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The objectives of this study were to evaluate the associations between residual dry
matter (DM) intake or residual feed intake (RFI) from 1 to 15 weeks postpartum and
concentrations of metabolites in plasma in early lactation and reproduction in Holstein
cows. Data from 9 experiments, including 851 cows, were used. Intake of DM, milk yield,
and body weight were evaluated daily, whereas milk composition and body condition
were evaluated twice weekly for the first 105 days postpartum. Blood was sampled
on the day of calving and again on days 7, 14, and 21 postpartum and analyzed for
concentrations of non-esterified fatty acids (FA), B-hydroxybutyrate (BHB), and glucose.
Reproduction was evaluated for the first 300 days postpartum. Residual DM intake was
calculated as the observed minus the predicted intake, with intake predicted based on
a model that accounted for major energy sinks. Cows were ranked and categorized into
RFI quartiles, from the smallest (Q1) to the largest (Q4) RFI (—1.87, —0.46, 0.39, and
1.90 kg/day). Increasing efficiency (i.e., from Q4 to Q1) resulted in linear decreases in
DM intake (Q1 to Q4; 18.9, 20.4, 21.3, and 22.7 kg/day), and median days open (132,
125, 135, and 147 d). Conversely, improving efficiency was associated with a linear
increase in pregnancy per artificial insemination (Al, 31.4, 30.6, 31.2, and 24.5%) and
quadratic increases in the 21-day cycle pregnancy rate (21.2, 21.1, 22.0, and 16.6%)
and the proportion of pregnant cows (79.0, 80.7, 82.4, and 71.5%). The estimated net
energy for lactation (NEL) content of diets increased linearly with improved RFI (1.88,
1.76, 1.71, and 1.58 Mcal/kg), resulting in no association between RFI and energy-
corrected milk yield or body energy change. Nevertheless, increased feed efficiency was
associated with a linear increase in concentrations of blood FA (0.68, 0.63, 0.60, and
0.59 mM), but a quadratic association with BHB (0.75, 0.64, 0.64, and 0.65 mM), with
no association with glucose. Collectively, the most feed efficient cows ate 3.8 kg/day
less DM, produced the same amount of energy-corrected milk, and had improved
reproductive performance compared with the least efficient cows, thus suggesting that
the underlying mechanisms responsible for improved feed efficiency might also be linked
with improvements in reproduction.
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INTRODUCTION

Feed efficiency is an important measure of production efficiency
because feed represents more than 50% of the cost of production
in dairy farms (USDA-ERS, 2018). Improving the efficiency
of nutrient utilization not only is economically beneficial, but
also minimizes the footprint of dairy production. Therefore,
implementing management practices that improve the efficiency
of nutrient utilization is desirable because of the relationship
between economic returns and improvement of land utilization
(Bach et al.,, 2020). A common measure of feed efficiency is
feed conversion ratio, typically expressed as kilograms of energy-
corrected milk (ECM) per kilogram of dry matter (DM) intake.
However, the feed conversion ratio is often high in the 1st month
or two of lactation because the increment in ECM in the Ist
weeks postpartum outpaces that of DM intake, and a portion
of the nutrients required for the synthesis of milk originates
from mobilized body tissues (Drackley, 1999). It is well-described
that excessive loss of body weight (BW) or body condition score
(BCS) in early lactation is negatively associated with pregnancy
per AT or maintenance of pregnancy in dairy cows (Santos et al.,
2010a; Carvalho et al., 2014), and improving feed efficiency
at the expense of body reserves is expected to compromise
reproduction. Thus, because the feed conversion ratio does not
account for the energy accreted or released by changes in BW
and BCS, it would be misleading to use such metrics to assess
feed efficiency in dairy cows for selection purposes (VandeHaar
etal., 2016).

A proposed method to measure feed efficiency is to use
residual DM intake also called residual feed intake (RFI),
which accounts for the energy needs for maintenance and milk
synthesis, the energy accreted or released by gain or loss of
body tissues, and adjusting for the cohort. As such, using RFI
as a measure of feed efficiency is expected to minimize any
impact on BW and BCS changes (Nehme Marinho et al., 2021).
In fact, ranking cows for feed efficiency based on RFI was not
associated with body energy changes in early lactation or with
the risk of peripartum diseases or survival (Nehme Marinho
et al., 2021). More efficient cows likely have reduced needs for
maintenance, are capable of better digesting organic matter, and
are more efficient at using absorbed nutrients for productive
functions, which would reduce the net energy for lactation (NEL)
needed for maintenance and increase the NEL content of the diet
consumed. In such cases, one could postulate that reducing the
maintenance needs and improving the use of consumed nutrients
would improve feed efficiency without affecting reproduction, in
spite of the calculated NEL balance to be reduced (Seymour et al.,
2020; Nehme Marinho et al., 2021).

It was hypothesized that using RFI to rank cows for feed
efficiency is not associated with reproduction in dairy cows. Thus,
the objectives of this study were to evaluate the associations
between RFI and important measures of reproduction during
lactation in Holstein cows. Additional objectives were to evaluate
the association between RFI and the estimated NEL content of the
diet consumed and concentrations of metabolites in the blood in
early lactation.

MATERIALS AND METHODS

Study Design and Sample Size Calculation
The study design was a retrospective cohort study. The exposure
factor was the RFI category measured in the first 105 days
postpartum. The sample size was a convenience sample based
on the data available from nine experiments in which DM
intake and production performance were evaluated daily in
851 postpartum Holstein cows and detailed information on
blood metabolites and reproduction were collected from the
study population.

Cows, Housing, Feeding, and

Measurements of Dry Matter Intake

Data from nine experiments conducted at the University of
Florida were used for this study (Greco, 2014; Martinez et al.,
2018a,b; Zenobi et al., 2018; Bollatti et al., 2020a,b; Lobo
et al,, 2021; Oyebade, 2021; Silva, 2021; Zimpel et al., 2021a,b;
Nehme Marinho et al., 2022). The experimental procedures with
cows were approved by the Institutional Animal Care and Use
Committee of the University of Florida.

