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Abstract 18 

This study investigated whether the microbial assemblages in the gastrointestinal 19 

tracts (GITs) of sika deer calves can be manipulated by maternal rumen microbiota 20 

transplantation (MRMT). The results suggest that MRMT had no significant effect on 21 

the growth of calves but markedly lowered the duration of diarrhea and increased 22 

rumen fermentation in sika deer calves. Sequencing analysis of 16S rRNA gene 23 

amplicons revealed that MRMT increased the ability of some microbial taxa to 24 

colonize the GIT or enabled the colonization of others, which caused the ruminal 25 

microbial communities in sika deer calves to shift such that they resembled those of 26 

their mothers and promoted the temporal development of gut microbial diversity in 27 

deer calves. Moreover, after inoculation, 7 inoculum-dominant taxa (Butyrivibrio, 28 

Tenericute, RFP12, SR1, Verrucomicrobia, Verruco-5, and WCHB1-4) and one 29 

inoculum-dominant taxon (Butyrivibrio) were significantly enriched in the rumen and 30 

feces of the sika deer calves, respectively. These data suggest that MRMT may be an 31 

effective approach for promoting microbial establishment in the GIT and preventing 32 

diarrhea in sika deer calves. 33 

 34 
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INTRODUCTION 39 

The sika deer (Cervus nippon) is an important animal in China and has unique 40 

economic value. It is one of the main varieties used to produce high-quality velvet 41 

antlers, which are commonly used in traditional Chinese medicine [1]. However, due 42 

to overhunting and habitat fragmentation, the population of wild sika deer in 43 

northeastern China was on the verge of extinction by the end of the last century. In 44 

addition, sika deer have strong ornamental value because of their beauty, which could 45 

improve the potential for the development and utilization of tourism. Therefore, 46 

artificial rearing of sika deer has become the main method used to relieve the pressure 47 

of resource depletion and promote the development of tourism. Nevertheless, the 48 

diarrhea mortality rate of small artificially reared sika deer is greater, which causes 49 

great economic losses to the farming industry [2]. Hence, diarrhea has become the 50 

focus of prevention and control in artificially reared sika deer, although relevant 51 

research is still lacking. 52 

Microbial colonization of the gastrointestinal tract (GIT) in neonatal ruminants is 53 

a key process that affects their health later in life [3]. Furthermore, the diversity and 54 

abundance of the microbial community in the GIT also markedly affect the feed 55 

efficiencies of ruminants [4]. The rumen microbiota provides 70% of the daily energy 56 

requirements of ruminants by fermenting undigested dietary substrates [3]. The 57 

microbiota of the mature rumen, comprising bacteria, archaea, fungi, and protozoa, 58 

can digest some forage feeds that cannot be broken down monogastrically and 59 

produce microbial crude protein and volatile fatty acids (VFAs), which serve as the 60 

main protein and energy sources for ruminants, respectively [3, 5]; hence, previous 61 

studies have mainly focused on improving ruminant health and feed utilization 62 

efficiency by dietary intervention to regulate the GIT microbial community [6, 7]. 63 

However, few studies have achieved lasting or consistent effects. This is mainly 64 

because a mature GIT microbial ecosystem has a highly stable host microbial 65 

community, and once manipulation is stopped, the composition of the microbial 66 

community will return to its original composition [8-10]. 67 
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Generally, the GITs of newborn ruminants are considered sterile, and microbes 68 

quickly colonize the GIT after birth and gradually develop into a complex and stable 69 

microbiome [8], making it possible for the early life manipulation of the GIT 70 

microbiome to have lasting effects on adult ruminants. In ruminants, initial GIT 71 

microbial colonization is primarily determined by maternal-offspring microbial 72 

exchange through various methods, such as the exposure of neonates to a dam’s 73 

vagina, colostrum, breast milk, and skin [3]. Studies have shown that a lack of contact 74 

with adult animals and artificial milk feeding can limit rumen microbiota 75 

development and negatively affect feed digestibility [11, 12]. Digestive disorders are 76 

the most common cause of diarrhea in small ruminants [3]. Therefore, compared with 77 

reared sika deer in dams, artificially reared sika deer are removed from their mothers 78 

immediately after birth and fed artificial milk, which may increase the likelihood of 79 

causing health and digestive problems. 80 

In the present research, we hypothesized that repeated oral transplantation of 81 

maternal rumen microbiota could promote GIT microbiota community development 82 

and improve the health of sika deer calves. In this research, our objectives were to 83 

explore how to reconstruct the GIT microbial community of newborn sika deer 84 

through repeated oral transplantation of the microbiota in rumen fluid from a mother 85 

sika deer to her own offspring and to reveal the relationship between GIT colonization 86 

and development in sika deer. 87 

 88 

MATERIALS AND METHODS 89 

Animal experiments and preparation of ruminal inoculum 90 

Healthy newborn sika deer (n=12) and their mothers (n=12) were selected from the 91 

Dongfeng County Sika Deer Industry Development Bureau in Liaoyuan, China. The 92 

separation of newborns from their mothers and milk distribution are the main methods 93 

for artificial rearing of sika deer. Therefore, 12 newborn sika deer were separated 94 

from their mothers immediately after birth under artificial rearing conditions (indoors). 95 

These 12 deer were randomly divided into control (CON; n=6, half male and female) 96 
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and fresh rumen fluid (FRF; n=6, half male and female) groups, placed in two 97 

separate pens (2 m × 2 m) and acclimatized for three days (after birth, all the deer 98 

calves were fed approximately 800 mL of bovine colostrum divided into 5 doses for 99 

three consecutive days). The sika deer calves in the CON group did not receive any 100 

supplements, while those in the FRF group received 10 mL of fresh rumen fluid 101 

(added to the milk bottles) from their own mothers daily for four consecutive weeks. 102 

The sika deer calves in the CON and FRF groups were fed the same diet of 103 

commercial pasteurized pure milk (g/100 mL) containing 3.0 crude protein (CP), 3.7 104 

ether extract (EE), 4.8 carbohydrate, 0.062 sodium, and 0.10 calcium five times daily 105 

at 5:00, 9:00, 13:00, 17:00, and 21:00 h and had free access to commercial starter 106 

grain (31% corn, 44% soybean meal, 13% cooked beans, 9% wheat bran, and a 3% 107 

mixture of vitamins and mineral salts) on a dry matter (DM) basis: 98.35% organic 108 

matter (OM), 28.12% CP, 0.77% calcium, and 0.56% phosphorus and clean water. To 109 

meet the increasing nutritional needs of the newborn sika deer, the milk volume was 110 

increased from 1,000 mL/d on day 1 of the experiment (4 days old) to 1,850 mL/d on 111 

day 35 of the experiment (with the amount being increased by 25 mL per day). For the 112 

transplantation of microbiota from maternal rumen fluid, fresh rumen fluid samples 113 

were collected weekly (a total of 4 times) from each mother sika deer (after calving) 114 

corresponding to the deer calves in the FRF group via oral tubing [13]. Briefly, a 115 

flexible polyvinyl chloride tube with approximately 20 holes in the probe head was 116 

warmed with hot water and inserted through the esophagus into the rumen. Next, the 117 

rumen contents were obtained using an electric vacuum pump (Wertheim, Germany) 118 

connected to a sterile collection container. These samples were collected before the 119 

morning feeding and were filtered through cheesecloth (four layers) under a constant 120 

flow of CO2 to remove large feed particles (inocula) and then stored at 4°C in aliquots 121 

of 10 mL to be used for up to one week for inoculation. In addition, aliquots of 5 mL 122 

of rumen fluid samples from the mothers of sika deer calves in the CON and FRF 123 

groups were collected one time and immediately frozen at -80°C for DNA isolation 124 

