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Abstract

This study aimed to investigate the developmental changes of ileal bacterial
colonization and digestive function in goat lambs. Forty-four Xiangdong black
goat lambs were used, with 4 randomly selected lambs slaughtered for sampling
at 1, 7, and 14 days of age (non-ruminant stage), 28 and 42 days (transition
stage), and 56 and 70 days of age (ruminant stage). Ileal digesta were collected
to determine acetic acid content, amylase, cellulase, and xylanase activities,
total bacterial count, and the percentages of selected functional bacteria (Pre-
votella, methanogens, fiber-degrading bacteria, and starch-degrading bacteria)
relative to total bacteria. The results showed that acetic acid was detected
in ileal digesta starting at 14 days of age, and its content increased signifi-
cantly with age (P 0.05), with the fastest increase observed at 56-70 days of age;
age significantly or very significantly increased cellulase and xylanase activities
(P<0.05 or P<0.01); age very significantly increased total bacterial count and
the percentages of methanogens (first detected at 7 days of age), Prevotella,
and Ruminococcus relative to total bacteria (P<0.01); fiber-degrading bacteria
(Fibrobacter succinogenes and Ruminococcus flavefaciens) and starch-degrading
bacteria (Ruminobacter amylophilus) were both first detected at 28 days of age.
In conclusion, the ileal fiber-degrading digestive capacity in goat lambs was es-
tablished after day 28 and gradually improved thereafter, while large numbers
of methanogens could be detected from day 7 and gradually stabilized.
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Abstract: This study investigated the developmental changes in bacterial colo-
nization and digestive function in the ileum of goat kids. Forty-four Xiangdong
black goat kids were randomly selected for sampling at 1, 7, and 14 days of age
(non-ruminant stage), 28 and 42 days of age (transition stage), and 56 and 70
days of age (ruminant stage). Ileal chyme was collected to determine acetate
content, activities of amylase, cellulase, and xylanase, total bacterial numbers,
and the percentages of selected functional bacteria (Prevotella, methanogens,
cellulolytic bacteria, and amylolytic bacteria) relative to total bacteria. The
results showed that acetate was first detected in ileal chyme at 14 days of age,
and its content increased significantly with age (P < 0.05), with the fastest
growth observed between 56 and 70 days. Age significantly or highly signifi-
cantly increased cellulase and xylanase activities (P < 0.05 or P < 0.01). Age
also highly significantly increased total bacterial numbers and the percentages
of Prevotella, Prevotella ruminicola, and methanogens (first detected at 7 days
of age) relative to total bacteria (P < 0.01). Both cellulolytic bacteria (Fi-
brobacter succinogenes and Ruminococcus flavefaciens) and amylolytic bacteria
(Ruminobacter amylophilus) were first detected at 28 days of age. In conclusion,
the fiber-degrading capacity in the ileum of goat kids is established after 28 days
of age and gradually improves thereafter. Substantial methanogen colonization
can be detected as early as 7 days of age, after which it gradually stabilizes.

Keywords: bacterial colonization; digestive function establishment; ileum

Introduction

Ruminants possess unique physiological characteristics distinct from monogas-
tric animals or other non-herbivores, harboring large microbial communities
in their gastrointestinal tract that can digest cellulose and other substances
indigestible to most animals. Through microbial biotransformation, these com-
pounds are converted into animal protein (meat and milk) for human utiliza-
tion [1]. The gastrointestinal microbiota of ruminants is not present at birth
but is gradually established through colonization, survival, and reproduction
as the animal contacts its mother and environment, with microbial commu-
nities adapting to and being selected by the digestive tract environment [2].
Typically, ruminants are in a non-ruminant stage from 1 to 20 days of age,
a transition stage from 21 to 56 days, and enter the ruminant stage after 57
days. During this functional development, both gastrointestinal physiology and
microbial communities undergo substantial transformations. Throughout this
process, gut microorganisms secrete various functional enzymes to degrade and
digest nutrients, progressively establishing and improving digestive, absorptive,
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and metabolic functions [3-4]. Hungate [5] pioneered systematic research on
the rumen microbial ecosystem in 1966, and over the subsequent half-century,
increasing numbers of researchers have focused on rumen microbial digestive
and metabolic functions. In contrast, the nutritional digestion, absorption, and
metabolic functions of the abundant post-ruminal gut microorganisms in rumi-
nants have not received adequate attention.

