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ABSTRACT In chickens, muscle development during
embryonic growth is predominantly by myofiber hyper-
plasia. Following hatch, muscle growth primarily occurs
via hypertrophy of the existing myofibers. Since myo-
fiber number is set at hatch, production of more muscle
fibers during embryonic growth would provide a greater
myofiber number at hatch and potential for posthatch
muscle growth by hypertrophy. Therefore, to improve
performance in broilers, this study investigated the
effect of in ovo spray application of probiotics on over-
all morphometry and muscle development in broiler
embryos. For the study, fertile Ross 308 eggs were
sprayed with different probiotics; Lactobacillus paraca-
sei DUP 13076 (LP) and L. rhamnosus NRRL B 442
(LR) prior to and during incubation. The embryos
were sacrificed on d 7, 10, 14, and 18 for embryo mor-
phometry and pectoralis major muscle (PMM) sam-
pling. Muscle sections were stained and imaged to
quantify muscle fiber density (MFD), myofiber cross-
sectional area (CSA), and nuclei density. Additionally,
gene expression assays were performed to elucidate the
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effect of probiotics on myogenic genes. In ovo probiotic
supplementation was found to significantly improve
embryo weight, breast weight, and leg weight (P <
0.05). Further, histological analysis of PMM revealed a
significant increase in MFD and nuclei number in the
probiotic-treated embryos when compared to the con-
trol (P < 0.05). In 18-day-old broiler embryos, myofib-
ers in the treatment group had a significantly smaller
CSA (LP: 95.27 § 3.28 mm2, LR: 178.84 § 15.1 mm2)
when compared to the control (211.41 § 15.67 mm2).
This decrease in CSA was found to be associated with
a concomitant increase in MFD (fibers/mm2) in the LP
(13,647 § 482.15) and LR (13,957 § 463.13) group
when compared to the control (7,680 § 406.78). Addi-
tionally, this increase in myofibrillar hyperplasia in the
treatment groups was associated with upregulation in
the expression of key genes regulating muscle growth
including MYF5, MYOD, MYOG, and IGF-1. In sum-
mary, in ovo spray application of probiotics promoted
overall embryo growth and muscle development in
broilers.
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INTRODUCTION

In food animals, skeletal muscle is the largest contribu-
tor to mass and is therefore directly related to meat pro-
duction (Gueller and Russell, 2010). In broiler chickens,
breast muscle is the largest muscle by weight and sought
out as a low-fat meat choice, it is the most valuable por-
tion of the carcass (Harding et al., 2016). In effect, breast
muscle weight represents around 18 to 25% of the birds’
live weight. As a consequence, even small differences in
breast yield could have a significant economic impact
(Scheuermann et al., 2003; Petracci et al., 2015). Conse-
quently, the productivity of a broiler chicken is directly
related to the cellular and molecular mechanisms regulat-
ing skeletal muscle myoblast growth and development,
particularly in the pectoral muscle (Koohmaraie et al.,
2002). In chicken, muscle hyperplasia mainly occurs dur-
ing embryonic development which contributes to »30%
of the lifespan of commercial broilers (Balaban et al.,
2021; Liu et al., 2021; Wu et al., 2021). Hence, to improve
posthatch muscle growth and meat yield it may be prefer-
able to increase muscle fiber number and associated sup-
portive vasculature during embryonic development
(Wilkinson and Scott, 2006; Alcocer et al., 2021).
As in other species, muscle size and mass in chickens is

determined by genetics, nutrition, health, and
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environmental factors (Wilkinson and Scott, 2006).
Muscle tissue originates from the embryonic mesoderm,
where the mesodermal cells proliferate and differentiate
to somites and then myotome and myoblasts, which
eventually form the skeletal muscle (Naya and Olson,
1999; Velleman, 2007; Berti et al., 2015). During pri-
mary myogenesis, the first wave of muscle development,
myoblasts proliferate, and fuse with each other to form
primary myofibers (Velleman and McFarland, 2015).
This process is governed by the appropriate temporal
expression of the myogenic regulatory factors (MRF),
including myogenic factor 5 (MYF5), myogenic deter-
mination factor I (MYOD), myogenin (MYOG), and
myogenic regulatory factor 4 (MRF4). A second wave
of myogenesis leads to the formation of secondary fibers,
using primary muscle fibers as a scaffold. During the late
embryonic period, muscle growth occurs through hyper-
trophy, and muscle fiber number is fixed at hatch with
no posthatch hyperplasia (Halevy et al., 2006b; Xu
et al., 2021b). Subsequent posthatch muscle fiber growth
occurs through hypertrophy (Gawel et al., 2022).

