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Abstract

Background: Prenatal nutrition is crucial for embryonic development and neonatal growth, and has the potential
to be a main determinant of life-long health. In the present study, we used a layer chick model to investigate the
effects of in ovo feeding (IOF) of L-arginine (Arg) on growth, intestinal development, intestinal microbiota and
metabolism. The treatments included the non-injected control, saline-injected control, and saline containing 2, 6, or
10 mg Arg groups.

Results: IOF Arg increased early intestinal index and villus height, and enhanced uptake of residual yolk lipid,
contributing to subsequent improvement in the early growth performance of chicks. Prenatal Arg supplementation
also increased the early microbial a-diversity, the relative abundance of Lactobacillales and Clostridiales, and
decreased the relative abundance of Proteobacteria of cecum in chicks. Furthermore, the shift of cecal microbiota
composition and the colonization of potential probiotics were accelerated by IOF of Arg. Simultaneously,
metabolomics showed that metabolisms of galactose, taurine-conjugated bile acids and lipids were modulated to
direct more energy and nutrients towards rapid growth of intestine at the beginning of post-hatch when embryos

received IOF of Arg.

Conclusions: Prenatal Arg supplementation showed beneficial effects on the early intestinal development, cecal
microbiota and host metabolism of layer chicks, contributing to subsequent improvement in the early growth
performance. These findings provide new insight into the role of IOF of Arg in the establishment of the gut
microbiota of newly-hatched layer chicks, and can expand our fundamental knowledge about prenatal nutrition,
early bacterial colonization and intestinal development in neonate.
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Introduction

Prenatal nutrition is crucial for embryonic development
and neonatal growth, and has the potential to be a main
determinant of life-long health [1]. Chicken system has
been recently shown to be an excellent model for study-
ing embryonic development of animals [2]. Similar to
mammals, the last few days pre-hatch and the first few
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days post-hatch are recognized as the most critical
period for the intestinal development of the chick as well
as the early establishment of gut microbiota [3, 4]. Be-
sides, the establishment of an intestinal microbial com-
munity is also essential for early intestinal development
[5] and recognized for its critical role in the early life
programming [6]. In mammals, the recruitment and
colonization of microbiota in the digestive tract of a neo-
nate is affected largely by maternal gastrointestinal tract
(GIT) microbiota transmission and breast milk compos-
ition, such as birth canal and maternal vaginal microbe
composition [4]. Unlike the mammal, chick embryo

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40104-020-0427-5&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:qiguanghai@caas.cn
mailto:wangjing@caas.cn

Dai et al. Journal of Animal Science and Biotechnology (2020) 11:19

development is out of the strong control of maternal ef-
fects during hatching, which provides a good experimen-
tal model to study the effects of early nutrient
intervention during this neonatal period [6, 7]. With the
in ovo method, it is also practicable to identify the spe-
cific effects of nutrients supply on neonatal growth, organ
development and microbiota colonization in a relative
separate system [8].

In ovo feeding (IOF), the administration of exogenous
nutrients into the amnion of the late-term avian embryo,
was initially utilized to compensate for the nutrient defi-
ciency caused by metabolic shifts and delay in feeding,
and further improve the performance of newly hatched
chicks [9]. Among the nutrient supplements, arginine
(Arg) is an essential amino acid for gestating mammals
and crucial for intestinal development and neonatal
growth [1, 10], and markedly increased demands for Arg
was observed in pregnancy [11]. Besides, Arg has been
applied for the optimal development of the GIT as one
of the essential amino acids in poultry [12-14]. Arg is
well-known for the physiological and biomedical func-
tions via its metabolites such as nitric oxide (NO) or
polyamine [10]. IOF of Arg has also been shown to im-
prove intestinal development and the immunological
barrier function, by suppressing the iNOS gene methyla-
tion and activating the Arg-NO signaling pathway [15].
In addition, Arg could upregulate the gene expression of
mTOR cell signaling pathway which increased entero-
cytes protein synthesis [12]. These data indicate that
multiple mechanisms are responsible for the effects of
IOF of Arg on intestinal development. However, few
studies have been conducted the effects of IOF of Arg
on the intestinal development of layer chicks. The pro-
cesses of intestinal development were similar in both
broiler and layer chicks, although the growth was more
rapid in the heavy strain [16]. Due to the long feeding
period of layers, the early development of intestine is
vital for the later performance [17]. And it is still unclear
that the changes in the metabolic profiles induced by
IOF of Arg. There is also little information concerning
the role of prenatal Arg supplementation in neonatal
growth and intestinal development based on the meta-
bolic levels. Besides, in ovo administration of bacterial
candidates, prebiotics and synbiotics have been shown to
stimulate intestinal environment, trigger gut-associated
lymphoid tissue maturation and alter the microbial
population [18-20]. Another question is whether pre-
natal Arg supplementation affects the initial microbiome
colonization which needs to be explored.

The objective of this study was initially to determine
the effects of IOF of Arg on intestinal development,
growth performance, cecal microbial populations in layer
chicks during the early stage. Metabolomics were then
applied to characterize the metabolite changes induced
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by IOF of Arg. Our findings may contribute to explore
the potential benefits of IOF of Arg, and expand our
knowledge concerning prenatal Arg nutrition, early bac-
terial colonization and intestinal development in neonate.

Materials and methods

Incubation

All experimental protocols for this study were approved
by Animal Care and Use Committee of the Feed Re-
search Institute of the Chinese Academy of Agricultural
Sciences in accordance with the Chinese guidelines for
animal welfare and experimental protocol. A total of
1,800 fertile eggs with an average weight of 60.81 g were
supplied by Beijing Huadu Group Co., Ltd. (Beijing,
China) from Jinghong layers of 47 week of age. The rep-
licates (45 eggs on a tray) were distributed homoge-
nously in the automatic-controlled incubator (Chengdu
Beili Agricultral Technology Co., Ltd. Chengdu, China)
according to standard hatchery procedures (37.8°C +
0.1°C and 60% relative humidity). At 7 and 16 d of in-
cubation, unfertilized and nonviable eggs were taken out
following illumination.