Based on this analysis, the present study selected Xiangdong black goats as
experimental animals to reveal the developmental patterns of small intestinal
bacterial community succession and nutritional digestive function establishment
in ruminants by measuring key functional enzyme activities (amylase, xylanase,
and cellulase), acetate content, and major functional bacterial populations in
the ileum.

Materials and Methods

Experimental Animals and Design

Sixty multiparous Xiangdong black goat does with good body condition, sim-
ilar age [(2.0 4 0.3) years], and similar body weight [(25.0 + 1.0) kg] were
selected. Following previously established protocols [6], estrus synchronization
was performed, and ultrasonic examination was conducted on day 60 of gestation.
Forty-four pregnant does carrying single fetuses were selected as experimental
subjects and housed individually in well-ventilated pens with suitable temper-
ature [(24 + 1) °C] and natural lighting. Kids were numbered and weighed at
birth.

Feeding and Management

All kids (n = 44) were fed exclusively with doe milk for the first 20 days post-
partum, receiving 1 L of goat milk per day divided into two feedings (08:00 and
17:00). Four kids were randomly selected for slaughter at each of 1, 7, and 14
days of age. The remaining kids were gradually weaned between 21 and 40 days
of age and supplemented with starter feed and forage, receiving 0.5 L of goat
milk, 0.12 kg of starter feed, and 0.04 kg of fresh forage per day. From 41 to
70 days of age, each kid received 0.17 kg of starter feed and 0.06 kg of forage
daily. Four kids were randomly selected for slaughter at 28, 42, 56, and 70 days
of age.

Milk and Starter Feed Composition

Every 100 g of goat milk contained 12.9 g total solids, 3.7 g crude fat, 3.5 g crude
protein, 2.9 g casein, 4.5 g lactose, and 0.8 g crude ash, with calcium content of
134 mg/L and gross energy of 2.72 kJ /L. The starter feed composition is shown
in Table 1 .

Table 1 Starter feed composition (DM basis), %
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Items Content

Corn flour
Fat powder
Whey powder
Milk powder
Soybean meal
Fish meal
CaHPO,
CaCO4

NaCl

Premix

Total

One kilogram of premiz contained: MgSO, - H,O 119.0 g, FeSO, - 7TH,0 2.5 g,
CuSO, - 5H,0 0.8 g, MnSO, - Hy O 8.0 g, ZnSO, - H,O 5.0 g, Nay,SeO5 10.0 mg,
KI 40.0 mg, CoCl, - 6H,0 30.0 mg, VA 95,000 IU, VD 17,500 TU, VE 18,000
IU.

Sample Collection

After slaughter, the entire intestinal tract was immediately placed in CO,-filled
plastic bags and transferred to the laboratory within 30 minutes under anaerobic
conditions. All ileal chyme was weighed (approximately 5 g per kid at 1, 7,
and 14 days of age; approximately 15 g per kid at 28, 42, 56, and 70 days
of age). Two grams of chyme were stored at -80 °C for DNA extraction and
bacterial quantification. Three grams of chyme were mixed with 1 mL of 25%
metaphosphoric acid and 6 mL of water, centrifuged (17,000 x g, 4 °C, 10 min),
and the supernatant stored at -20 °C for acetate determination [7]. Four grams
of chyme from kids at 28, 42, 56, and 70 days of age were pre-warmed at 39
°C, diluted 1:3 with sterile 0.1 mol/L citrate-phosphate buffer (pH 6.6) under
anaerobic conditions, and stored at -20 °C for enzyme activity analysis.

Determination of Digestive Enzyme Activities and Acetate Content

Tleal chyme acetate content was determined by gas chromatography (78904,
Agilent) according to the method of Garcia-Gonzélez et al. [8]. For enzyme
activity assays, samples were thawed and bacterial cells were disrupted by ul-
trasonication under anaerobic conditions, followed by centrifugation (15,000 x
g, 4 °C, 20 min). The supernatant was used as the enzyme solution. For amy-
lase, cellulase (CMCase), and xylanase, 0.5 mL of enzyme solution, 0.5 mL of
0.1 mol/L citrate-phosphate buffer (pH = 6.6), and 1.0 g of corresponding sub-
strate (starch, carboxymethyl cellulose, and xylan, all from Sigma) dissolved in
100 mL of water were mixed and incubated at 39 °C for 15, 30, and 15 min,
respectively. Two blank controls (substrate only or enzyme solution only) were
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included to correct results. One unit of enzyme activity was defined as the
amount of enzyme producing 1 mol/L of reducing sugar per minute.