(the mother samples were named MCON and MFRF, respectively). The mother sika 125 

deer were maintained in an individual outdoor pen and were fed with 40% 126 
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commercial concentrate (67% corn, 20% soybean meal, 10% wheat bran, and a 3% 127 

mixture of vitamins and mineral salts) and 60% forage mixture (alfalfa hay: corn 128 

silage: dry oak leaves = 1:1:1), and the nutritional composition of the commercial 129 

concentrate (on a DM basis) was 98.90% OM, 15.81% CP, 0.76% calcium, and 0.58% 130 

phosphorus, while that of the forage mixture was 93.83% OM, 11.19% CP, 2.29% EE, 131 

and 36.05% crude fiber (CF). All animals had free access to clean water and food. 132 

Food was provided twice daily, at 8:00 and 16:00 h. 133 

 134 

Sampling and analysis 135 

Ruminal development is divided into three stages: the nonrumination stage (from 136 

birth to 21 days), the transitional stage (from 21 to 56 days), and the rumination stage 137 

(from 56 days onward) [3]. The diarrhea incidence of young ruminants during the 138 

preruminant stage is higher; therefore, the experimental period of this study was set at 139 

the mid-transitional stage of 35 days. The body weight (BW) of sika deer calves was 140 

weighed weekly to calculate their average daily gains (ADGs). Fecal consistency was 141 

inspected by the farm workers five times daily (during milk feeding time) and scored 142 

on a scale from 1 to 4. Codes 1, 2, 3, and 4 were defined as normal consistency, 143 

semiformed or pasty, loose feces, and watery feces, respectively. Sika deer calves with 144 

a fecal score greater than or equal to 3 were considered positive for diarrhea [14]. 145 

Fecal samples were collected from the sika deer calves on experiment days 1 (before 146 

inoculation with maternal rumen microbiota), 28 (end of inoculation with maternal 147 

rumen microbiota), and 35 (one week after the end of the maternal rumen fluid 148 

inoculation period to ensure that the microorganisms involved in collected samples 149 

represent those that have colonized the GIT of sika deer calves and not from the 150 

inocula) and then quickly frozen at -80°C for DNA extraction. Moreover, on the final 151 

day of the experiment, blood samples and rumen fluid samples of each sika deer calf 152 

were collected. Blood samples were collected from the jugular vein, and serum was 153 

harvested by centrifugation (3000 rpm and room temperature for 15 min) to determine 154 

aspartate aminotransferase (AST), alkaline phosphatase (ALP), and blood urea 155 
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nitrogen (BUN) levels using commercial ELISA kits (Nanjing Jian Cheng 156 

Bioengineering Inc., China). The data were measured by an autoanalyzer (Selectra-E, 157 

Holland). Rumen fluid samples were withdrawn through orogastric intubation [13] 158 

and filtered through cheesecloth as previously described. An aliquot of 5 mL of rumen 159 

fluid from each sika deer calf was preserved at -80°C until DNA extraction. The pH 160 

values of the rumen fluid were measured immediately using a pH meter, and two 161 

subsamples were taken to determine the VFAs and ammonia-N concentrations using 162 

gas chromatography [15] and the colorimetric method [16], respectively. More details 163 

on method were provided in the supplementary materials. 164 

 165 

DNA extraction and microbiota analysis 166 

Metagenomic DNA was extracted from the rumen and fecal samples according to the 167 

manufacturer's instructions. The quality of the DNA samples was assessed by 1.2% 168 

agarose (Invitrogen, United States) gel electrophoresis, and the concentrations were 169 

quantified by a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, United States). 170 

The 16S rRNA gene hypervariable V3-V4 amplicon libraries were generated using 171 

341F-CCTAYGGGRBGCASCAG and 806R-GGACTACNNGGGTATCTAAT 172 

primers [17]. The amplicon libraries were then sequenced with 2 × 250 paired-end 173 

sequencing on an Illumina MiSeq platform. The generated sequence data were 174 

processed and analyzed using Quantitative Insights Into Microbial Ecology 2 175 

(QIIME2) (version 2019.4) [18]. Briefly, the DADA2 plugin was used to denoise the 176 

forward and reverse reads by filtering out low-quality reads with a Q-value of < 25 177 

and to merge the reads before removing chimeras and singletons [19]. Finally, on 178 

average, 42,496 (35,501-50,716) and 49,005 (33,383-91,467) high-quality sequences 179 

resulted from each rumen fluid (Table S1) and fecal sample (Table S2), respectively, 180 

for further analysis. Amplicon sequence variants (ASVs) were classified into taxa 181 

based on the Greengenes database (version 13.8) [20] using a naive Bayes classifier 182 

[21]. Alpha diversity measurements, including the Chao1 index and Shannon index 183 

based on the number of observed unique ASVs were conducted using QIIME2 184 
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(version 2019.4) to compare the microbial community diversity with the single rumen 185 

fluid or fecal sample. Beta diversity based on Bray‒Curtis distance was calculated 186 

using the vegan package of R to compare the overall dissimilarity of microbiota 187 

between different groups in rumen fluid or fecal samples through analysis of 188 

similarity (ANOSIM) and shown by principal coordinates analysis (PCoA). Species 189 

composition differences were analyzed at the phylum, family, and genus levels to 190 

determine the differences in the abundance of microbial communities in the rumen 191 

fluid or fecal samples between the FRF and CON groups. In addition, the relative 192 

abundances of microbial taxa and the number of microbial taxa shared by and solely 193 

observed in the rumen and fecal samples were visualized using heatmaps and Venn 194 

diagrams, respectively [14]. To identify the cooccurrence of microbiota established in 195 

the GITs of sika deer calves and inocula, the taxa that differed significantly in 196 

abundance between the inocula (MFRF) and the rumen fluids of sika deer calves in 197 

the CON group were identified using linear discriminant analysis effect size (LEfSe) 198 

analysis conducted by LEfSe software with an LDA score >2 [22]. The taxa that were 199 

more abundant in the MFRF samples than in the rumen samples from the sika deer 200 

calves in the CON group were referred to as “inoculum-predominant taxa” 201 

(biomarkers of inocula). The same comparison was made between the CON and FRF 202 

groups to infer the biomarkers that might be established by MRMT. Specifically, the 203 

taxa that had high abundances in both the inocula and the rumen fluid of the FRF sika 204 

deer calves but not in the rumen fluid of the CON sika deer calves were considered as 205 

probable biomarkers of the rumen microbiota of the mother deer donors. More details 206 

on method were provided in the supplementary materials. 207 

 208 

Statistical analysis 209 

The number of animals (n) used in the experiments is listed in the tables and figures. 210 