In ovo administration of nutrients and substances has
been used to promote embryonic development and sub-
sequent posthatch performance (Giviseiz et al., 2020).
Specifically, administration of carbohydrates, vitamins,
hormones, growth factors, prebiotics, and synbiotics
were shown to promote intestinal development and
embryonic metabolism (Uni and Ferket, 2003; Tako
et al., 2004; Cheled-Shoval et al., 2011; Bhanja et al.,
2014; Zhao et al., 2017; Moreiera Filho et al., 2018;
Araujo et al., 2019; Dal Pont et al., 2019). Provision of
these nutrients and substances likely enhanced the
nutritional status of the embryo, thereby promoting
growth including myogenesis (Xu et al., 2021b). A few
studies have evaluated the effects of in ovo probiotic
inoculation on posthatch performance and immune sta-
tus of adult birds with varying results (Leao et al.,
2021). However, their effects on embryonic growth and
myogenesis have not been studied. Since myofiber num-
ber is set at hatch, production of more muscle fibers dur-
ing embryonic growth would provide for a greater
myofiber number at hatch and potential for posthatch
muscle growth by hypertrophy (Halevy et al., 2006b;
Willkinson and Scott, 2006; Velleman, 2007). Further,
poultry researchers have now realized that future gains
in production potential of these birds will come from
advancements made on embryogenesis (Christensen
et al., 2007; Collin et al., 2007; de Oliveira et al., 2008).
Hence our study investigated the effects of in ovo probi-
otic spray application on embryo morphometry and
muscle development in broilers. We hypothesized that
in ovo probiotic application would promote embryonic
muscle development in broilers. As opposed to inocula-
tions, supplementation of probiotics by spray applica-
tion provides for a noninvasive approach to promote
growth. Further, egg spraying is a commonly employed
method to disinfect hatching eggs (Brake and Sheldon,
1990; Buhr et al., 1994; Bourassa et al., 2002; Ernst,
2010; Copur et al., 2011). Hence, it is expected that
spray application of probiotics on hatching eggs could
be integrated with hatchery management practices to
promote embryonic growth and muscle development.
MATERIALS AND METHODS

Probiotic Culture Conditions

Lactobacillus paracasei DUP-13076 (LP) and Lacto-
bacillus rhamnosus NRRL-B-442 (LR) were obtained
from Dr. Bhunia, Food Science Department, Purdue
University, and the USDA NRRL culture collection,
respectively. Each strain was cultured separately in de
Mann, Rogosa, Sharpe broth (MRS) at 37°C overnight.
The cultures were then centrifuged (3,200 £ g, 12 min),
and washed twice in phosphate buffered saline (PBS,
pH 7.4). The pellet was resuspended in PBS and used as
the inoculum. The bacterial population in the inoculum
was determined by standard dilution and plating on
MRS agar, followed by incubation at 37°C for 24 h.
These cultures were selected based on our preliminary in
ovo trials demonstrating absence of negative impact on
embryonic growth and viability. Further, previous
research from our lab also identified the ability of these
strains to attenuate Salmonella virulence in vitro
(Muyyarikkandy and Amalaradjou, 2017).
Experimental Design

All trials were conducted with the approval of the
UConn Institutional Animal Care and Use Committee.
Fertilized broiler (Ross 308) eggs from 42-wk-old birds
were kindly provided by Aviagen, Inc. (Huntsville, AL).
Upon receipt, any damaged eggs were discarded, and
the rest stored at 12.8°C for no more than 24 h (Chris-
tensen et al., 2002). Prior to incubation, all settable eggs
were weighed (starting egg weight) and randomly
assigned to 1 of 3 groups namely, 1) Control [no probi-
otic, n = 100, eggs sprayed with solvent/carrier (PBS)],
2) LP [n = 100; eggs sprayed with LP (»9 log CFU/
egg)], and 3) LR [n = 100, eggs sprayed with LR (»9 log
CFU/egg)].
Spray Treatment and Egg Incubation

