test the response of gilts 
fed development diets that slow their growth and regu-
late body composition when provided ad libitum access 
to feed. The current experiment was developed to apply 
the dietary SID lysine–to–ME ratios from the study by 
Calderón Díaz et al. (2017) by feeding gilts in a large-scale 
study conducted in a commercial setting. Results illustrat-
ed that ad libitum–fed diets can be formulated to achieve 
reduced gilt growth; however, aspects of body composition 
and pubertal development that may be critical for future 
gilt productivity were also affected.

Main et al. (2008) suggested that a SID lysine–to–ME 
ratio of approximately 3.1 g/Mcal is optimal for gilts 
weighing between 50 and 70 kg. This weight range would 
correspond to the grower period in the current experiment 
in which SID lysine–to–ME ratio ranged from 2.8 g/Mcal 
for the high diet to 2.3 g/Mcal for the low diet. In the 
present study gilts fed the diet with a high SID lysine–
to–ME ratio had greater (P < 0.05) total lysine intake 
and greater total lysine intake per kilogram of BW gain 
when compared with gilts fed the medium and low diets 
(Table 2). Average total lysine intake for gilts in this trial, 
however, was consistent with previous reports in which 
the optimal daily total lysine intake ranged from 10.8 to 
26.5 g/d for pigs from 46 to 136 kg of BW (Campbell et 
al., 1984; Kerr, 1993; Sorensen et al., 1993; Friesen et al., 
1995; Hahn et al., 1995; O’Connell et al., 2006). Pigs fed 
the diets with high and medium SID lysine–to–ME ratios 
consumed on average between 19 and 21.5 g of total ly-
sine/kg of BW gain during the finishing phase, which is 
consistent with the reported 20 g of total lysine/kg of BW 
gain indicated for optimal lean deposition in gilts (De La 
Llata et al., 2007; Main et al., 2008; Shelton et al., 2011). 
It should be reiterated that the present study was not de-
signed to test the effects of a discrete level of dietary SID 
lysine or ME but rather to measure growth and pubertal 
development in response to diets that varied in SID ly-
sine–to–ME ratios. Nonetheless, total lysine intake of gilts 
fed the diets with medium and high SID lysine–to–ME 
ratios in this study was consistent with optimal levels re-
ported in the literature.

Descriptive statistics for the measurements recorded at 
the initiation of dietary treatments are listed in Table 3. 
Linear regression coefficients for BW at 100 d as a co-
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variate were 0.52 ± 0.04 for BW; 0.44 ± 0.01 for flank 
to flank; 0.17 ± 0.07 for BF; 0.04 ± 0.001 for LD; 0.45 
± 0.01 for fat-free-lean meat; 0.008 ± 0.0004 for ADG; 
and 0.02 ± 0.001 for fat-to-lean ratio, respectively. These 
linear BW covariates were positive and significant (P < 
0.05) in the model for each growth trait and are consis-
tent with those for developing gilts previously reported by 
Calderón Díaz et al. (2017). Gilts fed the diet with a high 
SID lysine–to–ME ratio had greater (P < 0.05) BW and 
ADG between 100 and 200 d of age when compared with 
gilts fed the low diet (Table 4). Gilts fed the diet with a 
medium SID lysine–to–ME ratio had BW and ADG that 
were intermediate to the gilts fed the other diets. It is 
recommended that gilts should be bred in a weight range 
between 135 and 160 kg for optimal lifetime performance 
(Bortolozzo et al., 2009). Assuming weight gains of 1 kg/d, 

this means that gilts should reach puberty with an up-
per BW limit of 140 kg to allow for a full cycle between 
puberty and breeding. With ad libitum feeding systems, 
commercial gilts can exceed this weight threshold (Calde-
rón Díaz et al., 2015a). Diets used in the present study, in 
which the SID lysine–to–ME ratio was reduced compared 
with standard gilt development diets (Calderón Díaz et 
al., 2015a), effectively limited gilt growth so that more 
gilts fit the optimum pubertal BW range (115 to 140 kg; 
Table 5). This indicates that these diets could optimize 
lifetime performance by minimizing the risk of gilts being 
overweight at breeding, which can lead to locomotion and 
structural problems that result in sow removal at early 
parities (Bortolozzo et al., 2009).

Calderón Díaz et al. (2017) reduced the SID lysine–to–
ME ratio fed to gilts during the grower and finisher phase 
(100 to 220 d of age) and decreased BW without affecting 
body composition. In contrast, reducing the SID lysine–
to–energy ratio during this period of development in the 
current study not only decreased BW but affected body 
composition as well. Ultrasound BF, LD, and calculated 
fat-free-lean meat were greater (P < 0.05) for gilts fed the 
diet with a high SID lysine–to–ME ratio when compared 
with gilts fed the low diet, with gilts fed the medium diet 
having values for these traits that were intermediate to 
the other dietary treatments (Table 4). When energy or 
AA levels in the diet are below the requirement of gilts to 
meet their genetic potential for growth, they compensate 
by consuming more feed (Calderón Díaz et al., 2015a). 
In a previous study, Calderón Díaz et al. (2017) observed 
small but significant increases in feed intake of gilts as the 
SID lysine–to–ME ratio of the diet was reduced, particu-
larly early in the growing phase. Gilts from the current 
study were fed the same diets and were from the same 
genetic line but raised in a different GDU. They consumed 
more total feed when compared with those in the study by 
Calderón Díaz et al. (2017), but there were no treatment 
differences for ADFI (Table 2). Loughmiller et al. (1998) 
reported that dietary concentrations of 0.6 to 0.9% total 
lysine had no effect on daily feed intake when diets were 
fed to late finishing gilts. The total lysine level in finish-
ing diets in the current study ranged from 0.65 to 0.76% 
(Table 1). Additionally, the diets in the current study in-
cluded corn germ and wheat middling to increase total 
dietary NDF as SID lysine–to–ME ratio was reduced, with 
the expectation that this would limit the maximum daily 
feed intake of the gilts fed the diets with low and medium 
SID lysine–to–ME ratios and minimize the potential for 
difference in ADFI between treatments. Results indicate 
this strategy was remarkably effective.