The experiments were conducted between December 2008
and July 2021, and they all followed randomized block
designs and involved dietary manipulations. Data were available
from 851 lactating Holstein cows, 342 primiparous, and 509
multiparous with a mean (£ SD) of 2.0 + 1.1 lactations (1-8
lactations). Cows were housed in sand-bedded free-stall barns
equipped with fans placed above the beds and a water soaker
line with nozzles placed ~30 cm above the cows™ withers on the
feeding alley for evaporative cooling of cows. Fans and water
spraying were controlled by thermostats and activated when
the ambient temperature reached 18-20°C, depending on the
experiment. Cows were randomly assigned to individual feeding
gates (Calan Broadbent Feeding System, American Calan Inc,,
Northwood, NH) used to evaluate daily feed intake. Cows had
ad libitum access to their respective diets that were fed as totally
mixed rations (TMRs). The TMRs were weighed and fed twice
daily at ~06:00h and 13:00h and refusals were weighed once
daily, before the morning feeding, from 1 to 105 days postpartum.
The amount of TMR offered to individual cows was adjusted daily
to result in 5-10% refusals.

Dietary ingredients were sampled twice weekly and dried
at 55°C for 48h in a forced-air oven and dry weights were
recorded. Dried feed samples were ground to pass a 1 mm screen
of a Wiley mill (Thomas Scientific, Swedesboro, NJ), composited
at each 4 to 8-week period, depending on the experiment,
and analyzed according to AOAC (2012) methods for nitrogen
(AOAC, 990.03), acid detergent fiber (AOAC, 973.18), neutral
detergent fiber (AOAC, 2002-04), fat (AOAC, 2003.05), minerals
(AOAC, 985.01), and DM at 105°C for 24h. The DM content
of diets was calculated by multiplying the DM obtained at 55°C
by the DM obtained at 105°C. It was assumed that refusals had
the same DM content as the diet offered. Intake of DM for
individual cows was based on the amount of TMR offered minus
the amount refused multiplied by the DM content of the TMR in
a particular week.
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Body Condition Score and Body Weight

In each experiment, cows were scored for body condition on
the day of calving and again once or twice weekly by trained
evaluators using a 1-5 scale with increments of 0.25 units as
depicted in the Elanco BCS chart (Elanco Animal Health, 2009).
Cows were weighed twice daily immediately after each milking
on a walk-through scale (AfiWeigh, SAE Afikim, Israel) as they
left the milking parlor, and the mean daily BW was calculated.
Daily means were used to generate weekly means for BW. Weekly
changes in BW were calculated by subtracting the mean BW in
a given week minus the mean BW in the preceding week. For
the 1st week postpartum, the value obtained was the difference
between the mean value from 1 to 7 days postpartum minus the
value of the day of calving. The obtained value was divided by
the number of days between measurements to generate a daily
change in BW in kg/day.

Milk Yield and Composition

Milk yield was recorded using electronic milk flow meters
(AfiFlo, SAE Afikim) at each milking and the daily yield was
calculated by adding the individual milk weights per cow. Cows
were milked twice daily at 12-h intervals in eight experiments,
and 4 times daily, at 6-h intervals in one experiment. Samples
of milk were taken at each milking 2 days per week until 105
days postpartum. Samples of milk were analyzed for fat, protein,
and lactose at the Southeast Milk Inc. DHI laboratory (Belleview,
FL). The amounts of fat, protein, and lactose produced on the
sampling days were calculated according to the milk yield and
composition of each milking, summed to obtain the daily yield,
and then divided by the total milk produced to calculate the daily
concentrations of fat, protein, and lactose. The values were then
applied to the mean milk produced in the respective week to
calculate the weekly yields of milk components.

Blood Sampling, Processing, and Assays

Blood was collected on the days 0, 7, 14, and 21 postpartum
by puncture of the coccygeal vessels into evacuated tubes
(Vacutainer, Becton Dickinson, Franklin Lakes, NJ) containing
either no anticoagulant or lithium heparin. Blood was sampled
before the morning feeding, except for the day of calving in
which blood was collected within the 1st hours after parturition
regardless of the time of the day. Upon collection, tubes
were placed on ice and then centrifuged within 30 min of
collection at ~2,000xg for 15min at room temperature, serum
or plasma harvested, and multiple aliquots of 1.5 ml were frozen
at —30°C until analyses. Throughout the manuscript, samples
will be denominated as plasma because most experiments used
evacuated tubes with the anticoagulant. Plasma samples were
assayed for concentrations of FA, B-hydroxybutyrate (BHB), and
glucose. Details of each assay are presented in the respective
manuscripts. Briefly, assays followed the initial randomization
with blocks, such that samples from each block were analyzed
in the same assay. In every assay, plasma samples were included
multiple times at the beginning and end of the assay to
calculate intra- and interassay coeflicients of variations, which
were all below 10%. Plasma concentrations of FA were assayed
using a commercial kit (NEFA-C kit; Wako Diagnostics Inc.,

Richmond, VA) according to Johnson and Peters (1993). Plasma
concentrations of BHB were assayed using a commercial kit
(Wako Auto- kit 3-HB; Wako Diagnostics Inc.), and those of
glucose were assayed using a colorimetric assay in microplates
(TECO diagnostic, Anaheim, CA) or using a Technicon
Autoanalyzer (Technicon Instruments Corp., Chauncey, NY)
according to Gochman and Schmitz (1972).

Reproductive Management and

Reproductive Responses Evaluated

All cows were subjected to timed AI for the first insemination.
Briefly, cows had the estrous cycle pre-synchronized with
either two doses of prostaglandin Fp, (Moreira et al,, 2001)
administered 14 days apart or with the Ovsynch protocol
(Souza et al.,, 2008). The timed AI protocol started either 14
or 7 days later, depending on whether cows received the pre-
synchronization with prostaglandin F,, only or with the Ovsynch
protocol, respectively. Cows were time inseminated following
the Ovsynch protocol (Pursley et al., 1995) or the 5-d timed
Al protocol (Santos et al, 2010b). Cows received the first
postpartum Al between 70 and 80 days postpartum, depending
on the experiment.