Eggs in each tray were individually sprayed on d 0, 3,
7, 10, 14, and 18 of incubation. On each treatment day,
trays were removed one-at-time, eggs were individually
sprayed, and the tray was put back into the incubator
before moving to the next tray. The eggs were sprayed
at room temperature and the time to spray each tray of
eggs was observed to be less than 4 min. Eggs in the con-
trol group were individually sprayed with PBS while
eggs in treatment groups were sprayed with LP or LR to
ensure approximately 9 log CFU/egg using an atomizer
(Amalaradjou, 2022). The treatment regimen was based
on maintaining significant probiotic populations on the
eggs (»4 log CFU/egg) throughout incubation as deter-
mined in our preliminary trials. The sprayed eggs were
incubated for 18 d in a thermostat incubator (2362N
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Hova-Bator, GQF Manufacturing Company, Inc., City,
GA) with an automatic egg turner (1,611 egg turner
with 6 universal racks, GQF Manufacturing Company,
Inc.), at 37.8°C and 55% relative humidity.
Morphometric Measurements

On d 7, 10, 14, and 18 of incubation, 18 to
20 eggs/group were randomly sampled. The eggs were
weighed, opened through the blunt end, and embryos
euthanized by cervical dislocation. The embryos were
then dissected to obtain embryo weight (yolk-free body
mass; YFBM) and yolk sac weight. Additionally, on d
10, 14, and 18, the length of the curvature along the
back from the top of the head to the tip of the tail was
measured as the crown rump length (Henning et al.,
2011). Relative embryo and yolk sac weight were calcu-
lated as percentage of starting egg weight (SEW) to
account for variation in egg weights. Further, on d 18
additional tissue weights (breast, leg, heart, liver, and
gizzard) and lengths (crown rump, tibial, radial, and the
third digit) were measured (O’Dea et al., 2006; Li et al.,
2013; de Oliveira et al., 2014). Relative organ, breast
and leg weights were calculated as percentage of embryo
weight (YFBM) to eliminate possible effects of variabil-
ity in embryo weight. Additionally, on d 10, 14, and 18
of incubation, the left and right pectoralis major muscles
(PMM) were collected from 8 to 10 embryos in each
treatment group for immunohistochemistry and RT-
qPCR, respectively.
Muscle Sample Collection

The left PMM was collected from the embryos and
processed for muscle histology as previously described
(Reed et al., 2014; Xu et al., 2021b). Briefly, samples
were embedded in Tissue-Tek optimal cutting media
(OCT; Fisher Scientific, Pittsburg, PA), frozen in dry
ice cooled isopentane and stored at �80°C until further
use.
Immunohistochemistry and Histology

Muscle samples were cryosectioned (10 mm) using a
HM525 cryostat (Thermo Fisher, Waltham, MA) to
determine muscle fiber cross-sectional area (CSA) and
nuclei and muscle fiber density (MFD). Briefly, muscle
sections were rehydrated in PBS with 0.1% triton X-100
for 5 min and fixed with 4% paraformaldehyde for
20 min. Fixed sections were then washed with PBS and
blocked with 5% horse serum, 0.2% Triton X-100 in
PBS for 20 min. To visualize the sarcolemma and nuclei,
samples were incubated with Alexa Fluor 568 wheat
germ agglutinin (WGA, 1:150, Invitrogen, Carlsbad,
CA) and Hoechst 33342 (1:2,000, Invitrogen) overnight
at 4°C in a humidified box. Sections were rinsed with
PBS and cover-slipped with 9:1 glycerol/PBS solution.
All sections were imaged at 400-fold magnification using
an Axiovert Widefield microscope (Zeiss, Jena,
Germany) mounted to an AxioCam Camera (Zeiss),
false colored and merged using ImageJ (NIH, Bethesda,
MD). Fiber CSA was measured as the region within the
fiber boundary using the area measurement tool in
ImageJ (Reed et al., 2014). At least 5 images were
obtained from 5 different muscle sections resulting in
the analysis of a minimum of 400 fibers per muscle sam-
ple. To determine muscle fiber and nuclei density, the
number of fibers and nuclei within a 100 mm2 area were
enumerated and represented as counts/mm2 (Reed
et al., 2014; Xu et al., 2021a).
RT-qPCR of Genes Involved in Myogenesis