Gilts fed the diets with low and medium SID lysine–to–
ME ratios grew more slowly and had a greater fat-to-lean 
ratio during development when compared with gilts fed 
the high diet (P < 0.05; Table 4), indicating that gilts 
in the low and medium treatments were proportionately 
fatter, although gilts fed the diets with low and medium 
SID lysine–to–ME ratios had less (P < 0.05) total BF 

Table 2. Least squares means and SEM for feed intake 
traits in different periods between 100 and 200 d of age 
for maternal-line gilts (Large White × Landrace) fed diets 
(ad libitum) with different standardized ileal digestible 
(SID) lysine–to–ME ratios from 100 to 200 d of age

Trait1,2

Dietary treatment3

Pooled 
SEM P-valueLow Medium High

ADFI, kg     
  100–142 d 2.8 2.8 2.8 0.03 0.58
  143–160 d 2.7 2.7 2.7 0.04 0.46
  161–200 d 3.2 3.2 3.2 0.04 0.35
Feed intake/kg of BW gain, kg    
  100–142 d 4.2 4.1 4.1 0.05 0.72
  143–160 d 3.4 3.4 3.4 0.06 0.61
  161–200 d 3.7 3.7 3.7 0.05 0.58
Average daily total lysine intake, g     
  100–142 d 14.5a 16.7b 18.6c 0.19 0.03
  143–160 d 14.1a 16.3b 18.4c 0.24 0.04
  161–200 d 16.4a 19.1b 21.5c 0.20 <0.0001
Total lysine intake/kg of BW gain, g     
  100–142 d 21.5a 24.8b 27.7c 0.31 <0.0001
  143–160 d 17.9a 20.6b 23.4c 0.38 <0.0001
  161–200 d 19.1a 22.2b 25.0c 0.32 <0.0001
a–cValues within rows with different superscripts are 
significantly different among levels of SID lysine:ME ratio 
(P < 0.05).
1BW at 100 d of age was included in the statistical model 
as a covariate (P < 0.05).
2Average feed intake as the feed disappearance per pen 
in 2-wk intervals, and total lysine and ME consumed every 
2 wk were calculated by multiplying the formulated dietary 
SID lysine and ME contents with the feed consumed.
3Treatment defined by SID lysine:ME ratio (g/Mcal): low = 
grower diet, 2.3; finisher diet, 1.7; medium = grower diet, 
2.6; finisher diet, 1.9; high = grower diet, 2.8; finisher diet, 
2.1. The grower diet was fed from 100 to 142 d of age; the 
finisher diet was fed from 142 to 201 d of age.
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than gilts fed the high diet (Table 4). Results from the 
present study were similar to previous work that reported 
growth and composition differences from gilts fed different 
level of dietary EAA, especially SID lysine, during growing 
and finishing phases (Sorensen et al., 1993; Friesen et al., 
1994, 1995; Cia et al., 1998; Chang et al., 2000; Main et 
al., 2008; Miller et al., 2011). Friesen et al. (1994) showed 
that SID lysine levels less than 0.64% (total dietary lysine, 
0.78%), which would have corresponded to the SID lysine 
content from the grower diet with a low SID lysine–to–ME 
ratio in the current experiment, increased the fat-to-lean 
ratio of gilts weighing between 34 and 72 kg. However, 
gilts fed the diet with a low SID lysine–to–ME ratio had 
less (P < 0.05) BF at first natural estrus compared with 
gilts fed the high diet (Table 5).

Selection for increased leanness and greater litter sizes in 
maternal-line gilts creates challenges for gilt feeding pro-
grams, which should optimize lean growth and promote 
development of body fat reserves (Rozeboom, 1999; Bai-
doo, 2001; Whitney and Masker, 2010; Miller et al., 2011) 
to support maximal reproduction and longevity (Stalder 
et al., 2005; Stalder, 2006). In general, backfat has little 
influence on the rate of pubertal attainment in gilts, so 
long as protein deposition is not limiting (Beltranena et 
al., 1993; Patterson et al., 2002). About 12 mm of backfat 
is the reported minimal amount necessary for adequate 
lifetime productivity and longevity (Stalder et al., 2005; 
Williams et al., 2005). In the current study, all gilts av-
eraged 13 mm of backfat or above at first estrus (Table 
5), indicating that the experimental diets promoted suf-
ficient accumulation of backfat in developing gilts to sup-
port good reproductive productivity and retention. Others 
reported that gilts with backfat thickness below 16 mm at 
selection were culled earlier, produced fewer litters, and 
had fewer pigs weaned per sow lifetime (Gaughan et al., 
1995; Tarrés et al., 2006). Gilts in this study have been 
bred and will be followed for 3 parities. How fatness dur-
ing development affects lifetime productivity of these gilts 
will be detailed in future reports.

Although these dietary treatments were implemented in 
a previous study (Calderón Díaz et al., 2017), only about 
30% of gilts in that study exhibited a spontaneous natural 
estrus. In the current study, approximately 55% of gilts 
with an estrus experienced a spontaneous natural first es-
trus (Table 5). Gilts in the study by Calderón Díaz et 
al. (2017) experienced an outbreak of porcine epidemic 
diarrhea virus during the feeding period that likely had a 
negative effect on cyclicity. A greater percentage of gilts 
in the current study fed the diet with a high SID lysine–
to–ME ratio cycled during the first 40 d after boar ex-
posure (before movement to farms) when compared with 
gilts fed the medium or low diets (9.1, 11.4, and 17.9% for 
low, medium, and high, respectively; P < 0.0001). In the 
present study, gilts were moved from the research GDU 
to sow farms at 201 d of age. It is well known that trans-
portation and remixing stimulate the onset of estrus in 
gilts, and indeed, a large portion of gilts in each treat-
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ment cycled within 7 d after transfer (Figure 1). Overall, 
more of the gilts fed the diet with a high SID lysine–to–
ME ratio had a natural spontaneous first estrus and fewer 
required P.G.600 to induce a first estrus than gilts fed 
the diets with medium and low SID lysine–to–ME ratios 
(P < 0.05; Table 6). Age at first estrus (heat-no-serve) 
increased as the SID lysine–to–ME ratio in the diet de-
creased (P < 0.001). These data are consistent with the 

previous report in which gilts fed the diet with a high SID 
lysine–to–ME ratio reached puberty 10 d earlier than gilts 
fed the low diet (Calderón Díaz et al., 2017) and reinforc-
es the supposition that gilts with greater lifetime growth 
rates (LGR) generally reach puberty sooner (Beltranena 
et al., 1991; Lents et al., 2013). Gilts fed the diet with a 
high SID lysine–to–ME ratio had LGR of 0.6 kg/d at first 
spontaneous estrus, and LGR was reduced as the SID ly-

Table 4. Least squares means and SEM for weight and body composition at 142, 160, and 
200 d of age and for growth rates in different periods between 100 and 200 d of age for 
maternal-line gilts (Large White × Landrace) fed diets (ad libitum) with different standardized 
ileal digestible (SID) lysine–to–ME ratios from 100 to 200 d of age