Data were assessed in GraphPad Prism software (version 8) with the default 211 

parameter according to experience. The obtained data were subjected to normal 212 

distribution tests using the Shapiro‒Wilk test and Kolmogorov‒Smirnov test. 213 
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Diarrheal status, serum biochemical parameters, animal performance, and rumen 214 

microbial fermentation data were analyzed by unpaired two-tailed Student’s t tests. 215 

Alpha diversity, Bray–Curtis distance, and microbial proportions (comparisons of 216 

deer calves between the FRF and CON groups) were analyzed using the 217 

nonparametric Mann‒Whitney test (between two groups) or Kruskal‒Wallis test 218 

(more than two groups). Dissimilarities in the ruminal or fecal microbial community 219 

were conducted by ANOSIM based on Bray‒Curtis distances with 999 permutations 220 

using the vegan package of R. LEfSe analysis was calculated by LEfSe software with 221 

an LDA score >2. Pairwise comparisons were adjusted by false discovery rate. Data 222 

are presented as the mean ± SD, and differences were considered significant when the 223 

P value was below 0.05 and trends when 0.05 < P < 0.10. 224 

 225 

RESULTS 226 

Diarrheal status, biochemical parameters, animal performance, and 227 

microbial fermentation 228 

During the whole experimental period, one sika deer calf in the CON group died due 229 

to pneumonia on the 7th day of the experiment, and no samples were obtained from 230 

this individual. All the sika deer calves (5 of 5) in the CON group eventually 231 

developed diarrhea, and the average duration of diarrhea for each sika deer calf was 232 

2.12 ± 0.88 days, while in the FRF group, most of the sika deer calves also developed 233 

diarrhea (4 of 6), but the average duration of diarrhea was markedly decreased (0.70 ± 234 

0.25 days; P = 0.008; Table 1). The serum AST (P = 0.650), ALP (P = 0.937), and 235 

BUN (P = 0.604) levels were not markedly different between the sika deer calves in 236 

the CON and FRF groups (Figure S1). The initial body weights of the sika deer in the 237 

CON and FRF groups were 5.85 ± 0.44 kg and 6.64 ± 1.37 kg, respectively, and there 238 

was no significant difference (P = 0.292) in these weights between the two groups 239 

(Table 2), suggesting successful randomization when establishing comparable trial 240 

groups. The sika deer calves in the CON group gained 0.16 ± 0.03 kg of weight per 241 

day, which was not significant compared with that of the sika deer calves in the FRF 242 
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(0.15 ± 0.02 kg/d) group (P = 0.471; Table 2). In the rumen fluid samples, the 243 

concentrations of acetic acid (P = 0.004), butyric acid (P = 0.006), valeric acid (P 244 

=0.027), and total VFAs (P = 0.005) in the FRF group were significantly greater than 245 

those in the CON group; the pH value (P = 0.019) was markedly lower than that in 246 

the CON group; the ammonia nitrogen concentration (P = 0.152) of the rumen fluid 247 

samples did not differ between the CON and FRF groups (Table 3). 248 

 249 

The effect of maternal ruminal microbiota transplantation on ruminal 250 

microbial diversity and the community of sika deer calves 251 

In total, 934,915 high-quality sequences were identified as 28,062 ASVs with an 252 

average Good’s coverage value of 98.16 ± 0.94% for all rumen fluid samples. The 253 

Chao1 index of the rumen microbiota in the FRF group was significantly higher than 254 

that in the CON group (P = 0.017); moreover, the rumen microbial communities in 255 

the samples from the mothers were more diverse and had higher Chao1 and Shannon 256 

indices than those in the samples from the sika deer calves (P < 0.05; Figure 1). The 257 

PCoA scatter plot based on Bray‒Curtis distance (Figure 2A) and the heatmap 258 

analysis of microbial taxa (Figure S2A) showed that there was high microbial 259 

community similarity among the maternal samples (ANOSIM, MCON vs. MFRF: P = 260 

0.495) but that the maternal samples were different from the sika deer calf samples 261 

(ANOSIM, CON vs. MCON: P = 0.007; FRF vs. MFRF: P = 0.004); in addition, the 262 

ruminal microbial communities in the sika deer calves were significantly different 263 

between the calves in the CON and FRF groups (ANOSIM, CON vs. FRF: P = 0.002). 264 

The Bray‒Curtis distance between the FRF and MFRF groups was significantly lower 265 

than that between the CON and MCON groups (P < 0.0001; Figure 2B). The Venn 266 

diagrams revealed that the calves in the FRF group shared more rumen microbial 267 

phyla, families, or genera with maternal samples than did the calves in the CON group 268 

(Figure S2B). These results suggested that MRMT caused the ruminal microbial 269 

communities of artificially reared sika deer calves to shift such that they resembled 270 

those of maternal samples. On day 35 of the experiment (Figure 2C-E and Figure S3), 271 
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the relative abundances of microbial taxa, such as BS11 (P = 0.028) and Butyrivibrio 272 

(P = 0.045) were markedly higher in the ruminal microbiota of deer in the FRF group 273 

than in the CON group. 274 

Effect of maternal ruminal microbiota transplantation on the fecal 275 

microbiota diversities and communities of sika deer calves 276 

In total, 1,617,169 high-quality sequences were identified as 18,151 ASVs with an 277 

average Good’s coverage of 99.45 ± 0.44% for all the fecal samples. In the CON 278 

group, the Shannon index was significantly higher on day 35 than on day 1 of the 279 

experiment (P = 0.044), while in the FRF group, the Shannon index was significantly 280 

higher on days 28 (P = 0.024) and 35 (P = 0.021) than on day 1 of the experiment 281 

(Figure 3). The PCoA scatter plot based on Bray‒Curtis distance (Figure 4A-B) and 282 

heatmap analysis of microbial taxa (Figure S4A) showed that the microbial 283 

communities in the fecal samples of the CON and FRF groups were significantly 284 

different from day 1 of the experiment to days 28 (ANOSIM, T1CON vs. T2CON: P 285 