Quantification of Functional Bacteria

Selected bacteria included: total bacteria (general bacteria, GB); Prevotella
genus, including Prevotella (Pre) and Prevotella ruminicola (Pr), which are
typical protein-degrading bacteria and also starch-degrading bacteria; two
cellulolytic bacteria (Cb), Fibrobacter succinogenes (Fs) and Ruminococcus
flavefaciens (Rf); two amylolytic bacteria (Ab), Selenomonas ruminantium
(SELE) and Ruminobacter amylophilus (RAMY); and methanogens (Met),
which are evolutionarily distinct microorganisms (archaea) different from
bacteria. Known rumen archaea are strictly anaerobic methanogens, most of
which are hydrogenotrophic and can utilize hydrogen and CO, released during
carbohydrate degradation to produce methane [9]. These bacteria were selected
because they play important roles in nutrient digestion. Bacteria-specific
primers for real-time quantitative PCR (qPCR) are listed in Table 2 .

Table 2 Primers of bacteria used for real-time quantitative PCR

Primer Primer sequences Product Amplification
names (5-3) size/bp efficiency /% Reference
Met-F GGATTAGATACCCGGTAGT Hook et
al. [10]
Met-R GTTGATCCAATTAAACCGCA
GB-F CGGCAACGAGCGCAACCC Denman
et
al. [11]
GB-R CCATTGTAGCACGTGTGTAGCC
Pre-F GGTTCTGAGAGGAAGGTCCCC Stevenson
et
al. [12]
Pre-R TCCTGCACGCTACTTGGCTG
Pr-F GAAAGTCGGATTAATGCTCTATGTTG Stevenson
et
al. [12]
Pr-R CATCCTATAGCGGTAAACCTTTGG
Fs-F GTTCGGAATTACTGGGCGTAAA Denman
et
al. [11]
Fs-R CGCCTGCCCCTGAACTATC
RfF CGAACGGAGATAATTTGAGTTTACTTAGG Stevenson
et
al. [12]
Rf-R CGGTCTCTGTATGTTATGAGGTATTACC
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Primer Primer sequences Product Amplification
names (5-3) size/bp efficiency /% Reference
SELE-F CAATAAGCATTCCGCCTGGG Stevenson
et
al. [12]
SELE-R TTCACTCAATGTCAAGCCCTGG
RAMY-F CTGGGGAGCTGCCTGAATG Stevenson
et
al. [12]

RAMY-R CTGGGGAGCTGCCTGAATG

Total DNA Extraction

Total bacterial DNA from ileal chyme was extracted using the QIAamp DNA
Stool Mini Kit (Qiagen). Approximately 0.2 g of chyme sample was processed ac-
cording to the manufacturer’ s instructions, with one modification: after adding
ASL buffer, samples were incubated at 95 °C for 10 min to ensure lysis of both
Gram-negative and Gram-positive bacterial cell walls. Extracted DNA was dis-
solved in 50 L of sterile nuclease-free water, and nucleic acid concentration
(ng/ L) and purity (ODyg, nm/ODyg, nm) were measured using a NanoDrop
ND-100 spectrophotometer. DNA was stored at -20 °C until use.

Real-Time Quantitative PCR Analysis

Target Fragment Amplification PCR was performed using total ileal bac-
terial DNA as template. Reaction systems and conditions followed those de-
scribed by Jiao et al. [9]. After PCR, 20 L of product was analyzed by 2%
agarose gel electrophoresis.