Trait1

Dietary treatment2

Pooled 
SEM P-valueLow Medium High

BW, kg          
  142 d 67.6a 70.4b 73.2c 0.31 <0.0001
  160 d 81.7a 85.3b 89.7c 0.32 <0.0001
  200 d 115.5a 120.8b 127.7c 0.32 <0.0001
ADG, kg/d        
  100–142 d 0.61a 0.68b 0.75c 0.008 <0.0001
  143–160 d 0.79a 0.82b 0.90c 0.008 0.0003
  161–200 d 0.82a 0.86b 0.91c 0.008 <0.0001
Flank to flank, cm          
  142 d 67.9a 68.6b 69.6c 0.13 <0.0001
  160 d 73.3a 74.4b 75.7c 0.13 <0.0001
  200 d 84.1a 85.5b 87.3c 0.13 <0.0001
Caliper, °          
  142 d 5.9a 6.6b 7.3c 0.07 <0.0001
  160 d 8.0a 9.0b 9.9c 0.07 <0.0001
  200 d 12.3a 13.4b 14.7c 0.07 <0.0001
Backfat, mm        
  142 d 8.2a 8.6b 9.0c 0.10 <0.0001
  160 d 10.1a 10.5b 11.1c 0.10 <0.0001
  200 d 15.2a 15.7b 16.6c 0.11 <0.0001
Loin depth, cm          
  142 d 3.5a 3.7b 3.9c 0.02 <0.0001
  160 d 3.8a 4.1b 4.4c 0.02 <0.0001
  200 d 4.7a 5.1b 5.5c 0.02 <0.0001
Fat-to-lean ratio3          
  142 d 2.43a 2.39b 2.35c 0.03 <0.0001
  160 d 2.68a 2.58b 2.55c 0.03 <0.0001
  200 d 3.26a 3.09b 3.06c 0.03 <0.0001
Fat-free-lean meat, kg      
  142 d 33.4a 35.6b 37.4c 0.20 0.003
  160 d 36.9a 39.8b 42.2c 0.20 <0.0001
  200 d 45.0a 48.8b 52.0c 0.20 <0.0001
a–cValues within rows with different superscripts are significantly different among dietary 
treatments (P < 0.01).
1Body weight at 100 d of age was included in the statistical model as a covariate (P < 0.05).
2Treatment defined by SID lysine:ME ratio (g/Mcal): low = grower diet, 2.3; finisher diet, 1.7; 
medium = grower diet, 2.6; finisher diet, 1.9; high = grower diet, 2.8; finisher diet, 2.1. The 
grower diet was fed from 100 to 142 d of age; the finisher diet was fed from 142 to 201 d of age.
3Fat-to-lean ratio calculated as backfat divided by loin depth.
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sine–to–ME ratio of the diet decreased (Table 5). Lifetime 
growth rates below 0.6 kg/d are expected to delay onset of 
puberty (Beltranena et al., 1991; Bortolozzo et al., 2009; 
Patterson et al., 2016) and likely explains the early differ-
ences in pubertal response observed among treatments at 
the onset of boar stimulation.

Serum concentrations of progesterone were used to de-
termine whether gilts that failed to be detected in estrus 
by 220 d of age had cycled or not. Concentrations of pro-
gesterone ≥1 ng/mL in serum indicate gilts had ovulated. 
Gilts that had failed to be detected in estrus by 220 d 
of age and had serum concentrations indicating ovulation 
were defined as behaviorally anestrus. The incidence of 
behavioral anestrus was 12.8% and did not differ between 
dietary treatments (13.4, 12.9, and 12.3% for high, me-
dium, and low SID lysine diets, respectively). Consistent 

with our previous report (Calderón Díaz et al., 2017), 
most gilts that fail to display estrus are truly prepubertal. 
A significant portion of the gilts in this study required 
P.G.600 to induce a first estrus to fit into the management 
system and to meet weekly breeding needs. Early age at 
puberty has been linked to greater lifetime productivity 
(Flowers et al., 2015; Wijesena et al., 2017). This illus-
trates that getting more gilts to cycle earlier and reducing 
the use of P.G.600 should be a focal area when trying to 
improve productivity.

After adjusting for the effects of treatment, gilts that 
had their first estrus induced with P.G.600 had less BW 
and backfat at the start of boar exposure and when moved 
to sow farms than gilts that had a spontaneous natural 
first estrus (P < 0.05; Table 7). As mentioned, gilts with 
greater LGR generally reach puberty earlier, and it is sug-

Table 5. Least squares means and SEM for traits at first estrus of maternal-line gilts (Large 
White × Landrace) fed diets (ad libitum) with different standardized ileal digestible (SID) lysine–
to–ME ratios from 100 to 200 d of age

Trait

Dietary treatment1

Pooled 
SEM P-valueLow Medium High

Natural first estrus          
  Natural first estrus, % 53.8 56.3 54.5 — —
  Age, d 206 205 204 1.0 0.10
  BW, kg 130.6a 132.7b 135.3b 0.8 0.05
  Caliper, ° 11.6a 12.5b 13.2c 0.2 0.001
  Flank to flank, cm 86.4a 87.4a 88.4b 0.5 0.001
  Backfat, mm 14.7a 15.1b 15.8b 0.2 0.001
  Loin depth, cm 5.1a 5.3b 5.5c 0.04 0.001
  Fat-free lean, kg 50.1a 51.8b 53.6c 0.5 0.002
  Fat-to-lean ratio2 2.9 2.9 3.0 0.1 0.11
  Lifetime growth rate,3 kg/d 0.55a 0.56b 0.60c 0.003 0.008
First estrus induced with P.G.6004        
  First estrus induced with P.G.600, % 46.2 43.7 45.5 — —
  Age, d 229 230 228 1.1 0.25
  BW, kg 135.8a 135.7a 140.6b 1.0 0.002
  Caliper, ° 12.3a 12.0a 13.0b 0.3 0.04
  Flank to flank, cm 86.4 85.6 86.4 0.5 0.57
  Backfat, mm 13.0 13.1 13.4 0.4 0.53
  Loin depth, cm 4.7a 4.9b 5.2c 0.09 0.003
  Fat-free lean, kg 47.3a 48.8b 51.9c 0.9 0.002
  Fat-to-lean ratio2 2.8 2.8 2.7 0.1 0.19
  Lifetime growth rate, kg/d 0.51a 0.51a 0.54b 0.004 0.001
a–cValues within rows with different superscripts are significantly different among SID lysine:ME 
ratios (P < 0.05).
1Treatment defined by SID lysine:ME ratio (g/Mcal): low = grower diet, 2.3; finisher diet, 1.7; 
medium = grower diet, 2.6; finisher diet, 1.9; high = grower diet, 2.8; finisher diet, 2.1. The 
grower diet was fed from 100 to 142 d of age; the finisher diet was fed from 142 to 201 d of age.
2Fat-to-lean ratio was calculated as backfat divided by loin depth.
3Lifetime growth rate = ADG from birth to first estrus.
4P.G.600 (Merck Animal Health, Kenilworth, NJ) = pregnant mare’s serum gonadotropin (400 
IU) and human chorionic gonadotropin (200 IU). 
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gested that the threshold for LGR is 0.6 to 0.7 kg/d (Bel-
tranena et al., 1991; Bortolozzo et al., 2009), but only 
if boar exposure starts at about 140 d of age. If boar 
exposure starts at 160 d of age, as was the case in the 
current experiment, LGR of gilts did not appear to influ-