Treatment solutions and IOF procedures

L-Arg (Beijing Biotopped Science & Technology Co.,
Ltd. Beijing, China) and saline (0.85% NaCl) solutions
were freshly prepared at 17.5 d of incubation. All
injected solutions were sterilized by filtration through a
0.2 um syringe filter (PTFE, 25 mm, Scientific Strategies,
Yukon, OK, USA) and then kept in the incubator for 2 h
before injection. To avoid subsequent contamination,
the surrounding environment and the surface of the in-
jection site on the larger end of the egg was disinfected
with 75% ethanol. Then a small tiny hole was drilled on
the injection site. Except for 344 eggs in the non-
injected control group (NC), others was in ovo-injected
with 1 of the 4 solutions: 0.1 mL saline-injected control
group (SC), and 0.1 mL saline containing 2, 6, or 10 mg
Arg groups (Arg2, Arg6, Argl0) with a 21-gauge needle
inserted into the amniotic fluid. The injection process
for all eggs was finished within 1.5 h.

Animal and housing conditions

All healthy and lively female chicks from one treatment
were pooled and weighed, while unhatched eggs were re-
corded to calculate hatchability at the end of the incuba-
tion period. After hatching, a total of 120 female layer
chicks from each of the 5 experimental treatments with
similar body weight (BW) were randomly allotted into 8
replicates (each replicate in one cage). All birds were
housed in the thermostatically controlled brooding
chicken room which the temperature maintained at
35~36°C for the first week and was decreased by 2°C
each week until it reached 25 °C. During the 3 days and
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the next 4 days of the first week, 24 and 22 h energy-sav-
ing lighting was provided respectively. From the second
week onward, the illumination time was gradually de-
creased by 2h each week. The same corn-soybean meal
basal diets (Additional file 1: Table S1) and water were
supplied ad libitum. The chicks were raised until d 42.

Histological examination of intestine

On d 3, 14 and 42 after hatching, tissue samples were
excised from the middle of duodenum, jejunum and
ileum for morphological measurement. Formalin-fixed
(10%) samples were prepared using paraffin embedding
procedures by sectioning 5 pm and stained with haema-
toxylin and eosin. A total of 15 intact, well-oriented
crypt-villi units per sample were randomly selected and
measured. The villus height (VH, from the tip of the vil-
lus to the crypt opening) and crypt depth (CD, from the
base of the crypt to the level of the crypt opening) were
determined using an image processing and analyzing
system (Inverted microscope: NIKON CI-S, Tokyo,
Japan; Imaging system: NIKON DS-U3, Tokyo, Japan).

DNA extraction and PCR amplification of 16S rRNA gene
sequences

On d 3, 14 and 42 after hatching, microbial DNA was
extracted from 0.3 g cecal content samples taken from
the NC, Arg6 and Argl0 groups using the E.Z.N.A Soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA) ac-
cording to manufacturer’s instructions. Samples were
measured by 1% agarose gel electrophoresis and Nano-
drop D-1000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) to assess integrity and
quantity of extracted DNAs. Using the isolated DNA
as a template, the V3-V4 hypervariable region of the
bacterial 16S rRNA gene was PCR amplified using 5°-
ACTCCTACGGGAGGCAGCA-3" with barcode (forward
primer: 338F) and 5'-GGACTACHVGGGTWTCTAAT-
3" with barcode (reverse primer: 806R). The PCR reaction
conditions were: initial denaturation at 95°C for 2 min,
followed by 25 cycles consisting of denaturation at 95°C
for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C
for 30 s, with a final extension of 5 min at 72 °C. Ampli-
cons were extracted from 2% agarose gels and purified
using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) to remove excess
primer dimers and dNTPs according to the manufac-
turer’s instructions. Purified amplicons were pooled in
equal amounts and paired-end sequenced (2 x 250 bp)
throughput analysis was performed at Shanghai Major-
bio Biopharm Biotechnology Co., Ltd., using the Illlu-
mina MiSeq platform. The raw reads were deposited
into the NCBI Sequence Read Archive (SRA) database
(Accession Number: PRINA564927).
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Metabolomic profiling
On d 3 and 42 after hatching, 1 bird each replicate with
average BW was selected from the NC group and Argl0
group for blood sampling after a 12 h fast. Blood samples
were drawn from wing veins, and then centrifuged
(3,000xg for 10min) at 4°C to obtain serum, and
stored at — 80 °C before metabolomics analysis.
Metabolites analysis was performed using an ultra
performance liquid chromatography (UPLC) system
(Waters Corporation, Milford, MA, USA) with a Waters
Atlantis T-3 column (100 mm x 2.1 mm; 1.8-pum particle
size) at 35°C and an injection volume of 5 uL. The UPLC
system was coupled with a high-resolution tandem mass
spectrometer Xevo G2-XS QTOF (MS) (Waters Corpor-
ation, Milford, MA, USA). The mobile phases (flow rate of
0.5 mL/min) consisted of 0.1% formic acid (v/v) in double-
distilled water (eluent A) and 0.1% formic acid (v/v) in
acetonitrile (eluent B). The UPLC system was used to
separate chromatogram and the MS was used to detect
metabolites eluted form the column in both positive and
negative ion modes. For positive ion mode, the capillary
and sampling cone voltages were set at 3.0kV and 40.0 V,
respectively. For negative ion mode, the capillary and
sampling cone voltages were set at 2.0kV and 40.0V,
respectively. The mass spectrometry data were acquired
in Centroid MSE mode. The TOF mass range was from
50 to 1200 Da and the scan time was 0.2 s. For the MS/
MS detection, all precursors were fragmented using
20-40eV, and the scan time was 0.2s. During the
acquisition, the LE signal was acquired every 3s to
calibrate the mass accuracy. Furthermore, in order to
evaluate the stability of the UPLC-MS during the whole
acquisition, a quality control sample (Pool of all sam-
ples) was acquired after every 10 samples.