The right PMM was collected in RNAlater (Qiagen,
Germantown, MD) and stored at �80°C until further
processing (Zammit et al., 2006; Gu et al., 2022). RNA
was extracted using RNeasy minikit (Qiagen) according
to the manufacturer’s protocol, and RNA quality was
determined using the Nanodrop (Eppendorf, Enfield,
CT). cDNA was synthesized using the iScript reverse
transcriptase kit (Bio-Rad, Hercules, CA). Specific pri-
mers for candidate genes (MYF5, MRF4, FGF2, FGF4,
IGF1, IGF1R, MYOD, and MYOG) were selected from
published literature (Mitchell et al., 1999; Zammit et al.,
2006; Al-Musawi et al., 2011; Davis et al., 2015; Harding
et al., 2016). RT-qPCR was performed on the StepOne-
Plus platform using the SYBR green assay (Applied Bio-
systems, CA) under custom thermal cycling conditions.
Duplicate samples were run from each biological sample
and a total of 8 to 10 biological replicates from each
treatment group were included in the assay. Data were
normalized to the endogenous control (GAPDH), and
comparative quantification (2�DDCT) was carried out to
detect changes in relative gene expression between the
treatment and control samples (Bookout and Mangels-
dorf, 2003).
Statistical Analysis

On each sampling day, 18 to 20 embryos per treat-
ment were sampled for morphometric measurements,
while muscle samples were collected from 8 to 10
embryos per group for histology and gene expression
assays. All data were analyzed as a completely random-
ized design with embryo as the experimental unit. Data
were sorted by embryonic day and analyzed using the
Mixed procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC)
using treatment as the fixed effect. Treatment mean
comparisons were performed using LSMEANS state-
ment and PDIFF option. Differences were determined
to be significant at P ≤ 0.05.
RESULTS AND DISCUSSION

Current commercial broiler chicken strains are a result
of successful selection programs for rapid growth espe-
cially favoring the breast muscle (Scheuermann et al.,
2003; Al-Musawi et al., 2011). As a result, the breast



Figure 1. Effect of in ovo probiotic supplementation on weight of
growing embryos1. 1Weight was measured as yolk-free body mass. Data
are represented as mean § SEM. *Different superscripts indicate signif-
icant difference from control within each day at P < 0.05.
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muscle is the largest muscle by weight and is the most
valuable portion of the chicken carcass (Harding et al.,
2016). Hence productivity in broilers is directly related
to muscle growth and development (Koohmaraie et al.,
2002). Since myofiber number is set at hatch, targeting
embryonic myogenesis is crucial to improve breast mus-
cle mass and yield (Halevy et al., 2006b; Willkinson and
Scott, 2006; Velleman, 2007). Therefore, as a means to
improve performance in broilers, this study investigated
the effects of in ovo probiotic supplementation on overall
embryo morphometry and muscle development in
broiler embryos.

In the current study, in ovo supplementation with
Lactobacillus rhamnosus NRRL-B-442 (LR) resulted in
a significant (P < 0.05) increase in embryo weight (yolk-
free body mass, Figure 1) and relative embryo weight
(expressed as percentage of starting egg weight) when
compared to the control (Figure 1 and Table 1). Specifi-
cally, on d 18, supplementation with LR increased rela-
tive embryo weight by 8% compared to the control.
Table 1. Effects of in ovo probiotic supplementation on embryo morp

Morphometric parameters Control

Embryo (YFBM; % SEW)
relative percent increase

44.83 § 0.88a

Yolk sac (% SEW) 27.02 § 1.15
Breast (% YFBM)
relative percent increase

4.72 § 0.20a

Leg (% YFBM)
Relative percent increase

6.59 § 0.26a

Heart (% YFBM) 1.20 § 0.14
Liver (% YFBM) 3.62 § 0.40
Gizzard (% YFBM) 7.82 § 0.60
Crown-rump length (cm) 8.59 § 0.07
Tibial length (cm) 2.61 § 0.12
Radial length (cm) 1.34 § 0.03
Third digit length (cm) 2.03 § 0.03