Cloning of Amplification Products PCR products were purified using the
Wizard® SV Gel and PCR Clean-Up System according to the manufacturer’
s protocol. Purified products were ligated into pMD®18-T Vector and trans-
formed into 50 L of E. coli competent cells. Transformed cells were incubated
in 950 L of pre-warmed SOC medium at 37 °C and 180 r/min for 1.5 h. Then,
50 L of culture was plated onto LB agar plates containing ampicillin (Amp),
isopropyl -D-1-thiogalactopyranoside (IPTG), and 5-bromo-4-chloro-3-indolyl-
B-D-galactopyranoside (X-gal), and incubated at 37 °C for 12-16 h until colonies
appeared. Single white colonies were selected for culture and colony PCR. iden-
tification. Positive clones were sequenced by Sangon Biotech (Shanghai) Co.,
Ltd. Correct plasmid DNA was extracted from verified clones using the TaKaRa
MiniBEST Plasmid Purification Kit Ver. 3.0.

Standard Curve Construction and Sample Detection Positive plasmid
clones for each bacterial group were quantified using a NanoDrop ND-100 spec-
trophotometer. Copy numbers were calculated based on molecular mass and
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concentration to prepare standards. Known copy number plasmid standards
were serially diluted 10-fold, and 5-8 dilution gradients were used as templates
for PCR.

Real-time qPCR conditions were identical for standard plasmids and samples,
using a 10 L reaction system: 5 L SYBR Green I premix, 0.2 L ROX, 0.2 L
each of forward and reverse primers (10 mol/mL), 1 L plasmid DNA template
or sample DNA template (diluted to ~10 ng/ L), 0.05 L bovine serum albumin
(BSA), and 3.35 L sterile deionized water. Cycling conditions: 95 °C for 30 s;
40 cycles of 95 °C for 5 s, 60 °C for 30 s (with fluorescence acquisition); and a
melting curve from 60 °C to 95 °C.

Bacterial Quantity Calculation Cycle threshold (Ct) values from qPCR
were converted to log values using corresponding standard curves. Bacterial
numbers [log (cells/g)] were calculated according to the formula in reference [13],
and functional bacterial percentages relative to total bacteria were computed.

Statistical Analysis

Data were analyzed using SPSS 21.0 software for one-way ANOVA and bivariate
correlations. Results are expressed as means + standard deviation, with P <
0.05 considered statistically significant.

Results
Acetate Content

Since acetate was not detected in ileal chyme at 1 and 7 days of age, Table 3
only shows acetate content at 14, 28, 42, 56, and 70 days of age. Age had a
significant effect on ileal acetate content (P = 0.045), with values at 28, 42, and
56 days significantly higher than at 14 days (P < 0.05) but significantly lower
than at 70 days (P < 0.05).

Table 3 Acetate concentration in ileal chymus of lambs at different days of age,

%
Item Days of age P-value
Acetate 1.97 +£ 0.13, 3.8 £ 3.17, 3.97 + 0.045

2.77,3.50 £ 1.95, 7.61 £ 2.38

Values in the same row with different letter superscripts differ significantly (P
< 0.05), while those with the same or no superscripts do not differ significantly
(P > 0.05). The same applies below.
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Digestive Enzyme Activities

Due to insufficient ileal chyme samples at 1, 7, and 14 days of age, enzyme ac-
tivities could not be measured. Therefore, Table 4 only shows enzyme activities
at 28, 42, 56, and 70 days of age. Amylase activity showed fluctuating increases
with age but did not change significantly (P = 0.118). Age significantly or
highly significantly affected cellulase (P = 0.030) and xylanase activities (P =
0.001), with values at 42, 56, and 70 days significantly higher than at 28 days
(P < 0.05).

Table 4 Digestive enzyme activities in ileal chymus of lambs at different days
of age, U/g