Bioinformatic and statistical analyses

Data analysis of performance, intestinal index, histology-
gut integrity and differential species identified were per-
formed using SAS Version 9.2 (SAS Institute Inc., Cary,
NC, USA). The replicate (each replicate in one cage) was
taken as an experimental unit for analysis of growth
performance data, and individual bird was the experi-
mental unit for other parameters. Data were analyzed
using one-way ANOVA and means were compared
using Duncan’s multiple range test. The linear and quad-
ratic effects of Arg dosage were assessed using regres-
sion analysis. Arcsine transformation was used before
hatchability data statistical analysis. Differences were
considered statistically significant at P < 0.05. Data were
expressed as mean and pooled SEM.

For microbial community profiling, raw pair-end se-
quences were demultiplexed and quality-filtered using
The Quantitative Insights Into Microbial Ecology (QIIME,
version 1.17) [21]. Sequences with length shorter than
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150 bp, average Phred scores lower than 20 or containing
ambiguous bases were removed. Only sequences that
overlap at least 10 bp were assembled using FLASH [22]
according to their overlap sequence. Besides, the chimera
sequences were identified and removed to obtain effective
tags by using the UCHIME [23]. Then the remaining
high-quality sequences were clustered into operational
taxonomic units (OTUs) with 97% sequence identity by
UPARSE (v7.1) [24]. For rarefaction curves and a-diversity
analysis (Shannon, Simpson, ACE and Chaol indices)
were calculated using QIIME [21]. B-diversity was esti-
mated by computing the Weighted UniFrac distance and
visualized using principal coordinate analysis (PCoA), and
the results were plotted using “vegan” and “ggplot2” pack-
age in R software (Version 3.4.4). The significance of dif-
ferentiation of microbial structure among groups was
assessed by ANOSIM using R package “vegan” (Additional
file 1: Table S2) [25]. Linear discriminant analysis (LDA)
effect size (LEfSe) identified were determined to identify
the difference in microbial compositions among groups
using the non-parametric factorial Kruskal-Wallis test
with an alpha value of 0.05 and LDA score of 2.0.

For metabolic profiling, the acquired raw data were
processed by Progenesis QI software package (Progen-
esis QI Version 2.2, Nonlinear Dynamics, Newcastle,
UK) for alignment and filtration. Spectral deconvolution
and normalization to the total ion amount generated a
date matrix involving tR, m/z, and normalized peak area.
The analytical variation was corrected with the quality
control-based (QC) robust LOESS signal correction al-
gorithm. A threshold of 30% was set for the relative
standard deviation values of metabolites in the QC sam-
ples. All data were generalized logarithm-transformed
and Pareto scaled before multivariate statistical analysis,
which included an unsupervised principal-component
analysis (PCA) and partial least squares discriminant
analysis (PLS-DA). The different metabolites were deter-
mined by the combination of the VIP value >1 of PLS-
DA model and the P values (< 0.05) from Kruskal-Wallis
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test on the normalized peak intensities. Fold change was
calculated as binary logarithm of average normalized
peak intensity ratio between two groups. HMDB and
KEGG databases were used to check and confirm the
differential metabolites.

Results

Hatchability and body weight

As shown in Table 1, significant differences in hatchabil-
ity and hatching weight among groups were not ob-
served in response to IOF of Arg (P> 0.05), suggesting
all chicks remained in good health during the pre-
challenging period. There were no significant differences
in BW of 7 and 14-day-old chicks. But IOF of Arg in-
creased the BW of 21-day-old chicks in the Argl0 group
compared to the NC group (P=0.039). On d 42, com-
pared with the NC group, the BW were significantly
increased in Arg6 and ArglO groups (P = 0.042).

Growth performance and development of digestive organs
The effects of IOF of Arg on growth performance of layer
chicks were showed in Table 2. No linear and quadratic ef-
fects were observed in growth performance during d 1 to
14 (P > 0.05). However, we found that the ADG (P = 0.021,
P =0.032, respectively) and ADFI (P =0.037, P =0.044, re-
spectively) during d 15 to 21 were linearly and quadrati-
cally increased by IOF of Arg. Higher ADG (P = 0.030) and
ADFI (P=0.021) during d 1 to 21 were also observed in
the ArglO group. Simultaneously, we also found that IOF
of Arg linearly and quadratically decreased F/G (P = 0.047,
P =0.032, respectively).

This experiment proved that no significant difference
in index of proventriculus and gizzard in response to
IOF of Arg, but a markedly reduced yolk sac index on d
0 (P =0.008) (Table 3). IOF of Arg linearly and quadrati-
cally increased duodenum index (P =0.010, P =0.035,
respectively) of 3 d-old and jejunum index (P =0.025,
P =0.039, respectively) of 14 d-old chicks. On d 42, IOF

Table 1 Effects of in ovo feeding of L-arginine on hatchability, body weight of layer chicks

[tem Arg dosage (mg/egqg) Pooled SEM P-value
NC' sC? 2 6 10 ANOVA Linear Quadratic
Hatchability, % 9136 9272 9367 9191 91.00 067 0518 0910 0777
HW?, g 4250 4234 4326 4230 4219 0.15 0.137 0297 0379
BVV4, g
d7 7338 7467 7594 7437 7497 035 0.220 0665 0827
d4 12242 125.89 126,02 12435 126,95 082 0474 0529 0795
d2l 174.60° 177.81%° 178.56°° 181.00% 183.85° 103 0.039 0018 0382
d42 43429° 444,65 44472%° 452,60° 452.28° 221 0042 0202 0301