ence age at puberty (Amaral Filha et al., 2009). Gilts in 
the current study that displayed a spontaneous estrus in 
the GDU before moving to the sow farm were about 4 
kg heavier and had about 1.4 mm more backfat at the 
start of boar exposure (160 d of age), and at 200 d of age, 
when movement to the sow farm occurred, gilts that had 
a spontaneous estrus in the GDU were 8.1 kg heavier and 
had 3.2 mm more backfat than gilts that required P.G.600 
to induce a first estrus at the sow farm (P < 0.05; Table 
7). Similarly, gilts that had a natural spontaneous estrus 
at the sow farm were 3.2 kg heavier and had 0.8 mm more 
backfat at the start of boar exposure when compared with 
gilts that required P.G.600 to induce first estrus, and the 
differences were even greater between these gilts at 200 d 
of age (P < 0.05; Table 7). This would suggest that small 
differences in growth rate can affect the onset of puberty 
even when boar exposure starts at 160 d of age. This can 
have important economic implications for the farm, both 
in the number of nonproductive days that gilts may ac-
cumulate and in the amount of P.G.600 that is used. It 
should be noted that overall LGR of gilts in the current 
study would be considered low growth when compared 
with typical studies with commercial gilts (Amaral Filha 
et al., 2009; Bortolozzo et al., 2009). This is reflective of 
the fact that SID lysine contents in current diets are 15 
to 30% less (high and low SID lysine–to–ME ratio diet, 
respectively) than in typical diets fed to gilts in finishing 
(Calderón Díaz et al., 2015b). Lents et al. (2013) showed 
that gilts with greater LGR at 21 wk of age reached pu-
berty earlier and that this was independent of backfat, 
which is consistent with previous research (Patterson et 
al., 2002). However, it has long been believed that gilts re-
quire a certain level of physiological maturity, as indicated 
by backfat, muscle mass, fat-to-lean ratio, and so on, to 
reach puberty (Kirkwood and Aherne, 1985). Gilts that 
had a spontaneous natural first estrus indeed had more 
backfat and LD at the beginning and throughout the cur-
rent study than gilts that received P.G.600 to induce first 
estrus. Therefore, the greater LGR, backfat, and muscle 
in gilts that had a spontaneous first estrus likely reflects 
a greater physiological maturity than gilts that required 
P.G.600 for first estrus.

One of the hallmarks of an effective gilt stimulation 
program is for >80% of gilts to have a recorded estrus 
before delivery to the sow farm (Williams et al., 2005). 
The frequency distribution for first estrus in the current 
study (Figure 1) clearly shows this was not the case. When 
approximately 1,200 commercial gilts in Iowa were sub-
jected to direct boar contact beginning at 160 d of age, 
a wide range in age at first estrus (160 to 265 d of age) 
was observed (Calderón Díaz et al., 2015b) with 3 distinct 
subpopulations of gilts defined as early responders, mid-
responders, and late responders (Vallet, 2015). Gilt stimu-
lation programs often involve remixing gilts every 2 wk 
to stimulate the onset of estrus in these mid and late re-
sponders (Levis, 2000; Soede et al., 2006). Due to a limited 

Figure 1. Frequency distribution for age at natural first estrus 
(first heat-no-serve) for maternal-line gilts (Large White × 
Landrace) fed diets (ad libitum) from 100 to 200 d of age with 
different standardized ileal digestible lysine:ME ratios (g/Mcal; 
low = grower diet, 2.3; finisher diet, 1.7; medium = grower diet, 
2.6; finisher diet, 1.9; high = grower diet, 2.8; finisher diet, 2.1. 
The grower diet was fed from 100 to 142 d of age; the finisher 
diet was fed from 142 to 201 d of age.) The dashed line denotes 
the age at which gilts were moved from the gilt developer unit 
to the sow farms.
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number of pens that could be allocated to each dietary 
treatment within a weekly gilt cohort, gilts in the pres-
ent study could not be remixed in the GDU. Prepubertal 
gilts are expected to display estrus within a week after 
transport (Einarsson et al., 2008), and indeed, a large pro-
portion of gilts in the current study cycled within 7 d of 
transport to the sow farm (Figure 1). This indicates that 
gilts were sexually mature enough to cycle but needed the 
additional stimulation of transportation to reach puberty. 
Due to constraints in the number of pens available for 
housing gilts and boars, the gilt-to-boar ratio used in the 
current study (20 to 24 gilts per boar) was greater than is 
typically considered optimal (15 to 17 gilts per boar) and 
may have contributed to the need for additional stimula-
tion such as transportation to induce estrus. A separate 
study funded by the NPB sow lifetime productivity re-
search initiative, conducted with over 4,000 commercial 
gilts in Minnesota, showed that an intensive boar stimula-
tion program is critical for delivering a high proportion of 
breeding-eligible gilts to the sow farm (Patterson et al., 
2016). Beginning at 160 d of age, gilts in the study by 
Patterson et al. (2016) were moved from their home pen 
to a boar exposure area for daily boar stimulation and es-
trus detection. The boar exposure area allowed for gilts to 
interact with a battery of up to 8 boars and included both 
fence-line and within-pen exposure for 15 min. Nonestrus 

gilts were remixed within 2 wk of onset of boar stimula-
tion, and after 23 d were treated with P.G.600. Under 
these conditions, an average of 72% of gilts entering boar 
stimulation had a recorded heat-no-serve before delivery 
to the sow farm, with an average of 181 d of age at first 
heat-no-serve. About 47% of the gilts in the current study 
required P.G.600 to induce a first estrus to fit into the 
management system and to meet weekly breeding needs, 
with an average of 82.6% of gilts displaying estrus after 
P.G.600 (Table 6). Of gilts that entered intensive boar 
stimulation in the study by Patterson et al. (2016), an 
average of 24.5% received P.G.600 (weekly groups ranged 
from 8.7 to 48.6%), with 76.7% of these gilts displaying es-
trus. It is expected that using the high SID lysine–to–ME 
gilt-development diet described herein with the intensive 
boar stimulation program described in the study by Pat-
terson et al. (2016) could be a highly effective strategy to 
optimize gilt growth and pubertal development.

