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Abstract

The effects of mother-infant separation (i.e., weaning) on the physiology, psychology and
nutrition of mammalian infants have attracted much attention. Forest musk deer (FMD) is a
first-class protected species in China and listed endangered in the IUCN Red List. The cap-
tive breeding population is not only an important source for restocking of wild resources, but
also a necessary way to supply the market with legal musk. So far, there is no scientific
basis for the appropriate separation time of FMD females and their infants. Therefore, we
used metagenome sequencing and enzyme-linked immunosorbent assays to study
changes in the fecal cortisol concentration, as well as the intestinal microbiome composition
and function of females and fawns at three different separation times, i.e., after 80 days, 90
days and 100 days. The results showed that the increment of the cortisol concentration in
female FMD increased with increasing lactation time. The increment of cortisol concentra-
tion in infant FMD was highest in the 80 days weaning group, but there was no significant dif-
ference between the 90 days and the 100 days separation time. Based on the annotation
results of COG, KEGG and CAZy databases, the abundance of different functions anno-
tated by the intestinal microbiome of mothers and fawns of the 90 days weaning group
changed slightly after separation. Based on the above results, the separation of mother and
infant FMD is recommended after 90 days, i.e., the separation time that triggered the lowest
rate of weaning stress and that supported a relatively stable gastro-intestinal physiology.

Introduction

Since times immemorial, forest musk deer (Moschus berezovskii; hereafter abbreviated FMD)
were hunted for their musk, a substance used in Chinese traditional medicine and which is

PLOS ONE | https://doi.org/10.1371/journal.pone.0276542 October 20, 2022

1/12


https://orcid.org/0000-0003-3905-7269
https://orcid.org/0000-0002-2131-8363
https://doi.org/10.1371/journal.pone.0276542
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0276542&domain=pdf&date_stamp=2022-10-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0276542&domain=pdf&date_stamp=2022-10-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0276542&domain=pdf&date_stamp=2022-10-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0276542&domain=pdf&date_stamp=2022-10-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0276542&domain=pdf&date_stamp=2022-10-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0276542&domain=pdf&date_stamp=2022-10-20
https://doi.org/10.1371/journal.pone.0276542
https://doi.org/10.1371/journal.pone.0276542
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.6084/m9.figshare.19288214.v1
https://doi.org/10.6084/m9.figshare.19288214.v1

PLOS ONE

Effects of weaning times on forest musk deer

design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

thus of high economic value. The uncontrolled off-take led to a dramatic decline of wild popu-
lations in recent decades [1, 2], arousing the importance of captive breeding programs and to
legally satisfy an ever-increasing demand for musk [3-6]. Currently, the FMD is classified as
‘endangered’ by the IUCN Red List and represents the major captive stock held on private and
governmental musk deer farms in China. Severe timidity and petrified flight responses make it
difficult to breed FMD in captivity [7-9]. Moreover, species-inappropriate health and welfare
conditions often lead to behavioral disorders, diseases or even mortalities [10].

For young mammals, the mother-infant separation or weaning is a complex process, often
accompanied by physiological, behavioral and nutritional changes [11]. In captivity, FMD
fawns are usually separated from their mothers at the age of three months and transferred to a
single-individual breeding pen [12]. FMD fawns that were detached from their mothers and
their familiar environment, no longer suckle easily digestible breast milk, and their daily life
changes from maternal dependence to complete autonomy. FMD fawns show a strong behav-
ioral reaction during the first days after weaning, including stereotypic behavior such as walk-
ing back and forth, nervous sniffing, agitated running, or trying to jump across the wall fence
[13]. Moreover, FMD fawns significantly reduce their food intake during the first few days
after weaning, resulting in weight loss and dehydration. Following a period of seven days after
weaning, fawns start feeding again and swiftly regain body weight [13]. These observations
correspond to findings of Li et al. [14], who showed that the mother-infant separation is a
strong stressor for fawns, which is manifested by a sharp rise of the fecal cortisol concentra-
tion. This weaning stress is commonly reported from other captive mammals such as foals,
calves, and piglets [15-17], and can easily lead to an imbalanced function of the gastrointesti-
nal tract, causing diarrhea (or other diseases) and changes to the composition of intestinal
microbiota [18].