Items Days of age P-value

Amylase 0.73 +£ 0.05, 1.17 + 0.45, 0.75 +  0.118
0.14, 0.78 £+ 0.25

CMCase 0.028 4+ 0.007 , 0.076 + 0.036 , 0.030
0.080 4+ 0.010, 0.075 £ 0.028

Xylanase 0.089 + 0.007 , 0.240 + 0.093 , 0.001

0.240 £ 0.036 , 0.330 £ 0.066

Bacterial Numbers

As shown in Table 5 , age had a highly significant effect on total bacterial num-
bers in ileal chyme (P < 0.01). Total bacteria at 7, 14, 28, and 42 days were
significantly higher than at 1 day (P < 0.05) but significantly lower than at 56
and 70 days (P < 0.05). Age also highly significantly affected the percentages
of Prevotella (P < 0.01), Prevotella ruminicola (P < 0.01), methanogens (P <
0.01), Fibrobacter succinogenes (P = 0.006), Ruminococcus flavefaciens (P =
0.002), and Ruminobacter amylophilus (P = 0.001) relative to total bacteria, but
did not significantly affect Selenomonas ruminantium percentage (P = 0.714).
With increasing age, the percentages of Prevotella, P. ruminicola, methanogens,
and F. succinogenes showed gradual increasing trends, while R. flavefaciens,
R. amylophilus, and S. ruminantium did not follow similar patterns. Peak per-
centages of R. flavefaciens and R. amylophilus occurred at 42 and 28 days,
respectively. The dominant bacteria in goat kid ileal chyme were Prevotella,
P. ruminicola, methanogens, and R. amylophilus, while F. succinogenes and R.
flavefaciens were relatively less abundant, and S. ruminantium was the least
abundant.

Table 5 Total bacterial numbers and functional bacterial percentages in ileal
chymus of lambs at different days of age
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Items Days of age P-value

GB/[lg(cells/g)]  5.59 4+ 0.28 ,8.22 + 0.34,8.30 < 0.001
+0.25,7.96 + 0.62 , 8.23 +
0.44, 10.01 + 0.93 , 9.73 + 0.38

Pre/% 0.27, 4.92 4+ 2.94, 19.91 + < 0.001
10.95 , 0.36 + 0.15, 1.85 + 0.87 ,
5.26 & 0.064 , 9.75 + 6.94 , 1.01
+ 0.56

Pre 5.74 + 0.22 , 11.24 + 10.05, < 0.001
0.82 + 1.09, 5.96 + 0.48 , 8.55
+3.04, 1.86 + 1.35, 6.55 +
0.19 , 44.49 + 19.37

Pr 55.28 + 16.13 , 14.64 + 8.43 < 0.001
7.14 4+ 0.41, 251 + 1.76 , 7.22
+0.30 , 4.02

Met /% 0.16, < 0.001

Cb/% 0.30 + 0.32, 0.87 + 0.81,0.20  0.006

4+ 0.25, 14.11 + 8.30, 1.51 +
0.46 , 1.52 + 1.12

Fs 1.13 4+ 0.76 , 0.62 + 0.77,0.70  0.002
+ 0.63, 0.53 + 0.37, 0.91 + 0.49,
53.89 + 26.50

Rf 0.67 + 0.41, 4.95 + 3.48 , 0.43 + 0.001
0.43, 22.70 + 12.04 , 0.53 + 0.28,
3.42 + 3.64

Ab/%

SELE

RAMY

Correlation Analysis

Table 6 shows correlation coefficients between bacterial composition and diges-
tive function indices, with absolute values > 0.40 considered significant. Acetate
content was significantly positively correlated with percentages of Prevotella, P.
ruminicola, and methanogens (P < 0.05). Amylase activity was significantly pos-
itively correlated only with R. flavefaciens percentage (P < 0.05). Cellulase ac-
tivity was highly significantly positively correlated with methanogen percentage
(P < 0.01) and significantly negatively correlated with R. amylophilus percent-
age (P < 0.05). Xylanase activity was significantly positively correlated with
percentages of Prevotella, P. ruminicola, methanogens, and F. succinogenes
(P < 0.05), but highly significantly negatively correlated with R. amylophilus
percentage (P < 0.01).

Table 6 Correlation coefficients between bacterial community and digestive
functional indexes in ileal chymus of lambs
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Ttems Acetate Amylase Cellulase Xylanase
Pre 0.547*  0.620%* 0.456* 0.594*
Pr 0.625*%*  -0.576*  0.601* 0.595*
SELE  0.750*  0.546* -0.704**

Met

Fs

Rf

RAMY

** meant extremely significant difference (P < 0.01), and * meant significant

difference (P < 0.05).