All cows were fitted with pedometers (Afi Act II, Afimilk), and
those that returned and were detected in estrus after an Al were
inseminated on the same day. Cows that were re-inseminated
before any pregnancy diagnosis were considered not pregnant to
the previous Al Pregnancy was diagnosed on day 32 after each
Al based on the presence of an amniotic vesicle with an embryo
with the heartbeat, detected by transrectal ultrasonography.
Pregnant cows on day 32 after Al were reevaluated for pregnancy
on day 74 after insemination. Cows diagnosed as non-pregnant
had the estrous cycle resynchronized for timed AI with either
the Ovsynch protocol (Pursley et al., 1995) or the 5-d timed Al
protocol (Santos et al., 2010b).

For the statistical analyses, the diagnosis performed on day 74
after AI was used to determine whether a cow became pregnant
to any Al within the first 300 days postpartum. Cows designated
by the farm manager to become “do not inseminate,” or those
that were sold or died, or remained non-pregnant by 300 days
postpartum were censored on the respective dates during survival
analysis, whichever happened first. For calculations of 21-day
cycle insemination rate or 21-day cycle pregnancy rate, a cow
that passed the voluntary waiting period of each experiment
was considered eligible and it was assumed that the length
of the estrous cycle was 21 days for calculation. Any eligible
cow was expected to be inseminated each 21-day interval until
becoming pregnant or being sold, dead, or designated “do not
inseminate” by 300 days postpartum, whichever happened first.
Measurements of reproduction were evaluated for the first 300
days postpartum or until the cow was diagnosed pregnant or
was censored, whichever happened first. Responses measured
included the proportion of cows receiving at least one Al, days
postpartum at first Al, pregnancy per Al at first Al, pregnancy
loss at first Al days postpartum at second Al, pregnancy per Al at
second Al pregnancy loss at second Al, pregnancy per Al all Al,
21-day cycle insemination rate, 21-day pregnancy rate, pregnant
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by 300 days postpartum, days open, number of Al per pregnancy,
and proportion of cows designated “do not inseminate” and the
respective day postpartum.

Morbidity

Diseases were recorded for each cow for the first 90 days
postpartum and included milk fever, retained placenta, metritis,
mastitis, displaced abomasum, lameness, and pneumonia. Details
of disease diagnosis were provided elsewhere (Nehme Marinho
etal.,2021). A cow was considered to have morbidity if diagnosed
with at least one clinical disease in the first 90 days postpartum.
Morbidity was used as a covariate in all statistical analyses.

Calculations

All calculations were performed using the mean values for each
week postpartum. The cow was the unit of analysis. ECM yield
and the NEL content in milk were calculated according to
National Research Council (NRC) nutrient requirements of dairy
cattle (NRC, 2001) as follows: ECM, kg/day = [(0.3246 x milk
yield) 4+ (12.86 x fat yield) + (7.04 x protein yield)]; NEL
in milk, Mcal/kg = [(0.0929 x fat %)] + [(0.0563 X protein
%)] + [(0.0395 x lactose %)]. The NEL content in milk was
multiplied by milk yield to calculate the amount of NEL secreted
in milk daily.

Body energy that was accreted or mobilized as body tissue
reserves was calculated from changes in BW as daily loss or gain
in kg/day, and considering BCS (1-5) measurements to adjust
the NEL content in tissue gained or mobilized using an equation
from NRC (2001) as follows: body energy change (Mcal/day)
= [(1.88 4+ 1.036 x BCS) x change in BW)]. Values for body
energy change are expressed as Mcal of NEL per day. The NEL
required for maintenance was calculated based on metabolic BW
as follows: NEL for maintenance (Mcal/day) = BW%7> x 0.086
(Moraes et al., 2015).

The content of NEL of the diet consumed by each cow was
estimated as follows: diet NEL content, Mcal/kg = (NEL required
for maintenance + NEL required for milk synthesis + NEL
required for body energy change)/DM intake. The individual
values were analyzed to determine differences in estimated
dietary NEL content according to RFL

Statistical Analyses

Data were analyzed by the MIXED, GLIMMIX, and PHREG
procedures of SAS 9.4 (SAS/STAT version 9.4; SAS Institute Inc.,
Cary, NC) for continuous, binomial, and time to event data,
respectively. The associations calculated in this study were all
based on phenotypic measurements.

Predicted DM intakes were calculated for each cow fitting a
linear mixed-effects model, using the MIXED procedure or SAS
(SAS/STAT; SAS Institute Inc.), that regressed the mean DM
intake with major energy sinks. The statistical model included
fixed effects of NEL secreted in milk, metabolic BW, body energy
change, parity (primiparous vs. multiparous), the random effect
of treatment nested within the experiment, and the residual
error term. Then, RFI (kg/day) was calculated as the residuals
based on the difference between observed and predicted DM
intake. The coefficient of determination (R?) of the model was

0.615. All variables included in the model significantly (P < 0.05)
contributed to explain the variance in DM intake. The R? values
for the fixed effects were 0.289 for NEL secreted in milk, 0.0886
for metabolic BW, 0.121 for body energy change, and 0.0034 for
the parity group. The random effect of treatment nested within
the experiment resulted in R? of 0.1135. The root mean square of
the error for the model was 1.59, and the model equation was
(SE): DM intake = 0.869 (0.7924) + 0.3482 (0.01406) x NEL
secreted + 0.08542 (0.00618) x BW7> + 0.2715 (0.01569) x
body energy change + 0.6706 (0.1998) multiparous.