The mortality of young FMD in captivity can reach 27% to the age of three months, i.e., the
period prior and immediately after weaning [19]. In subsequent months the survival rate grad-
ually increases, indicating that mortalities occur mainly during early infancy. The data further
suggest that weaning stress has a lasting negative impact on FMD well into adulthood, and that
management measures should be put in place to avoid or mitigate the negative impact of
weaning stress. Previous research on the weaning of FMD fawns focused on the effects of
weaning time on the behavior of fawns, the weight change in mothers and fawns after weaning
or the effect of weaning time on the mother’s reproductive rate [13, 20]. No study has yet
investigated the impact of different weaning times on the stress level of fawns or on changes in
the intestinal microbiota composition of FMD females and their fawns. Moreover, until to
date no scientific study has attempted to identify the suitable weaning time, or to define guide-
lines to standardize the reproductive management of captive FMD among breeding centers.
This study therefore aims to identify the appropriate weaning age, i.e., the best time to separate
mothers from their fawns. For this, we analyzed changes in the stress response of fawns by
measuring the fecal cortisol concentration before and after three different weaning ages, and
we determined the intestinal microbiota composition and function following the same time
schedule. The data will enable us to identify the least distressing weaning age for both, mothers
and their fawns, and it will help to reduce the adverse effects of weaning stress in captive FMD
fawns and thus enhance their survival chances.

Materials and methods
Ethics statement

This study was carried out in accordance with the recommendations of the Institute of Animal
Care and the Ethics Committee of Beijing Forestry University. The Ethics Committee of
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Beijing Forestry University also approved the experimental protocol, while the collection of
fecal samples was endorsed by the Pien Tze Huang Forest Musk Deer Farm.

Study area

The study was carried out in the Pien Tze Huang Forest Musk Deer farm, in Huangniupu
Town, near Baoji City in Shaanxi Province (E106°47°9", N34°14°46"). The breeding center is
located at an altitude of 1,200 to 1,600 m, and the mean annual temperature, precipitation and
humidity are 11.4°C, 613.2 mm and 74%, respectively. The farm is situated in the natural habi-
tat of FMD in a remote valley far away from roads and villages. It comprises of 24 breeding
compartments, each containing six separate single-individual breeding pens (3.5 x 2 m*) and a
communal activity space (10 x 7.5 m?). The stocking mode is one adult male plus five repro-
ductive females in each compartment. Natural food from the surrounding forest (mainly mul-
berry leaves), mixed feed-concentrates and drinking water were supplied ad libitum by the
management of the farm.

Sample collection

In captivity, female FMD usually give birth from early June to late July, breast-feeding the
fawn until late September or early October [3, 4]. By the end of October, the females enter
already the new breeding cycle, so that suckling the fawn for too long would collide with the
new breeding sequence and the first post-partum estrus. FMD breeding managers thus prefer
a rather short weaning age of maximum three months (approx. 90 days). Moreover, this timing
corresponds to the age at which the composition of the fawn’s intestinal microbiota reaches
stability, i.e., about 80 days after birth [14]. We therefore defined three different separation
times: six female and their infants were separated after 80 days (group A), six after 90 days
(group B) and another six after 100 days (group C; S1 Table). Mothers and fawns were sampled
one week prior to separation (A1, B, C1) as well as one week after (A2, B2, C2). To avoid
strong stress responses immediately after weaning, human disturbance, e.g., the collection of
feces from breeding pens, was suspended during the first three days after weaning. All individ-
uals sampled were healthy and not administered any antibiotic or anthelmintic drugs, and all
fawns were delivered through vaginal birth. The evening prior to sampling, the enclosure was
cleaned thoroughly, and fresh feces of mother and fawn were collected before dawn of the fol-
lowing day. Fecal pellets of females and fawns were distinguished by different sizes, i.e., adult
pellets are obviously larger than those of fawns. Fecal samples were collected into sterile centri-
fuge tubes, sealed, labelled, and preserved at —80°C until further processed in the laboratory.