Gilts removed during the feeding period represented 12% 
of total gilts on test (Table 8). This proportion is similar 
to previous studies (Knauer et al., 2011; Calderón Díaz et 
al., 2015a). There was no difference among dietary treat-
ments in the total number of gilts removed or reason for 
removal (P = 0.35). The primary reason for removal was 
mortality (unexplained death, 30.6% of removals; eutha-
nasia, 16.4% of removals) followed by tail injury (19.2% of 

Table 6. Number of maternal-line gilts (Large White × Landrace) fed diets (ad libitum) with 
different standardized ileal digestible (SID) lysine–to–ME ratios from 100 to 200 d of age, 
when gilts were in the gilt development unit (GDU), that had a spontaneous naturally occurring 
puberty in the GDU or the sow farm, or that had puberty induced at the sow farm with P.G.6001

Item

Dietary treatment2

Total P-value3Low Medium High

Natural puberty in GDU, no. 93 114 179 386 0.0001
Natural puberty at sow farm, no. 278 278 289 845  
P.G.600 induced puberty, no. 405 358 335 1,098  
Total with puberty, no. 776 750 803 2,329  
Response to P.G.600 for puberty          
  P.G.600 to induce puberty, no. 488 455 394 1,330 0.05
  Estrus after P.G.600, no. 405 358 335 1,098  
  Estrus after P.G.600, % 83.2 79.2 85.7 82.6  
  No estrus after P.G.600, no. 83 97 59 239  
  Mistimed P.G.6004 1 3 3 7  
1P.G.600 (Merck Animal Health, Kenilworth, NJ) = pregnant mare’s serum gonadotropin (400 
IU) and human chorionic gonadotropin (200 IU).
2Treatment defined by SID lysine:ME ratio (g/Mcal): low = grower diet, 2.3; finisher diet, 1.7; 
medium = grower diet, 2.6; finisher diet, 1.9; high = grower diet, 2.8; finisher diet, 2.1. The 
grower diet was fed from 100 to 142 d of age; the finisher diet was fed from 142 to 201 d of age.
3P-value is for the 3 × 3 chi-squared table (dietary treatment × puberty location or P.G.600 
response, respectively).
4P.G.600 given in error at 1 to 16 d after puberty had occurred. For analysis, these animals 
were coded as having a natural puberty.
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removals) and poor body condition (18.3% of removals). 
In the previous report where gilts were fed these diets, 
poor body condition was the major reason for removal 
(Calderón Díaz et al., 2017); however, because gilts in that 

study were infected with porcine epidemic diarrhea virus, 
definitive conclusions about how SID lysine–to–energy 
ratios affected body condition during development could 
not be made. Current results confirm that decreasing SID 

Table 7. Estimated differences in effect size for weight and backfat measures of maternal-line 
gilts (Large White × Landrace) fed diets (ad libitum) with different standardized ileal digestible 
(SID) lysine–to–ME ratios from 100 to 200 d of age, and that had a first estrus that occurred 
as a natural spontaneous estrus in the gilt development unit (GDU), that occurred as a natural 
spontaneous estrus after moving to the sow farm at 201 d of age, or that was induced with 
P.G.6001 after 220 d of age

Trait2

Occurrence of first estrus3

 

Dietary treatment4

Trait at 
d 100*

Never 
cycled

P.G.600 
induced

Natural at 
sow farm

Natural 
in GDU High Medium Low

BW age 160 d, kg 0a 1.21b 4.39c 5.07d 0a −4.22b −7.57c 0.64
  SE   0.53 0.56 0.64   0.37 0.37 0.01
BF age 160 d, 
mm

0a 0.26b 1.01c 1.62d 0a −0.47b −0.81c 0.95

  SE   0.15 0.15 0.17   0.1 0.1 0.03
BW age 200 d, kg 0a 2.73b 7.36c 10.87d 0a −6.01b −11.19c 0.72
  SE   0.76 0.79 0.91   0.52 0.52 0.02
BF age 200 d, 
mm

0a 0.51b 1.85c 3.78d 0a −0.64b −1.01c 1.43

  SE   0.24 0.25 0.29   0.1 0.16 0.05
a–dEstimated effects with different superscripts within occurrence of first estrus or dietary 
treatment differ (P < 0.05).
1P.G.600 (Merck Animal Health, Kenilworth, NJ) = pregnant mare’s serum gonadotropin (400 
IU) and human chorionic gonadotropin (200 IU).
2Boar exposure began at 160 d of age. BF = backfat.
3Within occurrence of first estrus, estimates are adjusted for the effect of dietary treatment 
and trait at 100 d. Comparisons are relative to the never cycled and high treatment group, 
respectively.
4Treatment defined by SID lysine:ME ratio (g/Mcal): low = grower diet, 2.3; finisher diet, 1.7; 
medium = grower diet, 2.6; finisher diet, 1.9; high = grower diet, 2.8; finisher diet, 2.1. The 
grower diet was fed from 100 to 142 d of age; the finisher diet was fed from 142 to 201 d of age.
*Trait at 100 d of age (BW and BF, respectively) was significant (P < 2.0E-16).

Table 8. Number of animals removed between 100 and 200 d of age with removal reason

Dietary 
treatment1

Reason for removal

TotalDeath
Poor body 
condition Lame

Injured 
tail Prolapse

Vulva 
injury Euthanized

Low 30 19 10 28 5 2 22 116
Medium 37 27 13 24 9 — 24 134
High 44 20 9 17 4 2 13 109
Total 111 66 32 69 18 4 59 359
1Treatment defined by standardized ileal digestible lysine:ME ratio (g/Mcal): low = grower diet, 
2.3; finisher diet, 1.7; medium = grower diet, 2.6; finisher diet, 1.9; high = grower diet, 2.8; 
finisher diet, 2.1. The grower diet was fed from 100 to 142 d of age; the finisher diet was fed 
from 142 to 201 d of age.
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lysine–to–ME ratios, within the range described in the 
present study, are not related to poor body condition as a 
removal reason. Additionally, leg problems were a major 
reason for removal (>70%) of gilts in the previous study 
(Calderón Díaz et al., 2015a); however, lameness account-
ed for less than 9% of the gilt removal in the current study.

APPLICATIONS
The NPB Sow Lifetime Research Consortium estab-

lished an objective to formulate gilt-development diets 
that would slow growth and alter body composition of 
gilts when fed ad libitum under commercial conditions, 
with the expectation that such an approach would prove 
useful for improving sow lifetime productivity. The current 
results demonstrate that by increasing dietary NDF and 
reducing SID lysine–to–ME ratios during development, 
gilt growth can be slowed such that average BW of gilts 
are within the 115- to 140-kg pubertal weight range that 
has been proposed as optimal (Bortolozzo et al., 2009). 
There are, however, important considerations beyond this 
simple weight statistic. Reducing grams of SID lysine to 
megacalorie of ME in gilt-development diets decreased 
growth rate, muscle mass, and backfat, even though all 
gilts responded normally to typical management strate-
gies (remixing and P.G.600). Reducing SID lysine–to–ME 
ratios below 2.8 to 2.1 g of SID lysine to megacalorie of 
ME (high grower and finisher ration, respectively) in gilt 
diets during development can be expected to increase age 
at puberty by reducing the number of gilts that have a 
spontaneous naturally occurring estrus and increasing 
the number of gilts requiring P.G.600 for puberty. The 
overall number of breeding-eligible gilts delivered to the 
sow farms in the current study was less than acceptable, 
but some of this effect was due to experimental and facil-
ity limitations. Gilts fed lower SID lysine–to–ME ratios 
reached puberty with less total BF and lean tissue, which 
may have negative consequences for sow productivity. Un-
derstanding growth and pubertal development of gilts in 
response to these diets is the first step in a series of stud-
ies. The next step will be to evaluate how these devel-
opmental responses affect gilt longevity and productivity 
from first through third parity.