= 0.017; T1FRF vs. T2FRF: P = 0.002) and 35 (ANOSIM, T1CON vs. T3CON: P = 286 

0.008; T1FRF vs. T3FRF: P = 0.003), but there was no significant difference between 287 

days 28 and 35 of the experiment (ANOSIM, T2CON vs. T3CON: P = 0.266; T2FRF 288 

vs. T3FRF: P = 0.424). The fecal microbial communities of the CON and FRF groups 289 

were very similar during the first day and final day of the experimental period 290 

(ANOSIM, T1CON vs. T1FRF: P = 0.638; T3CON vs. T3FRF: P = 0.290), but the 291 

Bray‒Curtis distance between 28 and 35 days of the experiment in the FRF group was 292 

significantly lower than that between 1 and 28 days (P = 0.039) and between 1 and 35 293 

days (P = 0.026) of the experiment, while the Bray‒Curtis distance between 28 and 35 294 

days of the experiment in the CON group was only significantly lower than that 295 

between 1 and 35 days of the experiment (P = 0.020). In addition, the Venn diagrams 296 

(Figure S4B) showed that on experiment day 35, the fecal samples of calves in the 297 

FRF group shared more microbial families or genera than did the fecal samples of 298 

calves in the CON group. The taxonomic composition analysis of the fecal microbiota 299 

(Figure 4C-E and Figure S5) showed that on experiment day 1, in the fecal samples of 300 
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the sika deer calves, Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria 301 

were the predominant phyla, and Firmicutes was the most abundant; 302 

Ruminococcaceae, Lachnospiraceae, Bifidobacteriaceae, Bacteroidaceae, and 303 

Enterobacteriaceae were the most common families, and Bifidobacterium, 304 

Bacteroides, Subdoligranulum, and Shigella were the most common genera. Notably, 305 

on experiment day 1, the relative abundances of taxa in the FRF group were not 306 

significantly different from those in the CON group (P > 0.05), while on experiment 307 

day 35, the relative abundances of Lachnospiraceae (P = 0.017) and Butyrivibrio (P = 308 

0.022) were markedly greater in the fecal microbiota of the FRF group than in that of 309 

the CON group. 310 

 311 

Cooccurrence of microbiota established in the GITs of sika deer calves 312 

and inocula 313 

LEfSe analysis showed that 7 inoculum-dominant taxa were enriched in the rumens of 314 

sika deer calves in the FRF group (Figure 5A-B), which were assigned to the genera 315 

Butyrivibrio, Tenericute, RFP12, SR1, Verrucomicrobia, Verruco-5, and WCHB1-41. 316 

Moreover, the relative abundances of Lachnospiraceae, Turicibacter, 317 

Turicibacteraceae, Mogibacterium, and Butyrivibrio were significantly enriched in 318 

the fecal samples from the sika deer calves in the FRF group on experimental days 28 319 

(Figure 5C) and 35 (Figure 5D). Among these taxa, Butyrivibrio is an 320 

inoculum-dominant taxon. 321 

 322 

DISCUSSION 323 

The diarrhea of artificially reared sika deer calves is related to the economic losses of 324 

the deer industry. Antibiotics are widely used for the treatment and prevention of 325 

common gastrointestinal diseases. Considering the adverse impacts of antibiotics on 326 

food security and the global ecological chain, alternatives to antibiotics are urgently 327 

needed in the livestock industry [23]. There is increasing evidence that mammalian 328 

host phenotypes can be manipulated by fecal microbiota transplantation, 329 
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demonstrating that the microbiota of the GIT plays important roles in host health 330 

[24-26]. While the rumen microbiota shares many microorganisms with the fecal 331 

microbiota [27], the rumen microbiota has few or none of the pathogens that cause 332 

diarrhea in young ruminants, such as enterotoxigenic E. coli, Clostridium perfringens, 333 

Cryptosporidium parvum, rotavirus, and coronavirus [14]. Moreover, the initial 334 

microbial colonization of the GIT in ruminants is primarily determined by 335 

maternal-offspring microbiota exchange [3]. Therefore, for ruminants, MRMT may 336 

also be useful in assessing the potential associations between GIT microbiota and host 337 

phenotypes. Our study demonstrated that MRMT significantly decreased the duration 338 

of diarrhea in sika deer calves. This result may be multifaceted, but inoculation with 339 

rumen fluid from adult ruminants has been shown to increase the activities of the 340 

intestinal immune system, and the development of microbiota in young ruminants has 341 

been demonstrated in earlier studies [28, 29]. Therefore, MRMT may be an effective 342 

strategy to improve the gut health of sika deer in artificial rearing. To reveal the 343 

potential mechanism of MRMT and determine which GIT microbes have the potential 344 

to promote GIT development and antidiarrheal effects, in our research, we 345 

systematically studied the effects of MRMT on serum biochemical parameters, animal 346 

performance, rumen microbial fermentation, and the communities of microorganisms 347 

in the ruminal fluid and feces of sika deer calves. 348 

In our study, the sika deer calves in the FRF group were given ruminal fluid daily 349 

for 28 days, which may have resulted in oxidative stress or toxicity. Therefore, several 350 

major indices suggestive of hepatotoxicity (AST and ALP) and nephrotoxicity (BUN) 351 

were examined. The levels of ALT, ALP and BUN were not significantly different 352 

between the CON and FRF groups. These results indicated that MRMT had no 353 

adverse effects on the organs of the sika deer calves, such as the liver and kidneys. No 354 

significant difference was observed in the ADGs of the CON and FRF groups, 355 

suggesting that although the ruminal microbiota composition can be altered during 356 

rumen development, these microbial changes do not necessarily lead to significant 357 

improvements in ruminant growth [30]. 358 

In newborn ruminants, the GIT is normally considered sterile, and the microbial 359 
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community quickly establishes in the GIT after birth [3]. Once a mature microbial 360 

population has been established, the microbial community is usually believed to have 361 

reached a stable status. Stability refers to the existence of a stable equilibrium in the 362 

microbial community; once stability is reached, disturbances in the microbiota 363 

composition lead to changes, but the microbial community as a whole has the ability 364 

to restore these changes to its original status [31]. Generally, microbial communities 365 

with higher stability have stronger adaptability to external disturbances [3]. Therefore, 366 

young animals are more likely than adult animals to develop gastrointestinal diseases. 367 

Moreover, studies have reported that gut microbiomes with lower diversity are more 368 

susceptible to pathogens [32, 33]. In the current study, we observed higher alpha 369 

diversities of the rumen microbiota in the sika deer calves in the FRF group than in 370 

the CON group. Furthermore, the Bray‒Curtis distance was lower and the number of 371 

taxa shared was higher between the FRF and MFRF groups than between the CON 372 

and MCON groups, suggesting that MRMT increased rumen microbiota diversity and 373 

may have shortened the time needed for the rumen microbiota to reach stability in the 374 

artificially reared sika deer calves. There were no significant differences between the 375 