Data are represented as mean § SEM.
a,bTreatments with different superscripts within a row are significantly diffe

paracasei; LR, Lactobacillus rhamnosus; SEW, starting egg weight.Breast weig
femur and tibia; Tibial length: measured from knee cap to hock joint; Radial len
Additionally, as seen on d 18, we did not observe any sig-
nificant differences in the yolk sac weight and crown
rump length between treatments at all sampling times
(data not shown). To the contrary, previous studies
employing in ovo probiotic inoculation demonstrated
increase in crown rump length with no observed
improvement in embryo weights (de Oliveira et al.,
2014). Further, we also observed a significant increase in
relative breast and leg weight (expressed as percentage
of embryo weight) when compared to the control (P <
0.05). For instance, LR supplementation increased
breast and leg weight by 18 and 15%, respectively, when
compared to the control (Table 1). Similarly, Lactobacil-
lus paracasei DUP-13076 (LP) supplementation
resulted in a 12% increase in breast weight and a 17%
increase in leg weight when compared to the control. A
similar increase in breast weight in d 19 embryos was
reported by Xu et al. (2021b) following in ovo inocula-
tion of nicotinamide riboside. Although probiotic sup-
plementation led to significant improvement in embryo,
breast and leg weight, in the current study, we did not
observe any effects on the crown rump length or relative
organ weights during embryogenesis (heart, liver, giz-
zard; P > 0.05; Table 1).
Probiotics have been widely studied as alternatives to

growth promoters in poultry production. Specifically,
probiotic supplementation was shown to promote
weight gain, increase muscle mass, and improve feed effi-
ciency (Maiorano et al., 2012; Park and Kim, 2014;
Tavaniello et al., 2019). This increase in muscle mass
can arise from a modulation in embryonic myogenesis
and posthatch muscle development (Xu et al., 2021b).
Toward this, Maiorano et al. (2012) and Bogucka et al.
(2018) demonstrated an increase in MFD in adult birds
following in ovo synbiotic supplementation (Maiorano
et al., 2012; Bogucka et al., 2018; Bogucka et al., 2022).
However, effects on embryo development and prenatal
myogenesis have not been studied. Given the critical
role that embryonic myogenesis has on posthatch muscle
hometry at d 18 of incubation.

Treatments

LR LP

48.44 § 0.87b

+8.05%
46.38 § 0.85a

+3.44%
26.49 § 1.33 28.03 § 1.03
5.58 § 0.34b

+18.27%
5.29 § 0.18b

+12.05%
7.59 § 0.41b

+15.13%
7.75 § 0.23b

+ 17.68%
1.32 § 0.29 1.01 § 0.10
3.69 § 0.52 3.85 § 0.53
6.81 § 0.77 7.77 § 0.78
8.74 § 0.08 8.61 § 0.10
2.54 § 0.14 2.50 § 0.10
1.29 § 0.04 1.36 § 0.05
2.08 § 0.08 1.97 § 0.04

rent at P < 0.05.Abbreviations: Embryo weight, YFBM; LP, Lactobacillus
ht includes the breast bone; Leg weight includes thigh and drumstick with
gth: measured from elbow to carpal joint.



Figure 2. Representative image of pectoralis major muscle sections of broiler embryos on embryonic d 10, 14, and 18. Cross sections (10 mm) of
the PMM were stained with wheat germ agglutinin (WGA; gray) to delineate the muscle fiber membrane and Hoechst 33342 (blue) to identify
nuclei.
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growth, we determined the effect of probiotics on PMM
histology.

Since myofiber hyperplasia occurs prenatally, modula-
tion in embryonic myogenesis could increase muscle fiber
number (Halevy et al., 2006a; Xu et al., 2021a). Hence,
to evaluate the effects of probiotics on embryonic myo-
genesis, MFD was determined in the pectoralis major
Figure 3. Effects of in ovo probiotic supplementation on myofiber dens
sented as mean § SEM. *Different superscripts indicate significant differenc
muscles. Supplementation of probiotics to embryonated
eggs significantly increased MFD when compared to the
control (P < 0.05; Figure 2). For instance, on d 18 of
incubation, PMM fiber density (fibers/mm2) in the LR
and LP group was 13,957 § 463.13 and 13,647 § 482.15,
respectively, when compared to 7,680 § 406.78 in the
control (Figure 3). Additionally, the increase in MFD
ity of the pectoralis major muscle in broiler embryos1. 1Data are repre-
e from control within each day at P < 0.05.