ACKNOWLEDGMENTS
This research was funded by the National Pork Checkoff 

under Sow Lifetime Productivity Project #13-259. The 
authors acknowledge Xochitl Martinez and the Smithfield 
Science & Technology staff for technical assistance and 
data collection at the farms.

LITERATURE CITED

Amaral Filha, W. S., M. L. Bernardi, I. Wentz, and F. P. Bortolozzo. 
2009. Growth rate and age at boar exposure as factors influencing gilt 
puberty. Livest. Sci. 120:51–57. https:​/​/​doi​.org/​10​.1016/​j​.livsci​.2008​
.04​.009.

Baidoo, S. K. 2001. Sow nutrition for productivity and longevity: Any 
new ideas? Pages 223–226 in Allen D. Leman Swine Conf. Univ. Min-
nesota, St. Paul, MN. http:​/​/​hdl​.handle​.net/​11299/​148049.

Barnett, S. M., M. D. Trenhaile-Grannemann, T. E. Burkey, P. S. 
Miller, and D. C. Ciobanu. 2017. Effects of energy restriction during 
gilt development on parity 1 progeny growth performance. J. Anim. 
Sci. 95(Suppl. 2):76. https:​/​/​doi​.org/​10​.2527/​asasmw​.2017​.12​.160.

Beltranena, E., F. X. Aherne, and G. R. Foxcroft. 1993. Innate vari-
ability in sexual development irrespective of body fatness in gilts. J. 
Anim. Sci. 71:471–480. https:​/​/​doi​.org/​10​.2527/​1993​.712471x.

Beltranena, E., F. X. Aherne, G. R. Foxcroft, and R. N. Kirkwood. 
1991. Effects of pre- and postpubertal feeding on production traits at 
first and second estrus in gilts. J. Anim. Sci. 69:886–893. https:​/​/​doi​
.org/​10​.2527/​1991​.693886x.

Bortolozzo, F. P., M. L. Bernardi, R. Kummer, and I. Wentz. 2009. 
Growth, body state and breeding performance in gilts and primipa-
rous sows. Soc. Reprod. Fertil. Suppl. 66:281–291.

Burson, D. 2006. Procedures for estimating pork carcass composi-
tion. PIG 12-04-06, U.S. Pork Center of Excellence, Ames, IA. Ac-
cessed Apr. 25, 2019. http:​/​/​porkgateway​.org/​resource/​procedures​-for​
-estimating​-pork​-carcass​-composition/​.

Calderón Díaz, J. A., J. L. Vallet, T. J. Prince, C. E. Phillips, A. 
E. DeDecker, and K. J. Stalder. 2015a. Optimal dietary energy and 
amino acids for gilt development: Growth, body composition, feed 
intake, and carcass composition traits. J. Anim. Sci. 93:1187–1199. 
https:​/​/​doi​.org/​10​.2527/​jas​.2014​-8460.

Calderón Díaz, J. A., J. L. Vallet, R. D. Boyd, C. A. Lents, T. J. 
Prince, A. E. DeDecker, C. E. Phillips, G. Foxcroft, and K. J. Stalder. 
2017. Effect of feeding three lysine to energy diets on growth, body 
composition and age at puberty in replacement gilts. Anim. Reprod. 
Sci. 184:1–10. https:​/​/​doi​.org/​10​.1016/​j​.anireprosci​.2017​.06​.007.

Calderón Díaz, J. A., J. L. Vallet, C. A. Lents, D. J. Nonneman, J. 
R. Miles, E. C. Wright, L. A. Rempel, R. A. Cushman, B. A. Freking, 
G. A. Rohrer, C. Phillips, A. DeDecker, G. Foxcroft, and K. Stalder. 
2015b. Age at puberty, ovulation rate, and uterine length of develop-
ing gilts fed two lysine and three metabolizable energy concentrations 
from 100 to 260 d of age. J. Anim. Sci. 93:3521–3527. https:​/​/​doi​.org/​
10​.2527/​jas​.2014​-8522.

Campbell, R. G., M. R. Taverner, and D. M. Curic. 1984. Effect of feed-
ing level and dietary protein content on the growth, body composition 
and rate of protein deposition in pigs growing from 45 to 90 kg. Anim. 
Prod. 38:233–240. https:​/​/​doi​.org/​10​.1017/​S0003356100002221.

Chang, W. H., J. D. Kim, Z. N. Xuan, W. T. Cho, I. K. Han, B. J. 
Chae, and I. K. Paik. 2000. Optimal lysine:DE ratio for growing pigs 
of different sexes. Asian-Australas. J. Anim. Sci. 13:31–38. https:​/​/​doi​
.org/​10​.5713/​ajas​.2000​.31.

Cia, M. C., S. A. Edwards, V. L. Glasgow, M. Shanks, and H. Fra-
ser. 1998. Modification of body composition by altering the dietary 
lysine to energy ratio during rearing and the effect on reproductive 
performance of gilts. Anim. Sci. 66:457–463. https:​/​/​doi​.org/​10​.1017/​
S1357729800009619.

De La Llata, M., S. S. Dritz, M. D. Tokach, R. D. Goodband, and J. 
L. Nelssen. 2007. Effects of increasing lysine to calorie ratio and added 
dietary fat for growing-finishing pigs reared in a commercial environ-
ment: II. Modeling lysine to calorie ratio requirements using protein 
and lipid accretion curves. Prof. Anim. Sci. 23:429–437. https:​/​/​doi​
.org/​10​.15232/​S1080​-7446(15)30998​-0.

Einarsson, S., Y. Brandt, N. Lundeheim, and A. Madej. 2008. Stress 
and its influence on reproduction in pigs: a review. Acta Vet. Scand. 
50:48. https:​/​/​doi​.org/​10​.1186/​1751​-0147​-50​-48.