2PMeans within a row with no common superscripts differ significantly (P < 0.05). "NC, non-injected control group; 2SC, saline (0.85% NaCl)-injected control group.
3HW, hatching weight; “BW, body weight. Data are the mean of 8 replicates. Orthogonal polynomial contrasts were used to determine the linear and quadratic

effects of increasing concentrations of L-arginine solution
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Table 2 Effects of in ovo feeding of L-arginine on growth performance of layer chicks
Itern’ Arg dosage (mg/egg) Pooled SEM P-value
NC' sC? 2 6 10 ANOVA Linear Quadratic
d0to 14
ADG, g 6.14 640 635 6.29 6.56 007 0451 0757 0568
ADFI, g 1145 12.11 1155 11.60 11.85 0.12 0410 0.109 0279
F/G 187 1.90 182 182 187 002 0500 0442 0714
d15to0 21
ADG, g 7.86° 762° 762° 7.70P 8.56° 0.10 0011 0.021 0.032
ADFI, g 1942° 19.62° 19.19° 19.72° 20.82° 0.16 0019 0037 0044
F/G 253 258 249 250 241 002 0213 0622 0535
dO0to 21
ADG, g 6.45° 6.71% 6.69°° 6.72°° 7.00° 0.06 0.030 0.073 0.143
ADFI, g 13.80° 1461° 14.25° 1402°° 14.66° 0.11 0021 0.847 0075
F/G 2.14° 214° 213° 208° 207° 001 0016 0.047 0032
d22to42
ADG, g 12.23 12,65 12,55 12.86 1252 0.09 0228 0.869 0647
ADFI, g 3230 3237 32.80 3349 3300 022 0075 0.545 0284
F/G 262 261 262 261 264 001 0957 0581 0833
d0to42
ADG, g 9.28 955 951 955 958 005 0400 0509 0.826
ADFI, g 2249 2267 2225 2316 2305 0.15 0.291 0.395 0427
F/G 245 242 240 241 241 001 0.564 0717 0935

a"PMeans within a row with no common superscripts differ significantly (P < 0.05). Data are the mean of 8 replicates. 'NC, non-injected control group; 2SC, saline-
injected control group. *ADG, average daily gain; ADFI, average daily feed intake; F/G, feed conversion ratio (feed: gain, g: g). Orthogonal polynomial contrasts
were used to determine the linear and quadratic effects of increasing concentrations of L-arginine solution

of Arg linearly and quadratically increased jejunum
index (P =0.031, P = 0.042, respectively).

Intestinal histomorphology

The intestinal histomorphology is considered as the most
obvious symbol of intestinal development (Additional file 1:
Figure S1). Duodenum CD of the Argl0 group was reduced
than that in NC and SC groups on d 3 (P =0.046, Fig. 1a),
and duodenum VH was increased than that in NC and SC
groups on d 14 (P=0.041, Fig. 1d). The greater villus
height: crypt depth ratio (VH/CD) of jejunum was observed
in the ArglO group than that in NC and SC groups on d 3
and 14 (P =0.004, P = 0.039, Fig. 1b, e, respectively). What's
more, we also found that the ileum VH and VH/CD of Arg
groups were higher than that in NC and SC groups on d
3(P=0.003, P=0.001, Fig. 1c, respectively). However, there
was no significant effect on the intestinal morphology of
chicks on d 42 (P> 0.05, Fig. 1g, h, i). In one word, there is
a trend that the difference of intestinal morphology nar-
rowed gradually among the groups with age.

Intestinal microbial diversity and community
After filtering, an average of 53,420 reads per sample
was obtained (38,148-74,120). First, sequencing depths

were examined by plotting the rarefaction curve for rich-
ness and the numbers of shared OTUs. Most of the sam-
ples reached plateaus, indicating that sampling depth
was adequate. However, one obvious outlier in each
group interfering with the microbiota statistical analysis
was excluded in the visual multivariate data. Therefore,
a total of 7 replicates per group were included in the
statistical analysis. In the a-diversity analysis, the Shan-
non and Simpson indices were used to assess the micro-
biota diversity, and the ACE and Chaol estimators
reflected the microbiota richness [26]. The results are
listed in Table 4. A markedly increased Shannon index
(P< 0.001) and reduced Simpson index (P = 0.004) were
observed in Arg6 and Argl0 groups on d 3. The ACE and
Chaol estimators were higher in the Arg6 group than in
the NC group (P =0.041, P =0.043). However, no signifi-
cant difference among groups was observed on d 14 and d
42 (P> 0.05). B-diversity analysis were performed to com-
pare the overall microbial profiles of all the groups as dis-
played in Fig. 2. PCoA analysis was first performed to
present a holistic perception of the microbiota. Results for
PCoA visually showed that the groups were mainly scat-
tered into three clusters on d 3 (Fig. 2a), which illustrated
the microbiota compositions were quite dissimilar to each
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Table 3 Effects of in ovo feeding of L-arginine on digestive organ index of layer chicks'
ltem? Arg dosage (mg/egg) Pooled SEM P-value
NC SC 2 6 10 ANOVA Linear’ Quadratic®
d 0 Index, %
Yolk sac 1452° 1449° 11.05° 11.72° 11.94° 040 0.008 0551 0282
Proventriculus 053 056 066 0.54 060 0.02 0.086 0656 0910
Gizzard 401 435 448 423 453 0.08 0211 0352 0.800
Duodenum 1634 15.70 15.56 15.77 16.15 020 0721 0.294 0.602
Jejunum 28.16° 2868° 34.49° 2961° 31.79%° 073 0020 0928 0.841
lleum 2540 2554 2634 2540 25.99 0.64 0.989 0910 0.89
d 3 Index, %
Yolk sac 267 291 193 1.89 185 0.16 0.088 0.065 0.159
Proventriculus 1.16 117 118 123 1.21 0.02 0625 0.857 0.204
Gizzard 6.52 6.25 6.54 6.62 657 0.07 0536 0611 0.207
Duodenum 2248° 2267° 2293 24.71°° 2539° 040 0.049 0010 0.035
Jejunum 4213 4107 4173 44.70 4261 057 0323 0467 0.112
lleum 3123 3298 3475 3636 33.92 0.74 0.224 0.803 0.157
d 14 Index, %
Proventriculus 0.77 0.71 0.76 0.80 0.74 0.01 0.100 0.546 0.131
Gizzard 363 357 368 362 366 0.05 0971 0674 0924
Duodenum 10.70 1065 939 9.22 1071 040 0.606 0822 0272
Jejunum 19.02° 19.21° 2252° 22,05° 23.66° 045 0.001 0025 0.039
lleum 1856 17.58 20,07 19.94 2093 042 0.089 0.040 0.075
d 21 Index, %
Proventriculus 071 067 069 071 068 001 0466 0525 0.284
Gizzard 299 284 274 291 295 0.04 0.365 0.741 0.879
Duodenum 7.82 773 7.38 767 751 0.08 0.503 0.702 0975
Jejunum 1537 1636 15.10 16.21 1424 0.27 0.108 0547 0651
lleum 1451 15.92 1454 1517 1324 030 0.109 0777 0.305
d 42 Index, %
Proventriculus 0.69 071 063 072 071 0.02 0.308 0422 0578
Gizzard 260 247 244 257 243 0.05 0.740 0.866 0.701
Duodenum 413 385 3.88 410 397 0.05 0.194 0328 0.229
Jejunum 843P 7.89° 7.77° 8.04° 9.21° 0.13 0.001 0.031 0.042
lleum 772 7.7 6.58° 7.54° 7.80° 0.12 0.004 0235 0.103