CON and FRF groups in the microbial diversities of the fecal samples throughout the 376 

trial period, but the alpha diversities in the CON group were higher on day 35 than on 377 

day 1 of the experiment, while those in the FRF group were higher on days 28 and 35 378 

than on day 1 of the experiment; moreover, the Bray‒Curtis distance in the FRF group 379 

observed from days 28 to 35 of the experiment was markedly lower than that between 380 

1 and 28 days and between 1 and 35 days of the experiment; however, in the CON 381 

group, the Bray‒Curtis distance observed from days 28 to 35 of the experiment was 382 

only significantly lower than that between 1 and 35 days of the experiment. These 383 

data suggested that although the temporal changes in the fecal microbiota diversity of 384 

the sika deer calves in the CON group were similar to those in the FRF group, MRMT 385 

improved the temporal development of gut microbial diversity and stability from days 386 

1 to 28 of the experiment in the sika deer calves in the FRF group. These findings 387 

demonstrated that MRMT may be an effective method to restore the GIT microbiota 388 

of artificially reared sika deer calves.  389 
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In the present study, Firmicutes was the most abundant in the feces of these sika 390 

deer calves, which is consistent with the results from the feces of preweaned dairy 391 

calves [34]. The sequences from Bifidobacterium, Bacteroides, Subdoligranulum, and 392 

Shigella were the dominant microbiota of the deer calves on day 1 of the experiment. 393 

Escherichia–Shigella and Bacteroides are also abundant in the feces of the calf and 394 

colon of sika deer after birth [35, 36]. The shared distribution of these microbiota 395 

from different ruminants indicates their general importance in the early growth period. 396 

Notably, Bifidobacterium and Subdoligranulum were comparatively abundant in the 397 

fecal samples of newborns. Bifidobacterium is a common probiotic that has been 398 

reported to be relatively abundant in fresh colostrum [37]. Therefore, it may be 399 

transferred from bovine colostrum that is fed to deer calves. Moreover, 400 

Subdoligranulum has been demonstrated to be positively correlated with gut health. 401 

These results proved that all the deer calves had good health status at the start of the 402 

experiment. 403 

To understand the effects of MRMT on key phylotypes of the GIT microbiota in 404 

sika deer calves, the microbial compositions of the rumen and feces of the sika deer 405 

calves in the CON and FRF groups were compared. Earlier studies reported that VFAs 406 

can be absorbed by rumen epithelial cells as additional energy for the host [38, 39]. 407 

BS11 was associated with higher rates of VFA (acetate and butyrate) production in the 408 

rumen [40]. Lachnospiraceae and Butyrivibrio are butyrate-producing bacteria and 409 

play an important function in cellulose degradation, maintenance of health and 410 

productivity of ruminants [41-43]. In the present study, the relative abundances of 411 

BS11 and Butyrivibrio were higher in the rumens of FRF group calves than in those of 412 

CON group calves. As a result, calves in the FRF group had greater rumen 413 

fermentation ability (higher concentrations of acetic acid, butyric acid, and total VFAs) 414 

than calves in the CON group. Moreover, the relative abundances of Lachnospiraceae 415 

and Butyrivibrio were higher in the feces of FRF group calves than in those of CON 416 

group calves. Therefore, MRMT may have the potential to improve the degradation of 417 

structural polysaccharides in the GITs of sika deer calves and play an important role 418 

in promoting the maturation of the GIT immune system in ruminants. In addition, 419 
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given that transferring the rumen microbiota from sika deer mothers to their offspring 420 

significantly decreased the occurrence of diarrhea among the sika deer calves, we 421 

mainly focused on the cooccurrence of the microbiota established in the GITs of the 422 

sika deer calves and the microbiota in the inocula to screen potential biomarkers 423 

related to diarrhea resistance. Seven inoculum-predominant taxa, Butyrivibrio, 424 

Tenericute, RFP12, SR1, Verrucomicrobia, Verruco-5, and WCHB1-41, were more 425 

abundant in the rumens of sika deer calves in the FRF group than in those in the CON 426 

group, suggesting that these microorganisms might be transferred from maternal 427 

rumens to the rumens of artificially reared sika deer calves. Although these 428 

microorganisms are not the dominant microbiota in the ruminal microbial community, 429 

they may play an important role in the main functions of the rumen microbial 430 

community, for instance, dealing with certain secondary metabolites to maintain host 431 

health. Earlier studies of the gut microbiome were largely limited to identifying the 432 

most abundant microbiota associated with health or disease; however, the metabolic 433 

functions performed by low-abundance microbiota may also control gut balance. 434 

Research has reported that Actinobacteria are relatively rare in the healthy human gut 435 

but are positively associated with gut microbiota diversity, play a key role in the 436 

biodegradation of complex starches, and may be involved in suppressing dysbiosis in 437 

patients with inflammatory bowel disease [44, 45]. Therefore, the importance of these 438 

low-abundance species cannot be ignored; however, the correlation between these 439 

candidate microorganisms and host health needs to be further studied. Furthermore, 440 

the genus Butyrivibrio was the only inoculum-dominant taxon that was also more 441 

abundant in the fecal samples of sika deer calves in the FRF group than in the samples 442 

from the CON group on experimental days 28 and 35. Thus, Butyrivibrio may be a 443 

potential target of MRMT. However, fewer inoculum-dominant genera were found in 444 

the feces than in the rumens of the artificially reared sika deer calves, suggesting that 445 

the rumen is more accepting of rumen microbial inoculation than the intestinal tract. 446 

The genus Butyrivibrio has been shown to effectively utilize plant polysaccharides, 447 

such as hemicellulose and pectin, which other bacteria cannot degrade to produce 448 

butyric acid [41]. Butyric acid is an important VFA produced by GIT microbial 449 
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fermentation and can maintain gut health by regulating the immune system and/or 450 

maintaining the gut epithelial barrier [46, 47]. Butyric acid also plays an important 451 

role in promoting rumen development, as mentioned above. Therefore, MRMT has 452 

the potential to promote GIT development in artificially reared sika deer calves. 453 

 454 

CONCLUSIONS 455 

Oral inoculation of artificially reared sika deer calves with rumen microbiota from 456 

their own mothers may substantially affect the establishment of the microbial 457 

community in the GIT; for example, it caused the ruminal microbial compositions of 458 

sika deer calves to resemble those of their mothers and promoted the temporal 459 

development of gut microbial diversity in sika deer calves from day 1 to day 28 of the 460 

experiment. Oral inoculation also increased ruminal fermentation and reduced the 461 

duration of diarrhea in sika deer calves. The genus Butyrivibrio was significantly 462 

enriched in both the rumen and feces of the sika deer calves after inoculation, 463 

indicating that this genus may be a potential target of MRMT. Taken together, these 464 

results reveal that MRMT may be a useful approach to redirect the development of 465 

microbiota in the GIT and improve the health of artificially reared sika deer calves. 466 