FASS. 2010. Guide for the Care and Use of Agricultural Animals in 
Research and Teaching. Fed. Anim. Sci. Soc., Champaign, IL.

https://doi.org/10.1016/j.livsci.2008.04.009
https://doi.org/10.1016/j.livsci.2008.04.009
http://hdl.handle.net/11299/148049
https://doi.org/10.2527/asasmw.2017.12.160
https://doi.org/10.2527/1993.712471x
https://doi.org/10.2527/1991.693886x
https://doi.org/10.2527/1991.693886x
http://porkgateway.org/resource/procedures-for-estimating-pork-carcass-composition/
http://porkgateway.org/resource/procedures-for-estimating-pork-carcass-composition/
https://doi.org/10.2527/jas.2014-8460
https://doi.org/10.1016/j.anireprosci.2017.06.007
https://doi.org/10.2527/jas.2014-8522
https://doi.org/10.2527/jas.2014-8522
https://doi.org/10.1017/S0003356100002221
https://doi.org/10.5713/ajas.2000.31
https://doi.org/10.5713/ajas.2000.31
https://doi.org/10.1017/S1357729800009619
https://doi.org/10.1017/S1357729800009619
https://doi.org/10.15232/S1080-7446(15)30998-0
https://doi.org/10.15232/S1080-7446(15)30998-0
https://doi.org/10.1186/1751-0147-50-48


Lents et al.: Dietary management of replacement gilts 713

Flowers, W. L., J. L. Vallet, and J. Cassady. 2015. Realize potential 
early. Pages 8–10 in National Hog Farmer, No. 60. Penton Media Inc., 
Overland Park, KS.

Friesen, K. G., J. L. Nelssen, R. D. Goodband, M. D. Tokach, J. A. 
Unruh, D. H. Kropf, and B. J. Kerr. 1994. Influence of dietary lysine 
on growth and carcass composition of high-lean-growth gilts fed from 
34 to 72 kilograms. J. Anim. Sci. 72:1761–1770. https:​/​/​doi​.org/​10​
.2527/​1994​.7271761x.

Friesen, K. G., J. L. Nelssen, R. D. Goodband, M. D. Tokach, J. A. 
Unruh, D. H. Kropf, and B. J. Kerr. 1995. The effect of dietary lysine 
on growth, carcass composition, and lipid metabolism in high-lean 
growth gilts fed from 72 to 136 kilograms. J. Anim. Sci. 73:3392–3401. 
https:​/​/​doi​.org/​10​.2527/​1995​.73113392x.

Gaughan, J. B., R. D. A. Cameron, G. M. Dryden, and M. J. Josey. 
1995. Effect of selection for leanness on overall reproductive perfor-
mance in Large White sows. Anim. Sci. 61:561–564. https:​/​/​doi​.org/​
10​.1017/​S1357729800014144.

Hahn, J. D., R. R. Biehl, and D. H. Baker. 1995. Ideal digestible ly-
sine level for early- and late-finishing swine. J. Anim. Sci. 73:773–784. 
https:​/​/​doi​.org/​10​.2527/​1995​.733773x.

Kerr, B. J. 1993. Optimizing Lean Tissue Deposition in Swine. Bio-
kyowa, Technical Review-6. Nutri-Quest, Chesterfield, MO.

Kirkwood, R. N., and F. X. Aherne. 1985. Energy intake, body 
composition and reproductive performance of the gilt. J. Anim. Sci. 
60:1518–1529. https:​/​/​doi​.org/​10​.2527/​jas1985​.6061518x.

Klindt, J., J. T. Yen, and R. K. Christenson. 1999. Effect of prepuber-
tal feeding regimen on reproductive development of gilts. J. Anim. Sci. 
77:1968–1976. https:​/​/​doi​.org/​10​.2527/​1999​.7781968x.

Klindt, J., J. T. Yen, and R. K. Christenson. 2001a. Effect of prepu-
bertal feeding regimen on reproductive development and performance 
of gilts through the first pregnancy. J. Anim. Sci. 79:787–795. https:​/​
/​doi​.org/​10​.2527/​2001​.794787x.

Klindt, J., J. T. Yen, and R. K. Christenson. 2001b. Level of di-
etary energy during prepubertal growth and reproductive develop-
ment of gilts. J. Anim. Sci. 79:2513–2523. https:​/​/​doi​.org/​10​.2527/​
2001​.79102513x.

Knauer, M., and D. J. Baitinger. 2015. The sow body condition cali-
per. Appl. Eng. Agric. 31:175–178. https:​/​/​doi​.org/​10​.13031/​aea​.31​
.10632.

Knauer, M. T., J. P. Cassady, D. W. Newcom, and M. T. See. 2011. 
Phenotypic and genetic correlations between gilt estrus, puberty, 
growth, composition, and structural conformation traits with first-
litter reproductive measures. J. Anim. Sci. 89:935–942. https:​/​/​doi​
.org/​10​.2527/​jas​.2009​-2673.

Lents, C. A., L. A. Rempel, J. Klindt, T. Wise, D. Nonneman, and 
B. A. Freking. 2013. The relationship of plasma urea nitrogen with 
growth traits and age at first estrus in gilts. J. Anim. Sci. 91:3137–
3142. https:​/​/​doi​.org/​10​.2527/​jas​.2012​-5778.

Levis, D. G. 2000. Housing and management aspects influencing gilt 
development and longevity: A review. Pages 117–131 in Allen D. Le-
man Swine Conf. Univ. Minnesota, St. Paul, MN. http:​/​/​hdl​.handle​
.net/​11299/​147364.

Loughmiller, J. A., J. L. Nelssen, R. D. Goodband, M. D. Tokach, 
E. C. Titgemeyer, and I. H. Kim. 1998. Influence of dietary lysine on 
growth performance and carcass characteristics of late-finishing gilts. 
J. Anim. Sci. 76:1075–1080. https:​/​/​doi​.org/​10​.2527/​1998​.7641075x.

Main, R. G., S. S. Dritz, M. D. Tokach, R. D. Goodband, and J. L. 
Nelssen. 2008. Determining an optimum lysine:​calorie ratio for bar-
rows and gilts in a commercial finishing facility. J. Anim. Sci. 86:2190–
2207. https:​/​/​doi​.org/​10​.2527/​jas​.2007​-0408.

Miller, P. S., R. Moreno, and R. K. Johnson. 2011. Effects of re-
stricting energy during the gilt developmental period on growth and 

reproduction of lines differing in lean growth rate: responses in feed 
intake, growth, and age at puberty. J. Anim. Sci. 89:342–354. https:​/​
/​doi​.org/​10​.2527/​jas​.2010​-3111.

NASEM (National Academies of Sciences, Engineering, and Medi-
cine). 2012. Nutrient Requirements of Swine. 11th rev. ed. Natl. Acad. 
Press, Washington, DC.

O’Connell, M. K., P. B. Lynch, and J. V. O’Doherty. 2006. Determi-
nation of the optimum dietary lysine concentration for boars and gilts 
penned in pairs and in groups in the weight range 60 to 100 kg. Anim. 
Sci. 82:65–73. https:​/​/​doi​.org/​10​.1079/​ASC20056.

Patterson, J., E. Triemert, B. Gustafson, T. Werner, N. Holden, J. 
C. Pinilla, and G. Foxcroft. 2016. Validation of the use of exogenous 
gonadotropins (PG600) to increase the efficiency of gilt development 
programs without affecting lifetime productivity in the breeding herd. 
J. Anim. Sci. 94:805–815. https:​/​/​doi​.org/​10​.2527/​jas​.2015​-9705.