aPMeans within a row with no common superscripts differ significantly (P < 0.05). ' Data are the mean of 8 replicates. NC, non-injected control group; SC, saline-
injected control group.? Yolk sac and stomach index, % = absolute weight, g / body weight, g x 100, Intestinal index, % = absolute length, cm/ body weight, g x
100. 3Orthogonal polynomial contrasts were used to determine the linear and quadratic effects of increasing concentrations of L-arginine solution

group. PCoA analysis showed a trend of aggregation of
microbial communities on d 14 (Fig. 2b) and the samples
from each group were fully aggregated on d 42 (Fig. 2c).
To assess the differences induced by IOF of Arg in the
bacterial community members of the cecal microbiota,
taxonomic compositions were analyzed at the phylum and
genus levels. The changes of early cecal microbiota for
layer chicks were revealed, which two (Firmicutes and Pro-
teobacteria), six (Firmicutes, Bacteroidetes, Verrucomicro-
bia, Tenericutes, Actinobacteria and Proteobacteria) and

two (Bacteroidetes and Firmicutes) major phylum-level
phyla dominated bacterial community on d 3 (Fig. 3a), 14
(Fig. 3c) and 42 (Fig. 3e) respectively. Compared with the
NC group, Arg6 and ArglO groups were characterized by
higher relative abundance of Firmicutes (70.20 and 72.67%,
respectively; P=0.013), lower levels of Proteobacteria
(29.71 and 27.21%, respectively; P =0.020) on d 3. Com-
pared with bacterial compositions of d 3 and 14 at genus
level, we found that the colonization time of cecal micro-
biota for Lactobacillus, norank f Ruminococcaceae and
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Clostridiales_vadinBB60_group in Arg groups were earlier
than that in the NC group (Fig. 3b, d). The changes in the
composition of the cecal microbiota were also explored by
the LEfSe method. The results represented the cecal
microbiota with the predominant bacteria in NC, Arg6 and
ArglO groups, which more bacterial taxa were found to
discriminate different groups from the samples on d 3
(Fig. 4a) than that of d 14 (Fig. 4b) and 42 (Fig. 4c). On d 3
post-hatch, the phyla of Firmicutes was enriched in the
Arg groups while Proteobacteria was found to be enriched
in the NC group. At the genus level, Lactobacillus and En-
terococcus belonging to the order Lactobacillales, Shuttle-
worthia, Ruminococcaceae UCG_014 and Clostridium_
sensu_stricto_1 belonging to the order Clostridiales, were
observed to be enriched in the Arg6 group. In the Argl0
group, bacteria identified as Ruminiclostridium_9, Pepto-
clostridium, norank_f Clostridiales_vadinBB60_group and

Oribacterium, which affiliated to the order Clostridiales be-
came enriched in the ceca similarly. Besides, other bacterial
taxa with relative low abundance also were enriched in the
Argl0 group, including Prevotella_7, norank_f Bacter-
oidales_BS11_gut_group and Rikenellaceae_ RC9_gut_
group. On d 14, LEfSe indicated that the increased rela-
tive abundance of unclassified_f Lachnospiraceae and
Senegalimassilia was associated with IOF of Arg
groups. Besides, Prevotellaceae_ UUCG_001 and Phasco-
larctobacterium were also higher in Argé6 and ArglO
groups respectively (Fig. 4b). However, on d 42, we only
found that Ruminococcaceae family (Ruminiclostridium_
1 and unclassified_f Ruminococcaceae), Prevotellaceae fam-
ily (Prevotellaceae_UCG_001 and unclassified_f Prevotella-
ceae) were linked to the increased relative abundance in the
groups with IOF of Arg (Fig. 4c). In addition, differential
species identified from cecal microbiota from different
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Table 4 Effects of in ovo feeding of L-arginine on cecal

microbial diversity of layer chicks

ltem’ NC Argé Arg10 Pooled SEM  P-value
3d
Shannon  177° 238 234° 0.08 < 0,001
Simpson  0.28° 0.18° 0.16° 0.02 0.004
ACE 9823°  12666" 11120 491 0041
Chao! 2431° 11566 9939°° 381 0043
14 d
Shannon 337 331 363 0.09 0314
Simpson  0.10 0.11 007 001 0291
ACE 25611 26512 25481 521 0711
Chao! 26388 26507 25882 545 0.893
42d
Shannon 348 376 337 0.10 0307
Simpson 0.12 0.09 0.1 0.01 0.571
ACE 45028 45742 46007 592 0779
Chao1 45391 45576 46065 7.22 0925

2"PMeans within a row with no common superscripts differ significantly (P <
0.05). Data are the mean of 7 replicates. 'NC, non-injected control group; Arg6,
injected with 6 mg L-arginine; Arg10, injected with 10 mg L-arginine
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groups by using the one-way ANOVA were showed in
Additional file 1: Figure S2.