Quantitation of the water content in fecal samples

Fecal samples were milled and approximately 0.5 g transferred into sterile centrifuge tubes.
Subsequently, the weight of the empty tube (G2) and weight of the filled tube were established
(G1). Sampling tubes were then dried at 65°C in a drying oven for eight hours until the weight
of each tube remained unchanged (G3). The percentage water content of each fecal sample
was then calculated as: Py er = (G2 — G3) / (G2 — G1).

Determination of fecal cortisol concentration

Feces (approximately 0.5 g) were transferred into 10 mL sterile centrifuge tubes. Subsequently,
5 mL of 90% (v/v) ethanol were added and agitated for one minute before being centrifuged at
2,500 rpms for 20 minutes. The supernatant was collected and another 5 mL of 90% (v/v) etha-
nol were added before being agitated for 20 minutes and again centrifuged at 2,500 rpms for
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20 minutes. The supernatants from the two extraction steps were pooled together and the etha-
nol was evaporated in a 60°C water bath. Later, one mL of phosphate buffer solution (PBS)
was added, and the tubes were vibrated for five minutes using ultrasonic instrumentation.
Samples were then frozen at —20°C until further processed. Since FMD are phylogenetically
close to bovids [21, 22], fecal cortisol was measured using Bovine ELISA kits from Reagent
Genie Ltd (Ireland). Three replicates were run on each sample.

DNA extraction and sequencing

QIAamp Fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany) was used to extract fecal
DNA of female and infant FMD. The detailed extraction process was conducted followed man-
ufacturer’s instructions. The integrity of DNA was tested by 1% agarose gel electrophoresis.
The concentration of DNA was assessed using a Qubit' ™ dsDNA HS Assay Kit (Life Technol-
ogies, Carlsbad, USA). DNA was fragmented by Covaris M220 to generate an average size of
approximately 400 bp fragments. Subsequently, the paired-end library was constructed using
the NEXTflex Rapid DNA-Seq kit (Bioo Scientific, Austin, TX, USA). Paired-end sequencing
was conducted by Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China) using
the Illumina NovaSeq platform (Illumina Inc., San Diego, CA, USA).

Bioinformatic analysis

Representative sequences of a non-redundant gene catalogue were aligned with the NCBI NR
database using an e-value cut-off of le-5 in Diamond (version 0.8.35) for taxonomic annota-
tions. Diamond (version 0.8.35) was also used to compare the amino acid sequences with the
EggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups) Database to
obtain the COG (Cluster of Orthologous Groups of proteins) function corresponding to the
respective gene. Subsequently, the COG abundance was calculated as the sum of the gene
abundances corresponding to the COG and compared with KEGG (Kyoto Encyclopedia of
Genes and Genomes) database to obtain the KEGG function. Hmmscan was used to compare
the amino acid sequence to the CAZy (Carbohydrate-Active enzymes) database and to obtain
an annotation of the carbohydrate-active enzyme. The abundance of the carbohydrate-active
enzyme was calculated as the sum of the gene abundances. To test for differences in the cortisol
concentration between groups, one-way analysis of variance (ANOVA) were applied using
SPSS (Version 19.0). To test for differences in bacteria abundance before and after separation,
either a Student’s t-test (for normally distributed data) or a Mann-Whitney U-test (for non-
normally distributed data) were applied using SPSS (Version 19.0).

Results

Changes of fecal cortisol concentration before and after separation of
female and infant FMD at different separation times

In group A, B and C, the average increment of the fecal cortisol concentration in female FMD
after separation was 85.13 + 11.71 ng/g feces, 142.00 * 11.40 ng/g feces, and 171.11 + 19.57 ng/
g feces, respectively (Fig 1). The increment of group C was significantly higher than that of
group A and B (one-way ANOVA, P < 0.01). The average increment of the fecal cortisol con-
centration in fawns after separation was 118.57 + 15.82 ng/g feces, 73.85 + 13.28 ng/g feces,
and 78.20 + 15.82 ng/g feces, respectively. The increment of the cortisol concentration in
group A was significantly higher than that in group B and C (one-way ANOVA, P < 0.01), but
there was no significant difference between group B and C (one-way ANOVA, P > 0.05).
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Fig 1. Increment of the fecal cortisol concentration of female (a) and infant FMD (b) before and after separation at different separation
times (group A: 80 days, group B: 90 days, group C: 100 days).