Figure 4. Effects of in ovo probiotic supplementation on myofiber cross-sectional area of the pectoralis major muscle in broiler embryos1. 1Data
are represented as mean § SEM. *Different superscripts indicate significant differences within each day at P < 0.05.
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was sustained throughout embryonic growth from d 10
to d 18 of incubation (Figures 2 and 3). More specifi-
cally, in ovo probiotic supplementation increased MFD
by 22 to 38% on d 10, 25 to 40% on d 14, and 77 to 80%
on d 18, when compared to the control (Figure 3).

MFD is inversely related to muscle fiber CSA. Hence,
an increase in MFD is often associated with a concomi-
tant decrease in the myofiber CSA. In the current study,
the control embryos consistently demonstrated signifi-
cantly larger myofiber CSA when compared to the treat-
ment groups (P < 0.001; Figures 2 and 4). At d 10 of
incubation, CSA was 23 and 40% smaller in the LP and
LR groups, respectively, when compared to the control
(Control: 118.05 § 3.94 mm2, LP: 89.91 § 2.2 mm2, LR:
70.13 § 1.97 mm2, P < 0.001, Figure 4). Similarly, on d
18, muscle fiber CSA in the LP and LR group was 54
and 15% smaller than in the control embryos (Control:
211.41 § 15.67 mm2, LP: 95.27 § 3.28 mm2, LR: 178.84
§ 15.31 mm2, P < 0.001). As previously described,
smaller CSA was found to be associated with an accom-
panying increase in MFD (Figure 3). This smaller mus-
cle fiber CSA coupled with increased MFD in probiotic
supplemented groups suggests increased hyperplasia
and not just the absence of hypertrophy. Since muscle
growth during embryonic life predominantly occurs
through hyperplasia, the increase in myofiber number
observed in our study implies a positive effect of probi-
otic supplementation on embryonic muscle develop-
ment.

Although probiotics have not been previously evalu-
ated for their effects on embryonic muscle development
in chicken, in ovo supplementation of synbiotics was
shown to have no effect on muscle fiber number or CSA
in adult Ross 308 birds (Stasiak et al., 2021). However,
supplementation of nutrients including L-glutamine,
insulin-like growth factor I, silver nanoparticles, and
nicotinamide riboside to embryos resulted in improved
MFD (Liu et al., 2012; Grodzik et al., 2013; Gonzalez
and Jackson, 2020; Husseiny et al., 2021; Xu et al.,
2021a). Similarly, providing monochromatic green light
during egg incubation was shown to promote myofiber
hyperplasia in early posthatch chicks, with greater fiber
density and reduced fiber diameter (Halevy et al.,
2006a).
Embryonic myoblasts contribute nuclei and other

organelles to both muscle fibers that are forming (hyper-
plasia) and fibers that are undergoing hypertrophy.
Therefore, the effect of probiotic supplementation on
nuclei density was determined. As seen with MFD, in
ovo application of probiotics significantly improved
nuclei density in PMM when compared to the control (P
< 0.05; Figure 5). With the control samples, the nuclei
density ranged from 8,780 to 9,706 nuclei per mm2

throughout the incubation period. On the other hand,
with the LP group, the nuclei density was 10,986.67 §
671.91, 10,530 § 253.18 and 13,544 § 441.72 nuclei per
mm2 on d 10, 14, and 18, respectively. Similarly, with
LR, the nuclei density was 13,300 § 655.66, 13,223.33 §
609.92, and 11,116.67 § 692.22 per mm2 on d 10, 14,
and 18, respectively. Overall, the nuclei density in the
probiotic treatment groups was higher by 13 to 54% on
d 10 and 18, respectively, when compared to the control.
A similar increase in nuclei number was reported follow-
ing in ovo administration of silver nanoparticles (Sawosz
et al., 2012) and muscle extract and graphene oxide
(Balaban et al., 2021) in chicken embryos.
To determine the underlying mechanisms that may be

responsible for the increase in breast weight with a
greater number of muscle fibers, gene expression of key
myogenic factors was investigated. Skeletal muscle
development is tightly regulated by the myogenic regu-
latory factors including myogenic determination factor I