Correlations between microbiota and intestinal
morphology

To explore the particular bacteria associated with intes-
tinal development, correlations between abundance of
microbiota and intestinal morphology was analyzed
based on the Spearman’s correlation coefficients (Fig. 5).
The heatmap reflected significant positive correlations
between intestinal development (higher VH, shorter CD
and lager VH/CD indicate superior development) and
Anaerotruncus, Clostridium_sensu_stricto_1, Enterobacter,
Flavonifractor, Lachnoclostridium, Lactobacillus and Rumi-
niclostridium_9 on d 3 (P< 0.05). In contrast, significant
negative correlations between intestinal development
and Acinetobacter, Erysipelatoclostridium, Klebsiella
and Streptococcus were also determined from the heat-
map (P <0.05) (Fig. 5a). In addition, the abundance of
genus Butyricicoccus, Ruminococcaceae_UCG_013 and
Feacalibacterium were also showed highly positive
correlations with the intestinal development, while Alis-
tipes, Senegalimassilia and Barnesiella were negatively
correlated on d 14 (Fig. 5b) and 42(Fig. 5¢) (P < 0.05).
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Fig. 2 Principal coordinate analysis (PCoA) representing the similarity of cecal microbiota in layer chicks. a, b and ¢ were PCoA results based on weighted
unifrac distance on d 3, 14 and 42 respectively. NC, non-injected control group; Arg6, injected with 6 mg Arg; Arg10, injected with 10 mg Arg
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Metabolomic analysis

To characterize the metabolite changes induced by IOF of
Arg, we performed LC-MS/MS-based metabolomic analysis
in serum from the birds of NC and Argl0O groups on d 3
and 42. Using principal component analysis (PCA) and par-
tial least squares discriminant analysis (PLS-DA), we ob-
served a clear differentiation of NC and Argl0O groups in
ESI-model with two components on d 3 (Additional file 1:
Figure S3). There was a same tendency as intestinal morph-
ology and microbiota as presented on the PCA score plots.

Approximately 81 differential metabolites were selected
based on the criteria of VIP>1 in PLS-DA analysis, fold
change >1.2 in fold change analysis and P < 0.05 in Kruskal-
Wallis test between NC and ArglO groups. However, only
24 differential metabolites were found after primary identi-
fication. A total of 4 metabolites involved in carbohydrate
metabolism, 6 and 4 metabolites were related to lipid me-
tabolism and primary bile acid biosynthesis respectively. In
addition, we also found that 10 secondary metabolite levels
were significantly reduced in the Argl0 group (Table 5).
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Fig. 4 Linear discriminant analysis (LDA) effect size (LEfSe) of cecal microbiota in layer chicks. a, b and ¢ were LEfSe results on d 3, 14 and 42
respectively. NC, non-injected control group; Arg6, injected with 6 mg Arg; Arg10, injected with 10 mg Arg
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Discussion

The potential benefits of IOF of Arg in broilers have
been reported recently, such as improving growth per-
formance and development of digestive organs after
hatch [27], modulating the release of gastrointestinal
hormones [28] and increasing the activities of intestinal
digestive enzymes [29]. In the current study, the positive
effects of IOF of Arg on growth of layer chicks were not
observed until the third week of age after hatch, indi-
cated by the increased BW on d 21 and d 42 (Table 1),
while the beneficial effects on intestinal development
were only observed in the first 2 weeks (Fig. 1). During
the first few days after hatching, growth occurs exclu-
sively in the digestive system of chicks [3]. For example,
remaining yolk nutrients were utilized preferentially for
intestinal development of chicks rather than body weight
gain [7]. This is consistent with the observation that IOF
of Arg led to a lower weight of yolk sac in neonatal
chicks (Table 3), which indicated an acceleration in
utilization of remaining yolk nutrients. Improved early
intestinal development, as evidenced by increased

intestinal index and modulated intestinal morphology
(including VH and VH/CD ratio), could enhance intes-
tinal nutrient digestibility and absorption capacity [30],
and may further contribute to subsequent improvement
in the early growth performance. However, no signifi-
cant differences were found on d 22-42, which might be
related to more mature and stable intestine microbiota
of chicks and the compensatory process.

Given the crucial importance of microbial colonization
in neonatal GIT and immune development, nutritional
modulation of maternal intestinal microbiota in human
for the health of the offspring has attracted considerable
attention [31]. However, little information is available re-
garding the effects of in ovo administration on the intes-
tinal microbiota in later stages of bird’s life span [7]. In
this study, the distances of PCoA and number of charac-
teristic bacteria among the groups gradually reduced
from days 3 to 42 (Fig. 2), implied the effects of IOF of
Arg on community composition decreased with the de-
velopment of gut microbiota. Although the age of chicks
was reported to be more influential in intestinal
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microbiome development especially in the early estab-
lishment period, dietary and other environmental factors
became more prominent with age [32]. That may be
mainly responsible for the minor difference among
groups in cecal microbial composition with age. In fact,
the establishment of microbial communities in GIT of
chicks undergoes several successional stages over the
whole production cycle [33]. The early colonization during
the first days may be therefore the key period for the in
ovo administration.

As the control chicks aged from 3 to 42 days old, their
cecal microbiota successively dominated by bacteria
within the phyla Proteobacteria (51.77%, 3 d), Firmicutes
(67.38%, 14 d) and Bacteroidetes (58.86%, 42 d) (Fig. 3a,
¢, e), similar to previous observation in chicks [34]. It is

of interest to notify the marked change of composition
of the cecal microbiome caused by in ovo administration
on d 3. The chicks from IOF of Arg groups had lower
abundance of phyla Proteobacteria and higher propor-
tion of Firmicutes as compared to the control. Day-old
chicks has been reported to begin with a gut colonized
by few bacterial species but characterized by a high
prevalence of Enterobacteriaceae, belonging to phyla
Proteobacteria [32, 34]. In fact, Proteobacteria has been
detected in chick embryos with the abundance of 86%,
and may derive from the maternal hens by the process
of fertilization and egg formation in the oviduct [35].
But a sharp decline of Enterobacteriaceae occurred dur-
ing the first week of age after hatch, with the relative
abundance of ~80% decreased to ~30% [32, 34]. The
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Table 5 Differential metabolites that mapped to pathway on day 3 post-hatch

Differential metabolites Retention time m/z Fold change® P-value® VIP® Pathway

Stachyose 0.6476833 701.18808 0420 0.007 3454 Galactose metabolism
Raffinose 0.6476833 539.13622 0.555 0.004 2.501

Manninotriose 0.6476833 539.13622 0.555 0.004 2501

Sucrose 0.6334000 377.08445 0.605 0.002 2.146

Taurine 0.5905500 124.00700 1.577 0.005 1.810 Primary bile acid biosynthesis
Taurochenodeoxycholate 7.2767833 498.28747 0.283 0.004 4431