https://doi.org/10.1371/journal.pone.0276542.9g001

Composition of intestinal microbiota before and after separation of female
and infant FMD at different separation times

At the phylum level (top five; Table 1) in female FMD of group A, the abundance of Firmicutes
and Bacteroidetes increased significantly after separation (P < 0.05), while the abundance of

Actinobacteria significantly decreased (P < 0.05). In females of group B, the abundance of Fir-
micutes increased significantly after separation (P < 0.05), whereas the abundance of Bacteroi-

detes and Actinobacteria significantly decreased (P < 0.05). In females of group C, the

abundance of Firmicutes and Bacteroidetes decreased significantly after separation from the
mother (P < 0.05), while the abundance of Actinobacteria increased significantly (P < 0.05).
At the genus level (top five; Table 2) in female FMD of group A, the abundance of Bacteroides

Table 1. Differences in the five most abundant phyla of intestinal microbiota in female and infant FMD at different separation times (A: 80 days, B: 90 days, C: 100
days) as well as before (1) and after (2) separation.

Al-female
A2-female
P value
Bl-female
B2-female
Pvalue
Cl-female
C2-female
Pvalue
Al-infant
A2-infant
Pvalue
B2-infant
B2-infant
P value
Cl-infant
C2-infant

Pvalue

https://doi.org/10.1371/journal.pone.0276542.t001

Firmicutes
65.93%+4.03%
73.68%+3.06%

P<0.05
61.64%+6.10%
68.34%+4.71%

P<0.05
67.01%+2.47%
63.13%+1.85%

P<0.05

62.97%+12.65%
76.16%+10.33%

P<0.05
69.93%+8.72%

69.97%+10.16%

P>0.05
68.87%+7.45%

64.21%+4.32

P<0.05

Bacteroidetes
13.15%=%1.09%
16.2%+1.49%
P<0.05
20.32%+1.80%
17.50%%2.24%
P<0.05
15.47%+3.42%
11.24%%2.76%
P<0.05
14.56%+4.78%
13.53%=%5.29%
P<0.05
16.25%+3.77%
19.13%=£3.65%
P<0.05
16.21%+3.85%
12.08%%4.07%
P<0.05

Actinobacteria
10.30%=£3.63%
5.91%+2.70%
P<0.05
7.45%+1.68%
3.19%+0.85%
P<0.05
10.34%+2.78%
12.61%£2.52%
P<0.05
12.96%+2.95%
3.98%+1.21%
P<0.05
5.05%+2.01%
3.34%+1.68%
P<0.05
7.41%%2.11%
7.95%+3.43%
P>0.05

Proteobacteria
1.88%+0.17%
1.30%+0.21%
P<0.05
2.08%0.41%
1.64%+0.26%
P<0.05
1.56%+0.52%
2.49%0.37%
P<0.05
2.23%+1.02%
2.04%+1.54%
P<0.05
1.82%+0.63%
1.91%+0.77%
P<0.05
1.78%+0.54%
2.36%+1.36%
P<0.05

Verrucomicrobia
0.71%+0.31%
0.61%+0.36%
P>0.05
1.66%+0.37%
1.30%+0.25%
P<0.05
1.01%+0.39%
0.28%+0.12%
P<0.05
1.60%+0.88%
0.27%+0.18%
P<0.05
0.92%+0.34%
1.04%+0.29%
P<0.05
0.60%+0.25%
8.08%+2.32%
P<0.05
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Table 2. Differences in the five most abundant genera of intestinal microbiota in female and infant FMD at different separation times (A: 80 days, B: 90 days, C:
100 days) as well as before (1) and after (2) separation.