Cows were ranked by RFI and then grouped into quartiles,
with quartile 1 being the most efficient (Ql, smallest RFI)
and quartile 4 being the least efficient cows (Q4, largest RFI).
The rationale to use quartiles and not the linear covariate
of RFI was because the analyses performed using RFI as
a continuous or categorical variable resulted in the same
inferences relative to the associations with the reproduction or
plasma metabolites. By categorizing RFI into quartiles and using
orthogonal polynomials, it allowed the presentation of results
with least-squares means (LSM) and respective SEM without
altering the inferences relative to the results of the analyses. A
similar approach has been previously used (Connor et al., 2013;
Fischer et al., 2018; Nehme Marinho et al., 2021).

Intake of DM, changes in body energy, NEL secreted in
milk, ECM, and NEL of diet in the first 15 weeks of lactation
were analyzed with mixed-effects models with the MIXED
procedure of SAS (SAS/STAT; SAS Institute Inc.). The models
included the fixed effects of quartile of RFI (Q1-Q4), week
postpartum (1-15), the interaction between RFI quartile and
week postpartum, morbidity (no vs. yes), and the random effects
of month-year of calving, cow nested within RFI quartile, and
the residual error. Plasma concentrations of FA, BHB, and
glucose were analyzed with mixed-effects models that included
the fixed effects of RFI quartile, day postpartum, the interaction
between RFI quartile and day postpartum, morbidity, and the
random effects of month-year of calving, cow nested within
RFI quartile, and the residual error. In all repeated measures
models, the day or week postpartum was the term included in the
REPEATED statement. The covariance structure (unstructured,
autoregressive 1, autoregressive heterogeneous 1, Toeplitz) with
the smallest Akaike’s information criterion was selected for each
variable analyzed. The Kenward-Roger method was used to
calculate the approximate denominator degrees of freedom (DF)
for the F tests. When an interaction between quartile and day
postpartum resulted in P < 0.10, then means at different time
points were partitioned using the SLICE command of SAS. Data
are presented as LSM and respective SEM.

Binary data, such as the proportion of cows that received
Al, the proportion of cows that became do not inseminate,
pregnancy per Al, pregnancy loss, and the proportion of cows
pregnant by 300 days postpartum, were analyzed by generalized
linear mixed-effects models using logistic regression with the
GLIMMIX procedure of SAS (SAS/STAT, SAS Institute Inc.). The
statistical models included the fixed effects of RFI quartile and
morbidity and the random effect of month-year of calving. For
responses with more than one measurement per cow, such as 21-
day cycle insemination rate and 21-day cycle pregnancy rate, the
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TABLE 1 | Descriptive statistics of performance of dairy cows from 1 to 105 days postpartum according to residual dry matter (DM) intake [residual feed intake (RFI)]

quartile.

Item

RFI quartile®

Ql (n = 212)

Q2 (n = 213)

Q3 (n = 213)

Q4 (n = 213)

Lactation, mean + SD (range)
RFI, kg/day

Mean + SD

Median

Range

2.18 £ 1.18 (1-6)

—1.86 £1.00
—1.58
—7.03 to —0.91

1.96 + 1.19 (1-8)

—0.45 + 0.26
—0.44
—0.90 to —0.04

1.86 + 1.05 (1-6)

0.39 £0.28
0.36
—0.03 10 0.90

2.06 £ 1.14 (1-7)

1.91+£1.10
1.56
0.90t09.76

Performance from 1 to 105 days postpartum, mean + SD (range)

Intake

DM, kg/day

NEL,P Mcal/day
Yield, kg/day

Milk

ECM

Fat

Protein
NE_ secreted in milk, Mcal/day
Body energy change,® Mcal/day
Estimated diet NE_,4 Mcal/kg

18.9 + 3.1 (10.0-26.0)
32.2 + 5.4 (16.6-46.8)

38.3 £ 8.0 (13.8-59.2)

38.4 + 8.1 (13.5-61.3)

1.42 + 0.36 (0.43-2.63)
1.10 £ 0.23 (0.41-1.71)

26.5 + 5.6 (9.0-42.0)
—1.87 £ 5.35 (-26.1-9.6)
1.87 +0.21 (0.91-2.33)

20.8 + 2.6 (12.6-27.4)
35.6 + 4.9 (21.1-49.4)

38.9 + 6.5 (23.4-57.0)
38.5 £ 6.5 (20.3-59.2)
1.41 + 0.30 (0.67-2.42)
1.11 £ 0.18 (0.57-1.63)
26.6 + 4.5 (13.4-41.0)
—0.29 + 4.36 (-30.1-11.1)
1.78 + 0.15 (0.62-2.08)

21.6 + 3.0 (10.1-28.4)
36.8 + 5.3 (16.9-51.1)

38.8 + 7.1 (15.0-57.0)

39.1 4 7.1 (17.4-60.3)

1.44 + 0.31 (0.66-2.56)
1.13 + 0.20 (0.51-1.66)
27.0 + 4.9 (12.1-42.2)
—0.94 + 4.90 (-39.5-7 1)
1.71 £ 0.15 (0.70-1.94)

23.0 + 2.9 (13.7-30.9)
39.3 + 5.4 (22.9-53.4)

38.6 + 7.3 (19.2-57.7)
39.1 4 7.2 (17.3-55.0)
1.45 + 0.32 (0.39-2.40)
1.12 + 0.21 (0.63-1.67)
271 4+ 5.1 (11.2-38.5)
—1.80 % 5.27 (-24.5-9.44)
1.57 + 0.20 (0.69-1.90)

aResidual DM intake was calculated from 1 to 105 days postpartum based on the difference between observed and predicted DM intake, and cows were grouped into quartiles (Q1,
smallest RFI, to Q4, largest RFI). Values in parentheses are the means of RFI for each quartile. Predicted DM intake was calculated following a statistical model that considered NEL
secreted as milk, metabolic BW, body energy change, parity group, and treatment nested within the experiment.

bCalculated with DM intake and the NEL content of diets fed using NRC (2001) according to the ingredient composition and nutrient content of ingredients and adjusted for the observed

DM intake.