Taurodeoxycholate 82390167 498.28884 0400 0.007 3.579

Tauroursodeoxycholic acid 6.9417667 49828752 0444 0.030 2550

Linoleic acid 8.6883500 279.23228 0.796 0.042 1408 Linoleic acid metabolism
Dihomo-y-linolenic acid 9.5298333 305.24812 1414 0.047 1.141 Linoleic acid metabolism
9,10-DHOA 84390333 31323741 2468 0.027 3496 Linoleic acid metabolism
12,13-DHOA 75975333 31323730 0.606 0.039 1442 Linoleic acid metabolism
13,16,19-Docosatrienoic acid 9.8934500 333.27922 4.063 0.038 3.999 Lipid metabolism

DHA ethyl ester 9.5298333 35526264 1.771 0.034 1.592

Amaranthin 0.6334000 76114313 0.384 0.005 3363 Secondary metabolites
Cucurbitacin D 94012667 51530267 0.339 0.011 4.030

2Fold Change in the Arg10 group compared with the NC group. °P-values were calculated from Kruskal-Wallis test. “VIP (variable importance in the projection)

values were obtained from partial least squares discriminant analysis models

strongly fluctuated community composition might be as-
sociated with the infection and gastrointestinal disorders
primarily observed to occur within the first week post-
hatch [19]. In the current study, higher abundance of
Firmicutes at expense of Proteobacteria indicated that
IOF of Arg accelerated the shift in cecal microbiome com-
position from the early dominance of Enterobacteriaceae to
Firmicutes-dominated. At the genus level, less Escherichia-
Shigella belonging to Proteobacteria were observed in Arg
groups than the control group (P = 0.045; Additional file 1:
Figure S2). And increasing abundance of Lactobacillus, En-
terococcus, Oribacterium, Ruminococcaceae NK4A214
group, norank_f_Clostridiales_vadinBB60_group and Rumi-
nococcaceae_UCG_014 induced by Arg injection were the
main driver of the rise in Firmicutes abundance (~ 23.72%)
on d 3, which was similar to the abundance of Firmi-
cutes (~10.69%) in control chicks on d 14. According
to the bacterial compositions of d 3 and 14 at genus
level, we found that Lactobacillus, norank_f Rumino-
coccaceae and Clostridiales_vadinBB60_group emerged
earlier in Arg groups than the control group. Unexpect-
edly, the previous study indicated that the growth of
Lactobacillus was dependent on the Arg to a great ex-
tent [33], and the lactic acid produced by Lactobacillus
could be further used as substrate by butyrate-
producing bacteria such as Ruminococcaceae [36]. In
addition, Arg can modulate the metabolism of the Arg,
serine and aspartate-family of amino acids in intestinal
bacteria and decrease the utilization of most amino

acids in mixed bacteria [37]. These may partly explain
why Arg can stimulated probiotics and affected the
microbiota. The above results suggest that the shift of
cecal microbiota composition and the colonization of
potential probiotics were accelerated by IOF of Arg.
Further analysis revealed more differential bacteria at
various taxonomic levels among groups. On d 3 post-hatch,
bacteria which belonging to orders Lactobacillales (mainly
represented by Lactobacillus) and Clostridiales (mainly rep-
resented by Ruminococcaceae) were identified as bio-
markers to distinguish cecal microbiota of chicks in Arg
groups from the control on d 3 post-hatch (Fig. 4a). Lacto-
bacillus is one of transiently dominated genera in cecal
microbiota of birds, and contributed to the gut defense
function by competitive exclusion of intestinal pathogens
or via modulation of local cell-mediated immunity [38].
That also may partly explain the reduced abundance of
Escherichia-Shigella and Erysipelotruchaceae caused by IOF
of Arg in the current study. Besides, dietary supplementa-
tion of Lactobacillus improved intestinal morphology and
mucosal barrier function in the weaned piglets [39], similar
to our observation that the Lactobacillus enrichment cor-
related with mucosal villus height of ileum (Fig. 5a). And
increasing levels of Lactobacillus in the GIT has been con-
sidered as a target to prevent and/or alleviate microbiota-
associated diseases [18, 39]. As to Clostridiales, it was ob-
served in the guts of shorebird chicks with high abun-
dance, and inferred a role for commensalism or
potentially mutualism in the GIT [40]. The Ilarge
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increment of Clostridiales in the Arg groups was caused
by the remarkable increase in Ruminococcaceae. In
addition, Ruminiclostridium_9 affiliated to Ruminococca-
ceae had highly positive relationships with the VH and
VH/CD of intestine on d 3 (Fig. 5a). Studies have shown
that Ruminiclostridium was associated with the produc-
tion of short-chain fatty acids (SCFAs) [41], and then can
supply energy to the intestinal epithelium directly. More-
over, the underlying mechanism considering that the lac-
tic acid produced by Lactobacillus is then further
consumed by butyrate-producing bacteria such as Rumi-
nococcaceae to produce butyrate [36]. Especially, Rumino-
coccaceae is capable of transforming primary bile acids
into secondary bile acids via a multi-step 7a-
dehydroxylation reaction [42]. This study showed that Arg
supplementation triggered increase in Ruminococcaceae
concurrent with a reduction of taurochenodeoxycholate,
taurodeoxycholate and tauroursodeoxycholic acid, sug-
gesting the intestinal microbiota of birds supplemented
Arg became more efficient in regulating primary bile acid
metabolism.