Bacteroides Alistipes Ruminococcus Prevotella Faecalibacterium
Al-female 5.25%+2.77% 4.27%+1.72% 3.42%+1.45% 1.26%+0.49% 2.63%+1.33%
A2-female 8.63%+2.15% 5.36%+3.22% 4.95%+1.28% 1.72%=0.73 2.48%+0.87%
Pvalue P<0.05 P>0.05 P<0.05 P<0.05 P>0.05
Bl-female 8.99%+3.56% 6.45%+2.14% 3.63%+1.76% 2.80%+1.58% 1.66%+0.42%
B2-female 8.95%+3.10% 3.26%+1.98% 4.93%+2.01% 3.67%+1.07% 1.30%+0.87%
Pvalue P>0.05 P<0.05 P<0.05 P<0.05 P>0.05
Cl-female 6.80%+2.32% 4.28%+1.90% 4.11%+1.21% 1.67%+0.41% 2.22%+0.76%
C2-female 4.58%+1.77% 3.50%+1.52% 3.37%+1.54% 1.10%+0.27% 1.89%+0.51%
Pvalue P<0.05 P>0.05 P<0.05 P>0.05 P>0.05
Al-infant 6.20%+3.24% 4.28%+0.75% 3.69%+1.72% 1.44%+0.56% 1.53%+0.82%
A2-infant 6.25%+2.80% 3.56%+0.32% 5.08%+1.21% 1.32%+0.42% 1.69%+0.54%
P value P>0.05 P>0.05 P<0.05 P>0.05 P>0.05
B2-infant 6.66%+3.02% 4.77%+0.33% 3.60%+1.01% 1.81%+0.33% 3.95%+0.87%
B2-infant 9.70%+2.88% 3.40%+0.41% 4.48%+0.89% 2.64%+0.47% 2.14%+1.12%
P value P<0.05 P<0.05 P<0.05 P<0.05 P<0.05
Cl-infant 7.51%+2.62% 3.46%+0.82% 4.00%+2.62% 1.67%+0.52% 2.57%+0.53%
C2-infant 5.11%+2.60% 3.18%+0.55% 3.95%+1.74% 1.32%+0.29% 1.78%+0.29%
Pvalue P<0.05 P>0.05 P>0.05 P>0.05 P<0.05

https://doi.org/10.1371/journal.pone.0276542.t1002

and Ruminococcus increased significantly after separation (P < 0.05). By contrast in female
FMD of group B, no significant difference in the abundance of Bacteroides before and after
separation was observed (P > 0.05), but the abundance of Ruminococcus increased signifi-
cantly (P < 0.05). In female FMD of group C, the abundance of Bacteroides and Ruminococcus
decreased significantly after separation (P < 0.05), but no genus showed increased abundance.
At the phylum level (top five; Table 1) in infant FMD of group A, the abundance of Firmi-
cutes increased significantly after separation (P < 0.05), while the abundance of Bacteroidetes
and Actinobacteria significantly decreased after separation (P < 0.05). In fawns of group B, the
abundance of Firmicutes showed no significant difference before and after separation
(P > 0.05), but the abundance of Bacteroidetes increased significantly (P < 0.05), whereas the
abundance of Actinobacteria significantly decreased after separation (P < 0.05). In fawns of
group C, the abundance of Firmicutes and Bacteroidetes significantly decreased after separa-
tion (P < 0.05), while the abundance of Actinobacteria significantly increased (P < 0.05). At
the genus level (top five; Table 2) in fawns of group A, no significant difference in the abun-
dance of Bacteroides before and after separation was unraveled (P > 0.05), but the abundance
of Ruminococcus significantly increased after separation (P < 0.05). For fawns of group B, the
abundance of Bacteroides and Ruminococcus increased significantly after separation
(P < 0.05), whereas in fawns of group C the abundance of Bacteroides significantly decreased
after separation (P < 0.05). For Ruminococcus no significant difference was unraveled in fawns
of group C before and after separation (P > 0.05).