Patterson, J. L., R. O. Ball, H. J. Willis, F. X. Aherne, and G. R. 
Foxcroft. 2002. The effect of lean growth rate on puberty attainment 
in gilts. J. Anim. Sci. 80:1299–1310. https:​/​/​doi​.org/​10​.2527/​2002​
.8051299x.

Rozeboom, D. W. 1999. Feeding programs for gilt development and 
longevity. Pages 159–170 in 60th Minnesota Nutr. Conf. and Zinpro 
Tech. Symp., Bloomington, MN. Ext. Serv., Univ. Minnesota, St. 
Paul, MN.

Shelton, N. W., M. D. Tokach, S. S. Dritz, R. D. Goodband, J. L. 
Nelssen, and J. M. DeRouchey. 2011. Effects of increasing dietary 
standardized ileal digestible lysine for gilts grown in a commercial 
finishing environment. J. Anim. Sci. 89:3587–3595. https:​/​/​doi​.org/​
10​.2527/​jas​.2010​-3030.

Soede, N. M., M. J. W. van Sleuwen, R. Molenaar, F. W. Rietveld, 
W. P. G. Schouten, W. Hazeleger, and B. Kemp. 2006. Influence of 
repeated regrouping on reproduction in gilts. Anim. Reprod. Sci. 
96:133–145. https:​/​/​doi​.org/​10​.1016/​j​.anireprosci​.2005​.12​.004.

Sorensen, M. T., B. Jorgensen, and V. Danielsen. 1993. Different 
Feeding Intensity of Young Gilts: Effect on Growth, Milk Yield, Re-
production, Leg Soundness, and Longevity. Report No. 14/1993. Natl. 
Inst. Anim. Sci., Foulum, Denmark.

Stalder, K. 2006. Non-genetic factors influencing sow longevity. 
PIG 08-04-02, US Pork Center of Excellence, Ames, IA. Accessed 
Apr. 24, 2019. http:​/​/​porkgateway​.org/​resource/​non​-genetic​-factors​
-influencing​-sow​-longevity/​.

Stalder, K., M. Knauer, T. Baas, M. F. Rothschild, and J. Mabry. 
2004. Sow longevity. Pig News Inform. 25:53–74.

Stalder, K. J., A. M. Saxton, G. E. Conatser, and T. V. Serenius. 
2005. Effect of growth and compositional traits on first parity and life-
time reproductive performance in U.S. Landrace sows. Livest. Prod. 
Sci. 97:151–159. https:​/​/​doi​.org/​10​.1016/​j​.livprodsci​.2005​.03​.009.

Tarrés, J., J. Tibau, J. Piedrafita, E. Fàbrega, and J. Reixach. 2006. 
Factors affecting longevity in maternal Duroc swine lines. Livest. Sci. 
100:121–131. https:​/​/​doi​.org/​10​.1016/​j​.livprodsci​.2005​.08​.007.

Vallet, J. L. 2015. Growth and nutrition effects on gilt development. 
National Hog Farmer Blueprint No. 60. Penton Media Inc., Overland 
Park, KS.

Whitney, M. H., and C. Masker. 2010. Replacement gilt and boar 
nutrient recommendations and feeding management, US Pork Cen-
ter of Excellence, Ames, IA. Accessed Apr. 25, 2019. https:​/​/​www​
.usporkcenter​.org/​national​-swine​-nutrition​-guide/​.

Wijesena, H. R., C. A. Lents, J.-J. Riethoven, M. D. Trenhaile-
Grannemann, J. F. Thorson, B. N. Keel, P. S. Miller, M. L. Spangler, 
S. D. Kachman, and D. C. Ciobanu. 2017. Genomics Symposium: Us-
ing genomic approaches to uncover sources of variation in age at pu-
berty and reproductive longevity in sows. J. Anim. Sci. 95:4196–4205. 
https:​/​/​doi​.org/​10​.2527/​jas2016​.1334.

https://doi.org/10.2527/1994.7271761x
https://doi.org/10.2527/1994.7271761x
https://doi.org/10.2527/1995.73113392x
https://doi.org/10.1017/S1357729800014144
https://doi.org/10.1017/S1357729800014144
https://doi.org/10.2527/1995.733773x
https://doi.org/10.2527/jas1985.6061518x
https://doi.org/10.2527/1999.7781968x
https://doi.org/10.2527/2001.794787x
https://doi.org/10.2527/2001.794787x
https://doi.org/10.2527/2001.79102513x
https://doi.org/10.2527/2001.79102513x
https://doi.org/10.13031/aea.31.10632
https://doi.org/10.13031/aea.31.10632
https://doi.org/10.2527/jas.2009-2673
https://doi.org/10.2527/jas.2009-2673
https://doi.org/10.2527/jas.2012-5778
http://hdl.handle.net/11299/147364
http://hdl.handle.net/11299/147364
https://doi.org/10.2527/1998.7641075x
https://doi.org/10.2527/jas.2007-0408
https://doi.org/10.2527/jas.2010-3111
https://doi.org/10.2527/jas.2010-3111
https://doi.org/10.1079/ASC20056
https://doi.org/10.2527/jas.2015-9705
https://doi.org/10.2527/2002.8051299x
https://doi.org/10.2527/2002.8051299x
https://doi.org/10.2527/jas.2010-3030
https://doi.org/10.2527/jas.2010-3030
https://doi.org/10.1016/j.anireprosci.2005.12.004
http://porkgateway.org/resource/non-genetic-factors-influencing-sow-longevity/
http://porkgateway.org/resource/non-genetic-factors-influencing-sow-longevity/
https://doi.org/10.1016/j.livprodsci.2005.03.009
https://doi.org/10.1016/j.livprodsci.2005.08.007
https://www.usporkcenter.org/national-swine-nutrition-guide/
https://www.usporkcenter.org/national-swine-nutrition-guide/
https://doi.org/10.2527/jas2016.1334


Production and Management714

Williams, N. H., J. Patterson, and G. Foxcroft. 2005. Non-negotiables 
in gilt development. Adv. Pork Prod. 16:281–289.

Winkel, S. M., M. D. Trenhaile-Grannemann, D. M. Van Sambeek, P. 
S. Miller, J. Salcedo, D. Barile, and T. E. Burkey. 2018. Effects of en-
ergy restriction during gilt development on milk nutrient profile, milk 
oligosaccharides, and progeny biomarkers. J. Anim. Sci. 96:3077–3088. 
https:​/​/​doi​.org/​10​.1093/​jas/​sky212.

Zier-Rush, C. E., D. S. Rosero, C. Neil, S. Jungst, and R. D. Boyd. 
2013. Financial and Growth Optimum Lysine Curves Determined on a 
Population-Basis for Growing PIC Pigs (45–300 lbs b.w.). Hanor Res. 
Memo H 2013-07. The Hanor Co., Spring Green, WI.

https://doi.org/10.1093/jas/sky212