 467 

  468 ACCEPTED



CONFLICT OF INTEREST 469 

The authors declare no conflict of interest. 470 

 471 

FUNDING 472 

The writing of the manuscript was supported by Modern Agricultural Technology 473 

Industry System of Shandong province (SDAIT-21-01) and Jilin Provincial Scientific 474 

and Technological Development Program (YDZJ202301ZYTS355). 475 

 476 

AUTHOR CONTRIBUTIONS 477 

GYL, study design, investigation, funding, and editing; SHC, study design, 478 

investigation, and editing; YZ, investigation, experimental process, analysis, original 479 

draft, and editing; SL, writing of the manuscript and editing. All the authors have read 480 

and approved the final manuscript. 481 

 482 

INSTITUTIONAL REVIEW BOARD STATEMENT 483 

Procedures involving animals were approved by the Institute of Special Animal and 484 

Plant Sciences, Chinese Academy of Agricultural Sciences Institutional Animal Care 485 

and Use Committees (No. ISAPSAEC-2021-37).  486 

 487 

  488 
ACCEPTED



REFERENCES 489 

1. Sui Z, Zhang L, Huo Y, Zhang Y. Bioactive components of velvet antlers and their 490 

pharmacological properties. J Pharm Biomed Anal. 2014;87:229-40. Epub 2013/09/14. doi: 491 

10.1016/j.jpba.2013.07.044. PubMed PMID: 24029381. 492 

2. Zhang Y, Liang S, Zhao MD, Yang X, Choi SH, Li GY. Screening and Identification of 493 

Latilactobacillus curvatus Z12 From Rumen Fluid of an Adult Female Sika Deer as a Potential 494 

Probiotic for Feed Additives. Front Vet Sci. 2021;8:753527. Epub 2021/11/09. doi: 495 

10.3389/fvets.2021.753527. PubMed PMID: 34746287; PubMed Central PMCID: 496 

PMCPMC8566888. 497 

3. Zhang Y, Choi SH, Nogoy KM, Liang S. Review: The development of the gastrointestinal tract 498 

microbiota and intervention in neonatal ruminants. Animal. 2021;15(8):100316. Epub 2021/07/23. 499 

doi: 10.1016/j.animal.2021.100316. PubMed PMID: 34293582. 500 

4. Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg Miller ME, et al. 501 

Specific microbiome-dependent mechanisms underlie the energy harvest efficiency of ruminants. 502 

Isme j. 2016;10(12):2958-72. Epub 2016/05/07. doi: 10.1038/ismej.2016.62. PubMed PMID: 503 

27152936; PubMed Central PMCID: PMCPMC5148187. 504 

5. Zhou M, Peng YJ, Chen Y, Klinger CM, Oba M, Liu JX, et al. Assessment of microbiome changes 505 

after rumen transfaunation: implications on improving feed efficiency in beef cattle. Microbiome. 506 

2018;6(1):62. Epub 2018/03/29. doi: 10.1186/s40168-018-0447-y. PubMed PMID: 29587855; 507 

PubMed Central PMCID: PMCPMC5869788. 508 

6. McCann JC, Wickersham TA, Loor JJ. High-throughput Methods Redefine the Rumen 509 

Microbiome and Its Relationship with Nutrition and Metabolism. Bioinform Biol Insights. 510 

2014;8:109-25. Epub 2014/06/19. doi: 10.4137/bbi.S15389. PubMed PMID: 24940050; PubMed 511 

Central PMCID: PMCPMC4055558. 512 

7. Yu S, Zhang G, Liu Z, Wu P, Yu Z, Wang J. Repeated inoculation with fresh rumen fluid before or 513 

during weaning modulates the microbiota composition and co-occurrence of the rumen and colon 514 

of lambs. BMC Microbiol. 2020;20(1):29. Epub 2020/02/08. doi: 10.1186/s12866-020-1716-z. 515 

PubMed PMID: 32028889; PubMed Central PMCID: PMCPMC7006167. 516 

8. Yáñez-Ruiz DR, Abecia L, Newbold CJ. Manipulating rumen microbiome and fermentation 517 

through interventions during early life: a review. Front Microbiol. 2015;6:1133. Epub 2015/11/04. 518 

doi: 10.3389/fmicb.2015.01133. PubMed PMID: 26528276; PubMed Central PMCID: 519 

PMCPMC4604304. 520 

ACCEPTED



9. Weimer PJ. Redundancy, resilience, and host specificity of the ruminal microbiota: implications 521 

for engineering improved ruminal fermentations. Front Microbiol. 2015;6:296. Epub 2015/04/29. 522 

doi: 10.3389/fmicb.2015.00296. PubMed PMID: 25914693; PubMed Central PMCID: 523 

PMCPMC4392294. 524 

10. Soberon F, Van Amburgh ME. Lactation Biology Symposium: The effect of nutrient intake from 525 

milk or milk replacer of preweaned dairy calves on lactation milk yield as adults: a meta-analysis 526 

of current data. J Anim Sci. 2013;91(2):706-12. Epub 2013/01/09. doi: 10.2527/jas.2012-5834. 527 

PubMed PMID: 23296823. 528 

11. Belanche A, Yáñez-Ruiz DR, Detheridge AP, Griffith GW, Kingston-Smith AH, Newbold CJ. 529 

Maternal versus artificial rearing shapes the rumen microbiome having minor long-term 530 

physiological implications. Environ Microbiol. 2019;21(11):4360-77. Epub 2019/09/14. doi: 531 

10.1111/1462-2920.14801. PubMed PMID: 31518039; PubMed Central PMCID: 532 

PMCPMC6899609. 533 

12. Palma-Hidalgo JM, Jiménez E, Popova M, Morgavi DP, Martín-García AI, Yáñez-Ruiz DR, et al. 534 

Inoculation with rumen fluid in early life accelerates the rumen microbial development and 535 

favours the weaning process in goats. Anim Microbiome. 2021;3(1):11. Epub 2021/01/28. doi: 536 

10.1186/s42523-021-00073-9. PubMed PMID: 33499992; PubMed Central PMCID: 537 

PMCPMC7814744. 538 

13. Lodge-Ivey SL, Browne-Silva J, Horvath MB. Technical note: Bacterial diversity and 539 

fermentation end products in rumen fluid samples collected via oral lavage or rumen cannula. J 540 

Anim Sci. 2009;87(7):2333-7. Epub 2009/03/31. doi: 10.2527/jas.2008-1472. PubMed PMID: 541 

19329475. 542 

14. Bu D, Zhang X, Ma L, Park T, Wang L, Wang M, et al. Repeated Inoculation of Young Calves 543 

With Rumen Microbiota Does Not Significantly Modulate the Rumen Prokaryotic Microbiota 544 