Figure 5. Effects of in ovo probiotic supplementation on nuclei density of the pectoralis major muscle in broiler embryos1. 1Data are represented
as mean § SEM. *Different superscripts indicate significant differences within each day at P < 0.05.
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(MYOD), myogenin (MYOG), including myogenic fac-
tor 5 (MYF5), and myogenic regulatory factor 4
(MRF4; Halevy et al., 2006b; Piestun et al., 2015; Har-
ding et al., 2016; Wen et al., 2017). Of these factors,
MYF5 and MYOD play early roles in the determination
of muscle precursor cells to the myogenic lineage.
Although these are first expressed in proliferating myo-
blasts, evidence suggests that MYF5 functions more
toward proliferation while MYOD prepares the myo-
blast for efficient differentiation (Ishibashi et al., 2005;
Al-Musawi et al., 2011). During differentiation, MYOD
initiates cell cycle exit, which allows MYOG to stimulate
fusion of myoblasts. Subsequently, MRF4 directs the
maturation of the nascent muscle fiber (Hernandez-Her-
nandez et al., 2017). In our study, probiotic treatment
was observed to significantly reduce the expression
MYF5, MYOD, MYOG, and MRF4 initially (d 10 and
14) when compared to the control (P < 0.05, Table 2).
Although both treatments reduced the expression of the
above-mentioned myogenic factors, LR and LP signifi-
cantly differed in the relative fold change observed with
MYF5, MYOD, and MRF4 expression. For example, on
d 14, LR resulted in »7-fold reduction in MYF5 expres-
sion when compared to »3-fold reduction by LP treat-
ment. Overall, coupled with heavier breast muscle
Table 2. Effects of in ovo probiotic supplementation on myogenic gen

D 10

Gene Control LR LP Control

MYF5 1 § 0.03a �8.33 § 0.41b �6.66 § 0.33c 1.0 § 0.28a �7.
MYOD 1 § 0.07a �2.56 § 0.12b �2.12 § 0.10c 1.0 § 0.14a �2
MYOG 1 § 0.04a �2.5 § 0.125b �1.58§ 0.07b 1.0 § 0.11a 1.
MRF4 1 § 0.15a �2.43 § 0.12b �1.75 § 0.08b 1.0 § 0.19a �2.
IGF1 1.0 § 0.25a 1.43 § 0.07b 3.04 § 0.15c 1.0 § 0.21a 1.
IGF1R 1.0 § 0.13a 2.73 § 0.13b 2.18 § 0.10c 1.0 § 0.16a �1.
FGF2 1.0 § 0.22a �1.02 § 0.05a 1.02 § 0.05a 1.0 § 0.34a �1.
FGF4 1.0 § 0.28a 1.15 § 0.05a 1.74 § 0.08b 1.0 § 0.37a �1.

Data are expressed as mean § SEM.
a−cDifferent superscripts indicate significant difference in relative gene exp

Abbreviations: LP, Lactobacillus paracasei; LR, Lactobacillus rhamnosus.
weights (12−18% heavier compared to control; Table 1)
and smaller muscle fiber CSA (23−54% smaller com-
pared to control, Figure 4), this could imply delayed
maturation or increased secondary myogenesis in the
treatment groups compared to the control.
However, on d 18, all myogenic regulatory factors

(MRF4, MYF5, MYOG, and MYOD) were significantly
upregulated in LR relative to control (Table 2). In the
LP-treated embryos, MRF4 was downregulated and
MYF5 and MYOG were upregulated (Table 2; P <
0.05). The upregulation in MYOG at d 18 is in line with
previous findings that report that transcription of
MYOG is switched on at the end of embryogenesis, and
consequently the process of proliferation decreases while
the formation of myofibers becomes a highly active pro-
cess (Brunetti and Goldfine, 1990; Husseiny et al.,
2021). In the present study, probiotic treatments down-
regulated the expression of myogenic factors on d 10 and
14, suggesting prolonged secondary myogenesis in the
pectoralis major muscles of these embryos. Further, the
increased expression of MRFs in LR-treated eggs at d 18
suggests that probiotic treatment is priming muscle for
additional postnatal growth.
Myogenesis is also under the influence of growth fac-

tors including fibroblast growth factor (FGF), platelet-
e expression in the pectoralis major muscle of broiler embryos.