®Body energy change was calculated as the NEL either accreted or lost as bodly tissue based on the daily change in BW adjusted for BCS.
9Estimated NEL content of diet consumed based on the NEL required for maintenance, milk synthesis, and body energy changes.

fixed effect of cycle number and the random effect of the cow also,
were included in the statistical models. Dispersion of the data for
the generalized linear mixed models was assessed by the ratio of
the generalized chi-square statistic DF (x2/DF). In all models,
except for pregnancy loss at second Al, the generalized x2?/DF
was between 0.95 and 1.05 indicating that the variability in the
data was properly modeled, and that only minor residual under-
or over-dispersion was present. For pregnancy loss at the second
Al residual under-dispersion was present based on the x2/DF of
0.85, and a multiplicative dispersion parameter estimated from
Pearson’s statistic was added to the model. Data are presented as
LSM and respective SEM.

The number of AI per pregnancy was analyzed with the
GLIMMIX procedure of SAS (SAS/STAT, SAS Institute Inc.)
fitting a negative binomial distribution. The statistical model
included the fixed effects of RFI quartile and morbidity and the
random effect of month-year of calving.

Days to pregnancy were analyzed with Cox’s proportional
hazard regression using the PHREG procedure of SAS
(SAS/STAT, SAS Institute Inc.). The statistical model included
the fixed effects of RFI quartile and morbidity and the random
effect of month-year of calving. The adjusted hazard ratios
and respective 95% CI were calculated. Survival curves were
generated adjusted for covariates in the statistical models using
the BASELINE statement in PHREG of SAS (SAS/STAT, SAS
Institute Inc.). Model fit was assessed by plotting the martingale

and deviance residuals against the estimates of the linear
predictor. The proportionality of hazards among RFI quartiles
was evaluated using the ASSESS statement for proportional
hazard in PHREG. The LSM + SEM and median days open
(95% CI) were calculated with the LIFETEST procedure of SAS
(SAS/STAT, SAS Institute Inc.).

In all the statistical models, orthogonal polynomial contrasts
were used to determine linear, quadratic, or cubic associations
of quartile of RFI and the response analyzed. The interactive
matrix language procedure of SAS (PROC IML; SAS/STAT, SAS
Institute Inc.) was used to generate the orthogonal coefficients
to adjust for the unequal spacing of the median values for RFI
among quartiles.

Statistical significance was considered at P < 0.05, and
tendency when 0.05 < P < 0.10.

RESULTS

A total of 851 cows were included in the study and contributed
data for statistical analyses for production and reproduction.
Four of the nine experiments did not have plasma samples
analyzed for FA, BHB, and glucose concentrations; therefore, the
number of cows included in the analyses of plasma metabolites
was 473. Descriptive statistics of RFI and productive performance
of cows according to quartiles are presented in Table 1.
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FIGURE 1 | Concentrations of fatty acids (A), B- hydroxybutyrate (B), and glucose (C) in the plasma of Holstein cows according to quartile of residual dry matter (DM)
intake [residual feed intake (RFI)]. Residual DM intake was calculated from 1 to 105 days postpartum based on the difference between observed and predicted DM
intake, and cows were grouped into quartiles (Q1, the smallest RFI, to Q4, the largest RFl). Predicted DM intake was calculated following a statistical model that
considered net energy for lactation (NEL) secreted as milk, metabolic BW, body energy change, parity group, and treatment nested within the experiment. (A) The
effect of RFI quartile (P = 0.003) and interaction between RFI quartile and day postpartum (P = 0.26). (B) The effect of RFI quartile (P = 0.001) and interaction
between RFI quartile and day postpartum (P = 0.002). (C) The effect of RFI quartile (P = 0.47) and interaction between RFI quartile and day postpartum (P = 0.06).
Error bars represent the SEM. Within day postpartum, *denotes difference among quartiles (P < 0.05).
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TABLE 2 | Association of quartiles of residual DM intake (RFI) and plasma metabolites in Holstein cows.

RFI quartile? P-value
Plasma metabolites® Q1 Q2 Q3 Q4 SEM Quartile Quartile x day
Fatty acids* 0.68 0.63 0.60 0.59 0.04 <0.01 0.26
B-hydroxybutyrate® 0.75 0.64 0.64 0.65 0.04 <0.01 0.002
Glucose 3.90 3.94 4.00 3.91 0.12 0.47 0.06

aResidual DM intake was calculated from 1 to 105 days postpartum based on the difference between observed and predicted DM intake, and cows were grouped into quartiles (Q1,

smallest RFI, to Q4, largest RFI).

bConcentrations were analyzed in plasma sampled on days 0, 7, 14, and 21 postpartum.
“Linear effect of RFI quartile (P < 0.05).

8Quadratic effect of RFI quartile (P < 0.05).

The difference in RFI between the most and least efficient
quartiles was 3.8 kg/day, and the estimated NEL of the diet
increased linearly (P < 0.001) as the RFI quartile decreased. Cows
in QI consumed diets that provided 19% more NEL than those
in Q4 (1.88 vs. 1.58 Mcal/kg). No difference was observed for the
yield of ECM (38.6 kg/d) or body energy change (—1.48 Mcal/d)
among quartiles.

Associations Between RFI and

Concentrations of Metabolites in Plasma

Improving efficiency, based on reduced RFI quartile, was linearly
associated (P < 0.001) with an increase in concentrations of FA
and quadratically (P = 0.01) associated with the concentration of
BHB in plasma, although for BHB differences among groups were
observed only on day 7 postpartum (Figure 1; Table 2). Cows
in QI had greater (P < 0.01) BHB concentration on day 7 than
those in the other three quartiles (Figure 1B). Concentrations of
glucose only differed (P = 0.02) among groups on day 0 and cows
in Q4 had the smallest concentration of glucose (Figure 1C).