Consistently but Decreases Diarrhea. Front Microbiol. 2020;11:1403. Epub 2020/07/17. doi: 545 

10.3389/fmicb.2020.01403. PubMed PMID: 32670244; PubMed Central PMCID: 546 

PMCPMC7326819. 547 

15. Zhang S, Wang H, Zhu MJ. A sensitive GC/MS detection method for analyzing microbial 548 

metabolites short chain fatty acids in fecal and serum samples. Talanta. 2019;196:249-54. Epub 549 

2019/01/27. doi: 10.1016/j.talanta.2018.12.049. PubMed PMID: 30683360. 550 

16. Fawcett JK, Scott JE. A rapid and precise method for the determination of urea. J Clin Pathol. 551 

1960;13(2):156-9. Epub 1960/03/01. doi: 10.1136/jcp.13.2.156. PubMed PMID: 13821779; 552 

PubMed Central PMCID: PMCPMC480024. 553 

ACCEPTED



17. Shama S, Qaisar R, Khan NA, Tauseef I, Siddiqui R. The Role of 4-Phenylbutyric Acid in Gut 554 

Microbial Dysbiosis in a Mouse Model of Simulated Microgravity. Life (Basel). 2022;12(9). Epub 555 

2022/09/24. doi: 10.3390/life12091301. PubMed PMID: 36143337; PubMed Central PMCID: 556 

PMCPMC9503658. 557 

18. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, 558 

interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. 559 

2019;37(8):852-7. Epub 2019/07/26. doi: 10.1038/s41587-019-0209-9. PubMed PMID: 31341288; 560 

PubMed Central PMCID: PMCPMC7015180. 561 

19. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: 562 

High-resolution sample inference from Illumina amplicon data. Nat Methods. 2016;13(7):581-3. 563 

Epub 2016/05/24. doi: 10.1038/nmeth.3869. PubMed PMID: 27214047; PubMed Central PMCID: 564 

PMCPMC4927377. 565 

20. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a 566 

chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl Environ 567 

Microbiol. 2006;72(7):5069-72. Epub 2006/07/06. doi: 10.1128/aem.03006-05. PubMed PMID: 568 

16820507; PubMed Central PMCID: PMCPMC1489311. 569 

21. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al. Optimizing 570 

taxonomic classification of marker-gene amplicon sequences with QIIME 2's q2-feature-classifier 571 

plugin. Microbiome. 2018;6(1):90. Epub 2018/05/19. doi: 10.1186/s40168-018-0470-z. PubMed 572 

PMID: 29773078; PubMed Central PMCID: PMCPMC5956843 authors declare that they have no 573 

competing interests. PUBLISHER’S NOTE: Springer Nature remains neutral with regard to 574 

jurisdictional claims in published maps and institutional affiliations. 575 

22. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic 576 

biomarker discovery and explanation. Genome Biol. 2011;12(6):R60. Epub 2011/06/28. doi: 577 

10.1186/gb-2011-12-6-r60. PubMed PMID: 21702898; PubMed Central PMCID: 578 

PMCPMC3218848. 579 

23. Allen HK, Trachsel J, Looft T, Casey TA. Finding alternatives to antibiotics. Ann N Y Acad Sci. 580 

2014;1323:91-100. Epub 2014/06/24. doi: 10.1111/nyas.12468. PubMed PMID: 24953233. 581 

24. Abt MC, McKenney PT, Pamer EG. Clostridium difficile colitis: pathogenesis and host defence. 582 

Nat Rev Microbiol. 2016;14(10):609-20. Epub 2016/08/31. doi: 10.1038/nrmicro.2016.108. 583 

PubMed PMID: 27573580; PubMed Central PMCID: PMCPMC5109054. 584 

25. Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM, et al. Commensal 585 

ACCEPTED



Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science. 586 

2015;350(6264):1084-9. Epub 2015/11/07. doi: 10.1126/science.aac4255. PubMed PMID: 587 

26541606; PubMed Central PMCID: PMCPMC4873287. 588 

26. Hu J, Ma L, Nie Y, Chen J, Zheng W, Wang X, et al. A Microbiota-Derived Bacteriocin Targets the 589 

Host to Confer Diarrhea Resistance in Early-Weaned Piglets. Cell Host Microbe. 590 

2018;24(6):817-32.e8. Epub 2018/12/14. doi: 10.1016/j.chom.2018.11.006. PubMed PMID: 591 

30543777. 592 

27. Ozbayram EG, Ince O, Ince B, Harms H, Kleinsteuber S. Comparison of Rumen and Manure 593 

Microbiomes and Implications for the Inoculation of Anaerobic Digesters. Microorganisms. 594 

2018;6(1). Epub 2018/02/15. doi: 10.3390/microorganisms6010015. PubMed PMID: 29443879; 595 

PubMed Central PMCID: PMCPMC5874629. 596 

28.  Yu SB, Shi WB, Yang B, Gao G, Chen HW, Cao L, et al. Effects of repeated oral inoculation of 597 

artificially fed lambs with lyophilized rumen fluid on growth performance, rumen fermentation, 598 

microbial population and organ development. Animal Feed Science and Technology. 2020;264. 599 

doi: 10.1016/j.anifeedsci.2020.114465. PubMed PMID: WOS:000535915800008. 600 

29. Wu T, Han B, Nie B, Dong W, Yang K. Effects of oral administration of ruminal fluid preparations 601 

on immunoglobulin contents in intestinal mucosa and plasma of lambs. Chinese Journal of Animal 602 

Nutrition. 2016;28(12):3811-8. 603 

30. De Barbieri I, Hegarty RS, Silveira C, Oddy VH. Positive consequences of maternal diet and 604 

post-natal rumen inoculation on rumen function and animal performance of Merino lambs. Small 605 

Ruminant Research. 2015;129:37-47. doi: 10.1016/j.smallrumres.2015.05.017. PubMed PMID: 606 

WOS:000358393400006. 607 

31. Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity, stability and resilience 608 

of the human gut microbiota. Nature. 2012;489(7415):220-30. Epub 2012/09/14. doi: 609 

10.1038/nature11550. PubMed PMID: 22972295; PubMed Central PMCID: PMCPMC3577372. 610 

32. Moron R, Galvez J, Colmenero M, Anderson P, Cabeza J, Rodriguez-Cabezas ME. The 611 

Importance of the Microbiome in Critically Ill Patients: Role of Nutrition. Nutrients. 2019;11(12). 612 

Epub 2019/12/11. doi: 10.3390/nu11123002. PubMed PMID: 31817895; PubMed Central PMCID: 613 