Discussion
Development of Ileal Digestive Function After Birth in Goat Kids

Direct studies have confirmed that besides the rumen’ s powerful capacity to
degrade fibrous materials, the small intestine (including jejunum and ileum) of
ruminants also possesses strong compensatory digestive ability for dietary fiber
[14-15]. This suggests that the establishment and perfection of post-ruminal
digestive capacity are directly related to the quantity and types of bacteria col-
onizing the hindgut, with the most direct indicators being volatile fatty acid
(VFA) production capacity and enzyme activity. As ruminants age, various di-
gestive enzymes (especially fiber-degrading enzymes) secreted by small intesti-
nal bacteria enable feed materials (particularly fiber) entering the hindgut to be
converted into VFAs, representing a gradual establishment and improvement of
carbohydrate degradation capacity [3-4]. Studies have shown that strong fiber
digestion also exists in the cecum and colon of ruminants [16-17]. Our results
demonstrate that acetate content in goat kid ileal chyme increased gradually
with age, accompanied by synchronous increases in cellulase and xylanase activ-
ities. Based on these data, we infer that small intestinal (ileal) bacteria began
developing the capacity to degrade and digest fibrous materials from 14 days of
age. Which bacteria play dominant roles will be discussed further below.

Zhang et al. [18] reported that ileal amylase activity increased gradually with
lamb age, stabilizing at 3 months, likely due to increasing feed intake, changing
food sources, and progressive gut development and bacterial evolution. However,
under our experimental conditions, ileal amylase activity did not change signif-
icantly between 28 and 70 days of age, while cellulase and xylanase activities
increased markedly. The possible reason is that the ileum is not the primary
site for amylase secretion, while gradual weaning increased hindgut bacterial
colonization, enhancing the response to fibrous materials (cellulose, hemicellu-
lose, and xylan) entering the hindgut and consequently increasing cellulase and
xylanase secretion capacity.
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Bacterial Colonization in the Ileum After Birth

Although ileal bacterial types and numbers cannot compare with those in the
rumen, our results show that ileal bacterial numbers reached 10%-10% cells/g.
Bacterial numbers in goat kid ileum increased by three orders of magnitude
within the first week after birth, likely originating from maternal bacteria, milk,
and the surrounding environment [19-20]. Generally, lambs lack rumination
function and have immature rumen development during the first 3 weeks post-
partum, making doe milk the primary nutrient source for hindgut bacterial
colonization and survival [21]. In this study, Prevotella and amylolytic bacte-
ria were among the earliest colonizers in the ileum after birth, and measurable
acetate was detected in ileal chyme at 14 days of age because these bacteria
participate in converting lactic acid, lactose, and other oligosaccharides enter-
ing the hindgut into VFAs [21]. Total bacterial numbers in goat kid ileal chyme
peaked and remained relatively stable at 56 and 70 days of age, suggesting
that hindgut bacterial colonization is essentially completed by approximately
2 months of age. Regarding functional bacteria, the percentages of Prevotella,
P. ruminicola, and F. succinogenes increased significantly with age, coinciding
with increased acetate content and cellulase and xylanase activities. Consid-
ering that Prevotella and P. ruminicola were dominant groups in ileal chyme,
ileal fiber digestion capacity appears to depend on increased numbers of these
two bacteria. Correlation analysis also confirmed that their percentages were
significantly positively correlated with acetate content.

The peak numbers of R. flavefaciens and R. amylophilus at 42 and 28 days
of age, respectively, may be related to dietary changes during gradual wean-
ing and warrant further investigation. Additionally, at 42 days of age when
complete weaning and diet change occurred, bacterial numbers indicated that
weaning particularly caused dramatic changes in R. flavefaciens and R. amy-
lophilus numbers compared with 28 and 56 days. Similar results were observed
in the cecum and colon by Jiao et al. [9]. Although methanogens were not the
most abundant bacteria in the ileum, they were second only to Prevotella and re-
mained relatively stable from the first detection at 7 days of age, indicating that
methanogen colonization in the ruminant hindgut may be essentially completed
within the first week.

Conclusions

1. The capacity for fiber degradation and digestion in the goat ileum is not
present at birth but is established gradually after 28 days of age along with
colonization of functional bacteria such as Prevotella and P. ruminicola.

2. The earliest colonizing bacteria in the ileum are Prevotella, Selenomonas
ruminantium, and methanogens, while cellulolytic bacteria including F.
succinogenes and R. flavefaciens begin colonizing at 28 days of age.

3. Methanogens are abundant not only in the rumen but also in the ileum,
where their numbers remain stable regardless of dietary changes.
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