Associations Between RFI and

Reproduction
The proportions of cows that received at least one Al in the
study did not differ with the RFI quartile, with a mean of 98.5%
(Table 3). The day postpartum at the first Al did not differ
among quartiles of RFI and had a mean of 77.9 d. Similarly, the
proportion of cows that became pregnant to the first Al or lost
pregnancy between 32 and 74 days after the first AI did not differ
with the RFI quartile. Cows received the second postpartum Al
with a mean of 115.5 days in lactation. Pregnancy per Al at the
second Al linearly increased (P < 0.001) as efficiency increased.
For instance, as the RFI quartile changed from Q4 to Ql,
pregnancy per Al on day 74 after the second Al increased from
17.6 to 38.5% (Table 3). No association was observed between
RFI and pregnancy loss at the second AL

The proportions of cows designated as “do not inseminate”
and the day postpartum when inseminations stopped did not
differ among RFI quartiles (Table4). The 21-day cycle rate
of insemination did not differ with RFI resulting in a mean
of 67.9% in the first 300 days postpartum. Pregnancy per Al
at all postpartum inseminations increased linearly (P = 0.01)
with reducing RFI. Cows in Q4 had the smallest pregnancy

per Al at all Al, whereas no difference was observed among
cows in Q1 to Q3. Similarly, the 21-day cycle pregnancy rate
increased linearly (P = 0.03) with improved feed efficiency,
and cows in Q4 had the longest days open and the slowest
rate of pregnancy (Figure 2; Table 4). The differences in the
rate of pregnancy resulted in a quadratic association (P =
0.04) between RFI and the proportion of cows pregnant
by 300 days postpartum, and cows in Q4 had the smallest
proportion of pregnancy. In fact, the mean number of Al
per pregnancy increased linearly (P = 0.02) as RFI increased
(Table 4).

DISCUSSION

Selection for feed efficiency in dairy cattle is not a novel concept
(Veerkamp, 1998), but concerns exist with imposing selection
methods that favor animals that consume less DM because of
reduced energy balance that could compromise reproduction
(Santos et al., 2010a). In this study, ranking cows for RFI, a
measure of feed efficiency that accounts for the major energy
sinks, was associated with reduced DM intake, but no impacts on
yield of ECM, secretion of NEL in milk, or body energy change
were observed in the first 105 days postpartum. The lack of
associations between RFI and ECM and body energy change was
expected because residuals have independence from the variables
used to predict the response. In spite of small increases in
concentrations of plasma metabolites linked to lipomobilization
as efficiency increased, more efficient cows had improved
pregnancy per Al and increased rate of pregnancy compared with
the quartile of least efficient cows, which resulted in a reduction in
median days open and increased proportion of pregnant cows by
300 days postpartum.

A possible reason for the reduced DM intake by efficient
cows might be related to their ability to extract nutrients from
the diet. The estimated NEL density of the diets consumed
provided 19% more energy for cows in Q1 than those in Q4. The
estimated differences suggest that more efficient cows might have
increased digestion and absorption of nutrients (Tyrrell and Moe,
1975), thus attending the nutrients demanded lactation with
less intake. Obviously, the differences in estimated NEL content
for the diets consumed assumed that maintenance requirements
remained constant among cows with the same metabolic BW
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TABLE 3 | Association between quartiles of residual DM intake (RFI) and reproduction in the first two postpartum Al in Holstein cows.

RFI quartile?

Item Q1 (—1.90 kg/day) Q2 (—0.48 kg/day) Q3 (0.41 kg/day) Q4 (1.98 kg/day) SEM P-value
Cows, n 212 213 213 213 - -
Inseminated, % 98.4 (208/212) 99.1 (211/213) 97.7 (208/213) 99.1 (211/213) 0.8 0.70
First Al

Day postpartum* 77.2 78.3 78.0 78.1 1.5 0.20

Pregnant day 32, % (n/n) 34.8 (72/206) 33.6 (72/211) 34.7 (72/208) 31.6 (67/211) 3.6 0.90

Pregnant day 74, % (n/n) 31.0 (64/205) 30.9 (66/211) 30.5 (63/208) 26.5 (56/211) 3.5 0.72
Pregnancy loss, % (n/n) 9.8 (7/71) 8.3 (6/72) 12.4 (9/72) 16.3 (11/67) 3.8 0.65
Second Al

Day postpartum 116.7 114.4 116.7 116.2 2.5 0.86

Pregnant day 32,* % (n/n) 41.4 (58/138) 32.4 (47/135) 28.2 (43/145) 20.0 (32/153) 4.3 <0.001

Pregnant day 74,* % (n/n) 38.5 (54/138) 29.0 (42/135) 27.4 (41/145) 17.6 (28/1593) 4.2 <0.001

Pregnancy loss, % (n/n) 4.6 (4/58) 8.3 (5/47) 2.8 (2/43) 10.9 (4/32) 3.2 0.20

4Residual DM intake was calculated from 1 to 105 days postpartum based on the difference between observed and predicted DM intake, and cows were grouped into quartiles (Q1,
smallest RFI, to Q4, largest RFI). Values in parentheses are the means of RFI for each quartile. Predicted DM intake was calculated following a statistical model that considered NEL
secreted as milk, metabolic BW, body energy change, parity group, and treatment nested within the experiment. Values are least-squares means.

*Linear effect of RFI quartile (P < 0.05).

TABLE 4 | Association between quartiles of residual DM intake (RFI) and reproduction in the first 300 days postpartum in Holstein cows.