Functional differences of intestinal microbiota before and after separation
of female and infant FMD at different separation times
Statistical charts of the number of annotated genes in the COG, KEGG and CAZy databases

were based on the annotation results of unigenes and were depicted in Figs 2-4. Based on the
annotation of the COG database (a database for the analysis of protein functions) for female
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Fig 2. Comparison of functional differences before and after separation of female (a-c) and infant FMD (d-f) based on
the COG database at different separation times (a, d: 80 days; b, e: 90 days; ¢, f: 100 days). A: Function unknown; B:
Replication, recombination and repair; C: Amino acid metabolism transport and metabolism; D: Translation,
ribosomal structure and biogenesis; E: Carbohydrate transport and metabolism; F: Transcription; G: Cell wall/
membrane/envelope biogenesis; H: Energy production and conversion; I: Inorganic ion transport and metabolism; J:
Signal transduction mechanisms; K: Posttranslational modification, protein turnover, chaperones; L: Nucleotide
transport and metabolism; M: Defense mechanisms; N: Coenzyme transport and metabolism; O: Lipid transport and

metabolism.

https://doi.org/10.1371/journal.pone.0276542.g002

FMD of group A (Fig 2), the relative abundance of carbohydrate transport and metabolism
function was significantly higher than that before separation (P < 0.05). By contrast, no signifi-
cant difference was observed in the relative abundance of carbohydrate transport and metabo-
lism function before and after separation in group B (P > 0.05). In group C, however, the
relative abundance of carbohydrate transport and metabolism function was significantly lower
than that before separation (P < 0.05). In infant FMD of group A and B, the relative abun-
dance of carbohydrate transport and metabolic function was significantly higher than that
before separation (P < 0.05), and there was no significant difference in the relative abundance
of carbohydrate transport and metabolic function before and after separation in group C
(P> 0.05). When comparing the changes of intestinal microbiota function in female and
infant FMD before and after weaning at three different separation times, it can be summarized
that in female and infant FMD of group B the abundance of functional groups remained stable
after separation, whereas that of group A and C showed significant differences.

KEGG is a database of biological systems that integrates genomic, chemical and systemic
functional information. Based on the annotation of the KEGG database, the functional
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Fig 3. Comparison of functional differences before and after separation of female (a-c) and infant FMD (d-f) based on the KEGG
database at different separation times (a, d: 80 days; b, e: 90 days; ¢, f: 100 days).

https://doi.org/10.1371/journal.pone.0276542.g003

categories with high abundance at the second level were analyzed (Fig 3), among which the
carbohydrate metabolism is the functional category with the highest abundance. In female
FMD of group A, the relative abundance of carbohydrate metabolism was significantly higher
than that before separation (P < 0.05), while in group B, the relative abundance of carbohy-
drate metabolism showed no significant difference between before and after separation

(P> 0.05). In group C, the relative abundance of carbohydrate metabolism was significantly
lower than that before separation (P < 0.05). In infant FMD of group A, the relative abundance
of carbohydrate metabolism was significantly higher than that before separation (P < 0.05),
whereas no significant difference in the carbohydrate metabolism was unraveled in group B
and C (P > 0.05). When comparing the changes of intestinal microbiota function in female
and infant FMD before and after weaning at three different separation times, it can be summa-
rized that in group B the abundance of functional groups remained stable after separation
whereas in group A and C significant differences were observed.

CAZy is a database of enzymes that can synthesize or decompose complex carbohydrates
and glycoconjugates. According to the similarity of amino acid sequences in protein domains
and their corresponding functions, the database divides carbohydrate active enzymes into six
categories. According to the annotation results of the database (Fig 4), the relative abundance
of glycoside hydrolases (GHs) is the highest among the six functional categories. In female
FMD of group A, the abundance of GHS increased significantly after separation (P < 0.05),
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Fig 4. Comparison of functional differences before and after separation of female (a-c) and infant FMD (d-f) based on
the CAZy database at different separation times (a, d: 80 days; b, e: 90 days; c, f: 100 days).

https://doi.org/10.1371/journal.pone.0276542.9004

while the abundance of GHS significantly decreased in group B and C after separation
(P < 0.05). For infant FMD, the abundance of GHS increased significantly after separation at
all separation times, i.e., in each group (P < 0.05).

Discussion

In this study, metagenome sequencing and enzyme-linked immunosorbent assay were used to
study changes in the cortisol level, the intestinal microbiota abundance, and their function in
female and infant FMD before and after weaning. Our results showed that different separation
times had different effects on the physiological condition of mother and fawn.