D 14 D 18

LR LP Control LR LP

14 § 0.35b �3.44§ 0.17c 1.0 § .05a 1.44 § 0.07b 1.56 § 0.07c

.5 § 0.12b �1.96 § 0.09c 1.0 § 0.06a 1.98 § 0.09b �1.16 § 0.05a

00 § 0.05a �1.16§ 0.05a 1.0 § 0.08a 1.37 § 0.06b 4.37 § 0.21c

94 § 0.14b �2.04 § 0.10c 1.0 § 0.16a 1.47 § 0.07b �3.33 § 0.16c

35 § 0.06b 1.34 § 0.06b 1.0 § 0.27a 1.61 § 0.08b 1.14 § 0.05a

63 § 0.08b �1.13 § 0.05a 1.0 § 0.15a 3.60 § 0.18b �1.09 § 0.05a

29 § 0.06a 1.27 § 0.12a 1.0 § 0.27a 2.56 § 0.10b 2.17 § 0.13c

12 § 0.05a �1.63 § 0.08b 1.0 § 0.32a 3.53 § 0.17b 3.64 § 0.18b

ression between control (a) and treatments within each day at P < 0.05.
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derived growth factor, growth hormone, and insulin-like
growth factor (IGF; Sklan et al., 2003; Al-Musawi
et al., 2011). Of these, IGF has been implicated in the
control of skeletal muscle growth and development dur-
ing embryogenesis, posthatch hypertrophy, and regener-
ation (Florini et al., 1996; Duclos, 2005). In case of
broilers, it has been shown that fast-growing birds may
enhance myogenic determination and differentiation by
upregulating the above-mentioned myogenic regulators
both during embryonic (Al-Musawi et al., 2011) and
postnatal muscle growth (Wen et al., 2017). In the pres-
ent study, when compared to the control, IGF1 was sig-
nificantly upregulated in both treatment groups at all
the sampling time points, which could stimulate both
muscle progenitor cell proliferation and differentiation
(Table 2). Further, a significant increase in IGF1R
(IGF1 receptor) expression was also observed on d 10
and 18. However, a slight but significant reduction in
IGF1R expression was seen on d 14. With reference to
FGF, acting through different pathways, FGF2 and
FGF4 regulate myogenesis by stimulating myoblast pro-
liferation and inhibiting their differentiation (Mitchell
et al., 1999; Velleman, 2007). There was no significant
change in FGF2 expression on d 10 or 14 in the treat-
ment groups. However, FGF2 expression was signifi-
cantly upregulated (»2-fold increase) on d 18 in the LR-
and LP-treated embryos. Taken together, the upregula-
tion in FGF and MRF expression could imply that the
muscle is primed for posthatch muscle growth. Similarly,
FGF4 expression was increased 3.5-fold and 3.6-fold on
d 18 in LR and LP groups, respectively. Increased
expression of IGF1, FGF2, and FGF4 support the
increased expression of MRFs and the apparent increase
in total fiber number during embryonic development in
probiotic-treated eggs (Figure 3; Grodzik et al., 2013).
Further, our data demonstrate that although probiotic
treatment improves overall muscle growth, the underly-
ing mechanisms mediating these responses can differ
with the individual strains.

Overall, in ovo spray application of probiotics
was shown to promote embryonic growth and mus-
cle development. Specifically, increased muscle
growth was associated with an increase in muscle
fiber and nuclei density. This is significant to
broiler production since increased muscle fiber num-
ber at the time of hatch is expected to translate
into increased muscle mass during posthatch devel-
opment. Further, greater numbers of nuclei at the
time of hatch are expected to support protein accre-
tion during posthatch muscle hypertrophy. More-
over, the myogenic effects exerted by the probiotics
were associated with the modulation of key genes
that regulate muscle progenitor cell proliferation
and differentiation. To further characterize the
growth promoting effects of the candidate probiot-
ics, additional studies on posthatch performance
and muscle growth are ongoing. Additionally,
experiments to modify and standardize treatment
regimens that could be integrated with current
industry practices are currently underway.
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