RFI quartile?

ltem® Q1 (—1.90 kg/day) Q2 (—0.48 kg/day) Q3 (0.41 kg/day) Q4 (1.98 kg/day) SEM P-value
Cows, n 212 213 213 213 — —
Do not inseminate

% (n/n) 10.2 (24/212) 9.0 (20/213) 8.8 (20/213) 12.8 (28/213) 2.3 0.52

Day postpartum 209.8 192.0 176.9 212.1 15.5 0.25
21-day cycle insemination rate, % (n/n) 68.1 (533/807) 67.4 (565/843) 69.3 (568/840) 66.6 (627/968) 241 0.66
Pregnancy per Al all Al,* % (n/n) 31.4 (166/533) 30.6 (172/565) 31.2 (174/568) 24.5 (150/627) 2.2 0.03
21-day cycle pregnancy rate,” % (n/n) 21.2 (166/807) 21.1 (172/843) 22.0 (174/840) 16.6 (150/968) 1.9 0.02
Days open

Mean* 1560.2 152.4 1562.1 1731 5.6 0.06

Median* (95% Cl) 132 (113-146) 125 (112-143) 135 (114-145) 147 (136-170) — 0.06
Pregnant by 300 days,® % (n/n) 79.0 (142/184) 80.7 (151/183) 82.4 (152/184) 71.5(131/183) 3.3 0.05
Al per pregnancy,” n 2.52 2.65 2.65 2.93 0.13 0.09

aResidual DM intake was calculated from 1 to 105 days postpartum based on the difference between observed and predicted DM intake, and cows were grouped into quartiles (Q1,
smallest RFI, to Q4, largest RFI). Values in parentheses are the means of RFl for each quartile. Predicted DM intake was calculated following a statistical model that considered NEL
secreted as milk, metabolic BW, body energy change, parity group, and treatment nested within experiment. Values are least-squares means.

bPregnancy based on the diagnosis on day 74 after each Al within the first 300 days postpartum.

*Linear effect of RFI quartile (P < 0.05).

SQuadratic effect of RFI quartile (P < 0.05).

in different quartiles of RFI, which might not necessarily be
true. Variability exists in maintenance requirements of groups
of cows (Ellis et al, 2006), and changes in maintenance
likely help explain differences in RFI among cows (Dong
et al, 2015; Meale et al, 2017). The body composition,
such as organs size and tissue composition, likely affects the
energy used for basal metabolic rate, and studies with beef
bulls reported smaller rumen, bladder, and heart associated
with low RFI (Fitzsimons et al., 2014; Meale et al., 2017).
The differences among organs sizes can indicate less energy

expenditure for maintenance, therefore, an expected larger
fraction of absorbed nutrients become available to be partitioned
to production.

Increments in concentrations of FA and BHB are often
observed in early lactation cows during periods of negative
nutrient balance associated with losses in BW and BCS as part
of the homeorhetic mechanisms to support lactation. Extensive
lipomobilization is linked with a delayed resumption of estrous
cyclicity and depression in pregnancy per Al in dairy cows
(Butler, 2000; Santos et al., 2010a). Nevertheless, although cows
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FIGURE 2 | Survival curves for time to pregnancy in Holstein cows according to quartile of residual DM intake (RFI). Residual DM intake was calculated from 1 to 105
days postpartum based on the difference between observed and predicted DM intake, and cows were grouped into quartiles (Q1, smallest RFI, to Q4, largest RFI).
Predicted DM intake was calculated following a statistical model that considered NEL secreted as milk, metabolic BW, body energy change, parity group, and
treatment nested within the experiment. Cows from quartile 4 had extended time to pregnancy (P < 0.05) compared with cows from quartiles 1, 2, or 3. The adjusted
hazard ratios for the daily rate of pregnancy were greater for Q1 (1.29; 95% Cl = 1.03-1.62), Q2 (1.25; 95% Cl = 1.00-1.57), and Q3 (1.32; 95% Cl = 1.05-1.65)

than cows in Q4.

with negative RFI have reduced DM intake, as observed in this
study, which decreased net energy balance (Nehme Marinho
et al., 2021), they did not experience differences in changes
in body energy compared with cows with positive RFI. The
literature has indicated that dairy or beef cattle selected for
negative RFI have increased lipolytic signals based on increased
concentrations of FA in the blood (Méntysaari et al., 2012) and
increased concentration of growth hormone (Dechow et al,
2017), and decreased lipogenic signals, such as concentrations
of leptin (Xi et al,, 2016) and insulin (Richardson and Herd,
2004). However, the increased lipolysis in cows with reduced
RFI seems to not influence daily changes in BW or BCS
(Fischer et al., 2018; Nehme Marinho et al., 2021) or disease
incidence (Martin et al., 2021; Nehme Marinho et al., 2021).
Although the reduced DM intake observed in more efficient
cows likely explains the minor increases in lipomobilization
and ketogenesis in early lactation, no differences were observed
in body energy change either because the NEL content of the
diet consumed differed as estimated herein, or the maintenance
requirements differed among cows in different quartiles
of RFI.

Conserved mechanisms exist across species to regulate
reproductive cycles when nutrient availability and endocrine

signals are inadequate during periods of negative nutrient
balance (Butler, 2000; Schneider, 2004). The loss of BW or
BCS and the increased risk of diseases that are common in
early lactation are known to depress reproduction in dairy cows
(Santos et al., 2010a; Carvalho et al., 2014; Ribeiro et al., 2016).
Energy balance is linked with reproduction in dairy cows and
other species (Butler, 2000; Schneider, 2004; Santos et al., 2010a)
and it is expected that energy balance should reflect changes in
body energy; however, energy balance calculation assumes a fixed
value for NEL of a diet with some discount for DM intake (NRC,
2001), and a constant NEL required for maintenance for a given
metabolic BW, which results in an inaccurate assessment of the
energy status of cows (Nehme Marinho et al., 2021).

Residual DM intake has been shown not to be associated with
changes in body energy or risk of diseases in early lactation
(Nehme Marinho et al., 2021), which are known risk factors
linked with reproduction in dairy cows (Butler, 2000; Santos
et al., 2010a; Ribeiro et al., 2016). Nehme Marinho et al. (2021)
showed that NEL balance is positively and linearly associated
with RFI, but RFI had no association with body energy changes
in early lactation suggesting that NEL balance, as calculated,
penalizes more efficient cows. Therefore, the estimated 19%
increase in NEL content of diets consumed by cows in Ql
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compared with cows in Q4 might reflect differences in ruminal
and total tract organic matter digestibility (Tyrrell and Moe,
1975), differences in post-absorptive metabolism of nutrients,
or differences in maintenance requirements often observed in
different groups of cows (Ellis et al., 2006).