The analysis of cortisol concentrations showed that female FMD of group A (separated
after 80 days) showed the lowest increment after separation and that they were least affected by
weaning stress, while female FMD of group C (separated after 100 days) were the most affected
group. Because lactation consumes a lot of energy, longer lactation times lead to greater energy
losses, and will thus increase the stress level of the mother. Feng et al. [20] explored the rela-
tionship between lactation time and the reproductive performance of female FMD and found
that mothers with longer lactation time were thinner and more lightweight. Moreover, early
separation of mother and fawn could significantly improve the future reproductive perfor-
mance of females [20]. In infant FMD, the increment of the cortisol concentration of group A
was significantly higher than that of group B and C, whereas the difference between group B
and C was insignificant. This result corresponds to findings of Li et al. [23], who found the
fecal cortisol concentration of piglets, measured at different weaning times, to be significantly
higher when weaned after 14 days than in those weaned after 21, 28 or 35 days. This is because,
FMD fawns—or other infant mammals—weaned at an earlier time will be separated from the
nutritious breast milk and the care of their mothers, resulting in a significant stronger increase
in cortisol concentration than in fawns separated later when the mothers care is already
reduced and the weaning process has started. Based on the observed changes in the cortisol
concentration, the separation of mother and fawn is therefore recommended after 90 days, i.e.,
the time when the fawn is least affected by the weaning stress.
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Firmicutes and Bacteroidetes are two bacteria phyla that contain many species which can
decompose cellulose and polysaccharides [24, 25]. With increasing lactation time in females,
the abundance of these microorganisms was significantly lower after separation than that
observed before separation. Ruminococcus another important decomposer of cellulose [26]
showed the same pattern, i.e., with increasing lactation time in females, the post-separation
abundance was significantly lower than that before separation. These results suggest that lon-
ger lactation times will affect the digestive physiology of females by lowering their ability to
digest long-chained polysaccharides. In infant FMD—by contrast—the abundance of Rumino-
coccus in group C did not change significantly after separation, while that of group A and B sig-
nificantly increased. This was because infant FMD, separated after 100 days (group C), had
ingested the same type and amount of food (i.e., mulberry leaves) before and after separation.
By contrast the intake of leaves by fawns of group A (separated after 80 days) and group B (sep-
arated after 90 days) was gradually increasing after separation, resulting in an increased abun-
dance of cellulose digesting bacteria in their gastro-intestinal tract.

Based on the annotation results of the COG and KEGG databases, the abundance of func-
tional categories of intestinal microbiota in female and infant FMD of group B was relatively
stable, indicating that the physiological condition of mothers and their fawns was not affected
by the separation. By contrast, in group A and C, the abundance of functional categories had
changed substantially, suggesting that the separation had a significant impact on the physiolog-
ical condition of females and fawns. Based on the annotation results obtained from the CAZy
database, the types of carbohydrate active enzymes—encoded by the intestinal microbiota of
female and infant FMD at different separation times—were generally similar, while their abun-
dance differed significantly. Furthermore, our results on the functional differences of intestinal
microbiota showed that the abundance of glycoside hydrolases was highest in all groups, fol-
lowed by glycosyltransferase, the carbohydrate binding module, carbohydrate esterase and
polysaccharide lyase. The lowest abundance was measured for auxiliary oxidoreductase, which
was close to carbohydrate active enzymes encoded by intestinal microbiota recorded from sika
deer [27].

Conclusion

In conclusion, the results of this study clearly suggest that female and infant FMD in captivity
were least affected by weaning stress when separated after 90 days. Timely weaning of fawns
can significantly reduce the adverse effects of weaning stress on mothers as well as their fawns.
This result is of great importance for improving the health and welfare conditions of captive
FMD, especially that of weaned infants. Our results will help to further improve the manage-
ment and development of captive FMD populations, not only in China but also in other musk
producing countries such as Nepal or Russia. Future key points of research should focus on
the elimination of the adverse consequences of weaning stress—in both mothers and their
fawns—by testing the effects of the multiple step-by-step separation method or the single sud-
den mother-infant separation method on the physiology of mothers and fawns.
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