Several species were identified as biomarkers to distin-
guish cecal microbiota of layer chicks among groups on
d 14, including unclassified_f Lachnospiraceae and Sene-
galimassilia, which affiliated to the Lachnospiraceae and
Coriobacteriaceae family respectively (Fig. 4b). Lachnos-
piraceae is capable of readily degrading less recalcitrant
non-starch polysaccharides and starch to produce butyr-
ate used for intestinal development [43]. In this study,
we also found that Lachnospiraceae showed highly posi-
tive correlations with VH of the duodenum and jejunum
on d 14(Fig. 5b). It has been demonstrated that SCFAs
could promote intestinal cell proliferation and modulate
intestinal morphological changes [44]. Furthermore, a
positive correlation has also been found between the
abundance of cecal Lachnospiraceae and feed conversion
efficiency in commercial broiler chickens [45]. The re-
cent study has shown that SCFAs could increase the
relative mRNA expression of intestinal development-
related genes, including insulin-like growth factor-1,
insulin-like growth factor-1 receptor, glucagon-like pep-
tide 2, and glucagon-like peptide 2 receptor, shortening
the GOG1 phase of intestinal cells, and reduce the abun-
dance of the pro-apoptosis genes [46]. This result might
explain highly positive correlations between the SCFAs-
producing bacteria and intestinal histomorphology. As
to Senegalimassilia, the genome of it encoded proteins
for glycolysis, e.g. phosphofructokinase as well as sugar
ABC transporter indicating some potential metabolic
function in sugar utilization [47]. Prevotellaceae_UCG_
001, Ruminiclostridium_1, Faecalitalea were identified
as biomarkers to distinguish cecal microbiota of chicks
among groups on d 42 (Fig. 4c). Prevotella possesses en-
zymes that can degrade cellulose and xylan to produce
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propionate used for host [48]. What’s more, the previous
study reported that the abundance of Prevotellaceae_
UCG_001 was negatively correlated with the blood pa-
rameters about glucose and lipid [49]. It was thus specu-
lated that Prevotellaceae_ UUCG_001 might contribute to
the host glucose and lipid metabolism through the pro-
duction of propionate. In addition, NC group was
enriched by Faecalitalea that few studies have reported
before in chickens. However, Faecalitalea affiliates to
Erysipelotrichaceae family, which was known for relation
with inflammation disorders [50]. Together these data re-
veal potential effects of IOF of Arg on intestinal microbial
community, and suggest that microbial biomarkers were
associated with intestinal development.

Metabolic pathways potentially affected by IOF of Arg
were identified by the use of metabonomic analysis of
serum metabolites profiles, which had not been investigated
before. It was interesting to note that the decreased effects
of IOF of Arg on metabolic changes with age was similar to
the observation on microbial composition. A prominent
metabolic change caused by IOF was only observed on d 3
post-hatch, while there was no obvious group separation
on d 42 post-hatch. Firstly, IOF of Arg affected the levels of
several metabolites related to lipid metabolism on d 3 post-
hatch. Neonatal chicks preferentially absorbed the phos-
phoglycerides fraction that is relatively rich in essential
omega-6 and omega-3 fatty acids from residual yolk sac for
intestinal development [51-53]. Increased serum levels of
docosahexaenoic acid ethyl ester and 13,16,19-docosatrie-
noic acid (Table 5) in the current study may result from the
uptake of residual yolk lipid. In addition, an extensive lipo-
genic capacity was rapidly established in liver of post-hatch
chicks in order to accommodate metabolic changes. For ex-
ample, linoleic acid desaturation in the liver increased with
the approach of hatching [54], and hepatic proportions of
linoleic acid in chicks decreased substantially during 3 days
after hatch [55], which suggested an importance of linoleic
acid metabolism in newly hatched chicks. In this study, the
serum levels of linoleic acid decreased in the Arg injection
group, while the levels of dihomo-y-linolenic acid in-
creased. Dihomo-y-linolenic acid is an intermediate metab-
olite in arachidonic acid synthesis from linoleic acid.
Collectively, the changes of metabolites involved in lipid
metabolism may indicate an enhanced uptake of residual
yolk lipid and modulated linoleic acid metabolism in liver,
which could contribute to the potential benefits of IOF of
Arg on early intestinal development and growth. Another
series of putative annotated metabolites involved in galact-
ose metabolism were differentially abundant. In fact, Arg
plays an important role in regulating energy metabolism
[56], which can stimulate the release of hormones, such as
glucagon, to accelerate the conversion of galactose to glu-
cose [57, 58], and then may reduce the synthesis of oligo-
saccharides. In addition, a negative correlation between the
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levels of serum oligosaccharides and the abundance of
Ruminococcaceae (R =-0.588, P=0.035 for raffinose and
R=-0.555 P=0.040 for stachyose) was also observed.
However, whether the decreased levels of oligosaccha-
rides in serum from neonatal chicks is related to the
enrichment of SCFAs-producing bacteria involving in
modulation of glycometabolism of host [59], which
needs to be explored further.

Furthermore, increased taurine levels were found in the
Arg injection group. Taurine was reported to exert the
protective effects on intestinal damage through its various
physiological functions such as antioxidant properties [60—
62], while bile acids conjugated by taurine are detrimental
to the intestinal mucosal structure of chickens [63]. Besides
resulting from abundant Ruminococcaceae promoting 7«-
dehydroxylation reaction for generation of secondary bile
acids [42], the lower levels of taurine-conjugated bile acids
might also be related to the enzyme system catalyzing
conjugation in the liver [64]. Thus, the reduction in
taurine-conjugated bile acids, including taurochenodeoxy-
cholate, taurodeoxycholate, and tauroursodeoxycholic acid,
implies that IOF of Arg may modulate the metabolism of
taurine-conjugated bile acids, which favor the intestinal
development.

Conclusions

Prenatal Arg supplementation promoted early intestinal
development of post-hatch layer chicks, contributing to the
subsequent improvement in growth performance. The
metabolic pathways, including enhanced uptake of residual
yolk lipid, modulated metabolisms of galactose and
taurine-conjugated bile acids, suggest more energy and nu-
trients could be directed towards rapid growth of intestine
at the beginning of post-hatch when embryos received
IOF. Simultaneously, the shift of cecal microbiome com-
position and the colonization of potential probiotics were
accelerated by IOF of Arg, which may contribute to modu-
late host metabolism and improve intestinal development.
Early microbial colonization during the first few days may
be the key period for the prenatal Arg supplementation to
exert these positive effects in layer chicks at early stage.
These findings provide new insight into the role of IOF of
Arg in the establishment of the gut microbiota of newly-
hatched layer chicks, and can expand our fundamental
knowledge about prenatal nutrition, early bacterial
colonization and intestinal development in neonate.
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