Reproduction in all experiments that contributed data to this
study was managed with a combination of AI upon detection of
estrus and timed AL Subjecting cows to timed Al at first Al likely
abolished some of the potential associations of RFI with estrous
cyclicity and interval to first insemination postpartum (Santos
et al, 2010a), although it might not completely abolish the
potential effects of differences in energy balance with pregnancy
per Al (Bisinotto et al., 2010; Santos et al., 2016). Because of
the management used for first postpartum insemination, no
difference in days to the first AI was expected or observed in
this study. On the other hand, it was surprising to note that more
efficient cows had increased pregnancy per Al at all postpartum
inseminations. More efficient cows had a greater 21-day cycle
pregnancy rate and, therefore, an increased hazard of pregnancy
in the first 300 days postpartum that resulted in a tendency
for a larger proportion of pregnant cows at the end of the
study compared with cows in Q4. Obviously, these results would
not agree with the commonly discussed mechanisms of energy
balance affecting reproduction when NEL balance is calculated
assuming constant values for the energy density of diets fed.

Studies assessing RFI and reproduction in cattle are scarce.
Macdonald et al. (2016) evaluated reproduction in grazing dairy
cows according to their RFI evaluated between 5 and 9 months of
age. The authors showed that divergence in RFI as heifers was
not associated with production, BW, BCS, or reproduction as
lactating cows. In beef heifers, improved feed efficiency, based on
reduced RFI, was associated with extended age at puberty, but no
associations were observed between RFI and pregnancy per Al
or rate of pregnancy (Shaffer et al., 2011). The authors attributed
the differences in age at puberty related to the reduced degree
of fatness in more efficient heifers. In beef cattle, heifers with
negative RFI typically contain 2-5% less body fat than heifers
with positive RFI (Basarab et al., 2011), and the degree of fatness
is positively associated with reproduction in beef cattle (Randel
and Welsh, 2013). In general, reducing the degree of fatness in
more efficient beef heifers is associated with delayed puberty
(Basarab et al., 2011) and, in some cases, reduced proportion of
pregnancy (Basarab et al., 2011), which was not observed once
fatness was included in the statistical model. Fatness, based on
BCS, was not altered with RFI in lactating dairy cows (Nehme
Marinho et al., 2021), and body energy changes did not differ
in this study in cows in the different quartiles of RFI. Not only
reproduction was not depressed with improved efficiency in dairy
cows, the least efficient cows, those in Q4, had the smallest hazard
of daily pregnancy and longest median days open. It is very
likely that the reproductive management imposed eliminated
potential differences in detection of estrus and insemination
rate, as evidenced by the lack of differences in 21-day cycle
insemination rate and pregnancy at first AL Thus, differences
in the hazard of pregnancy in the first 300 days postpartum
were mediated by the differences in pregnancy per Al that were
observed after the first postpartum insemination.

Perhaps what makes dairy cows less efficient from the
production perspective, such as differences in post-absorptive
metabolism of nutrients (Guinguina et al., 2020), metabolic
and hormonal regulation, (Cantalapiedra-Hijar et al., 2018;
Clemmons et al, 2019), thermoregulation (Guinguina et al.,
2020), and behavior (Connor et al., 2013), might also influence
aspects of reproduction that compromise pregnancy per AL
For instance, mitochondrial metabolism of pyruvate and fatty
acids play critical roles in mammalian oocyte and embryo
development. Although oxidative metabolism is critical for
gametes and embryos, it generates reactive oxygen species that
can damage cells (Bradley and Swann, 2019). Mitochondria from
beef cattle with increased feed efficiency had a greater degree
of coupling between respiration and oxidative phosphorylation
observed in hepatic (Casal et al., 2018) and skeletal muscle
(Kolath et al., 2006). Increased capture of cellular energy
might reduce proton leakage and the risk of damaging cellular
membranes in reproductive tissues (Bradley and Swann, 2019).
Furthermore, evidence exists that more efficient animals have
increased antioxidant capacity in hepatic cells (Casal et al., 2019).
It is possible that the differences observed in liver and skeletal
muscle might be present in other tissues, including ovaries,
endometrium, and gametes, thus favoring the development
of oocytes, early embryos, and the conceptus that improves
pregnancy per Al and increases the rate of pregnancy. Also, it
is possible that the supply of oxidizable fuels to the reproductive
axis differs among cows of diverging RFI. The hypothalamic—
pituitary—gonadal axis is sensitive to the availability of oxidizable
metabolic fuels, in particular glucose and fatty acids (Schneider,
2004). Genetic correlations exist between RFI and fertility traits
in Holstein cattle, and the genomic predicted transmitting ability
for RFI and daughter pregnancy rate (—0.09), heifer conception
rate (—0.02), and cow conception rate (—0.14) all favor improved
genetic measures of fertility as genetics for feed efficiency
improved based on genomic RFI values (Li et al., 2020). Perhaps,
the phenotypic associations of improved reproduction in more
feed-efficient cows observed herein have a genetic link. Also, it is
possible that more efficient cows sense endocrine cues differently
than less efficient cows, which might be linked with genetic
variability or environmental factors taking place in early life. An
example in bovine is that altered nutrition in early life affects the
hypothalamic transcriptome linked with accelerated puberty that
favors reproduction (Sdnchez et al., 2021).

CONCLUSION

Cows with reduced RFI in the first 15 weeks of lactation had
similar milk energy output or changes in body energy, but a small
increase in plasma concentrations of FA and BHB suggesting
increased lipomobilization in the 1st weeks of lactation. An
intriguing finding of this study was the association between RFI
and reproduction, in which the least efficient cows also had
reduced hazard of pregnancy and extended days open mediated
by the reduced pregnancy per Al Although the study does
not allow mechanisms to be drawn, it is postulated that cows
with positive RFI not only have less efficient use of nutrients
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based on the marked reduction in NEL content of the diets
consumed, but potential changes in post-absorptive metabolism
of nutrients that might impact their ability to establish or
maintain pregnancy.
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