PMCPMC6950228. 614 

33.  Ma T, Villot C, Renaud D, Skidmore A, Chevaux E, Steele M, et al. Linking perturbations to 615 

temporal changes in diversity, stability, and compositions of neonatal calf gut microbiota: 616 

prediction of diarrhea. Isme j. 2020;14(9):2223-35. Epub 2020/05/24. doi: 617 

ACCEPTED



10.1038/s41396-020-0678-3. PubMed PMID: 32444812; PubMed Central PMCID: 618 

PMCPMC7609338. 619 

34. Oikonomou G, Teixeira AG, Foditsch C, Bicalho ML, Machado VS, Bicalho RC. Fecal microbial 620 

diversity in pre-weaned dairy calves as described by pyrosequencing of metagenomic 16S rDNA. 621 

Associations of Faecalibacterium species with health and growth. PLoS One. 2013;8(4):e63157. 622 

Epub 2013/05/07. doi: 10.1371/journal.pone.0063157. PubMed PMID: 23646192; PubMed 623 

Central PMCID: PMCPMC3639981. 624 

35. Li Z, Wang X, Zhang T, Si H, Nan W, Xu C, et al. The Development of Microbiota and 625 

Metabolome in Small Intestine of Sika Deer (Cervus nippon) from Birth to Weaning. Front 626 

Microbiol. 2018;9:4. Epub 2018/02/08. doi: 10.3389/fmicb.2018.00004. PubMed PMID: 627 

29410651; PubMed Central PMCID: PMCPMC5787063. 628 

36. Klein-Jöbstl D, Schornsteiner E, Mann E, Wagner M, Drillich M, Schmitz-Esser S. 629 

Pyrosequencing reveals diverse fecal microbiota in Simmental calves during early development. 630 

Front Microbiol. 2014;5:622. Epub 2014/12/03. doi: 10.3389/fmicb.2014.00622. PubMed PMID: 631 

25452753; PubMed Central PMCID: PMCPMC4233928. 632 

37. Malmuthuge N, Chen Y, Liang G, Goonewardene LA, Guan le L. Heat-treated colostrum feeding 633 

promotes beneficial bacteria colonization in the small intestine of neonatal calves. J Dairy Sci. 634 

2015;98(11):8044-53. Epub 2015/09/08. doi: 10.3168/jds.2015-9607. PubMed PMID: 26342981. 635 

38. Baldwin RLt, McLeod KR. Effects of diet forage:concentrate ratio and metabolizable energy 636 

intake on isolated rumen epithelial cell metabolism in vitro. J Anim Sci. 2000;78(3):771-83. Epub 637 

2000/04/14. doi: 10.2527/2000.783771x. PubMed PMID: 10764086. 638 

39. Belanche A, Palma-Hidalgo JM, Nejjam I, Jiménez E, Martín-García AI, Yáñez-Ruiz DR. 639 

Inoculation with rumen fluid in early life as a strategy to optimize the weaning process in 640 

intensive dairy goat systems. J Dairy Sci. 2020;103(6):5047-60. Epub 2020/04/13. doi: 641 

10.3168/jds.2019-18002. PubMed PMID: 32278566. 642 

40. Martinez-Fernandez G, Jiao J, Padmanabha J, Denman SE, McSweeney CS. Seasonal and 643 

Nutrient Supplement Responses in Rumen Microbiota Structure and Metabolites of Tropical 644 

Rangeland Cattle. Microorganisms. 2020;8(10). Epub 2020/10/15. doi: 645 

10.3390/microorganisms8101550. PubMed PMID: 33049981; PubMed Central PMCID: 646 

PMCPMC7600044. 647 

41. Mizrahi I, Jami E. Review: The compositional variation of the rumen microbiome and its effect on 648 

host performance and methane emission. Animal. 2018;12(s2):s220-s32. Epub 2018/08/25. doi: 649 

ACCEPTED



10.1017/s1751731118001957. PubMed PMID: 30139398. 650 

42. Wang Y, Nan X, Zhao Y, Wang Y, Jiang L, Xiong B. Ruminal Degradation of Rumen-Protected 651 

Glucose Influences the Ruminal Microbiota and Metabolites in Early-Lactation Dairy Cows. Appl 652 

Environ Microbiol. 2021;87(2). Epub 2020/10/25. doi: 10.1128/aem.01908-20. PubMed PMID: 653 

33097510; PubMed Central PMCID: PMCPMC7783353. 654 

43. Ma L, Ni Y, Wang Z, Tu W, Ni L, Zhuge F, et al. Spermidine improves gut barrier integrity and gut 655 

microbiota function in diet-induced obese mice. Gut Microbes. 2020;12(1):1-19. Epub 2020/11/06. 656 

doi: 10.1080/19490976.2020.1832857. PubMed PMID: 33151120; PubMed Central PMCID: 657 

PMCPMC7668533. 658 

44. de Cena JA, Zhang J, Deng D, Damé-Teixeira N, Do T. Low-Abundant Microorganisms: The 659 

Human Microbiome's Dark Matter, a Scoping Review. Front Cell Infect Microbiol. 660 

2021;11:689197. Epub 2021/06/18. doi: 10.3389/fcimb.2021.689197. PubMed PMID: 34136418; 661 

PubMed Central PMCID: PMCPMC8201079. 662 

45. Trosvik P, de Muinck EJ. Ecology of bacteria in the human gastrointestinal tract--identification of 663 

keystone and foundation taxa. Microbiome. 2015;3:44. Epub 2015/10/13. doi: 664 

10.1186/s40168-015-0107-4. PubMed PMID: 26455879; PubMed Central PMCID: 665 

PMCPMC4601151. 666 

46. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al. Commensal 667 

microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature. 668 

2013;504(7480):446-50. Epub 2013/11/15. doi: 10.1038/nature12721. PubMed PMID: 24226770. 669 

47. Ruemmele FM, Schwartz S, Seidman EG, Dionne S, Levy E, Lentze MJ. Butyrate induced 670 

Caco-2 cell apoptosis is mediated via the mitochondrial pathway. Gut. 2003;52(1):94-100. Epub 671 

2002/12/13. doi: 10.1136/gut.52.1.94. PubMed PMID: 12477768; PubMed Central PMCID: 672 

PMCPMC1773532. 673 

  674 

ACCEPTED



Figure legends 675 

 676 

Figure 1. Maternal rumen microbiota transplantation changed rumen microbial 677 

diversity in sika deer calves based on alpha diversity indices. The Chao1 (A) and 678 

Shannon (B) indices were calculated. CON (n = 5), control group sika deer calves 679 

inoculated without fresh rumen fluid and were grown separately from mother deer 680 

over the trial; FRF (n = 6), fresh rumen fluid group sika deer calves inoculated with 681 

fresh rumen fluid and were grown separately from mother deer over the trial; MCON 682 

and MFRF represent the fresh rumen fluid samples of deer mothers corresponding to 683 

CON and FRF groups sika deer calves, respectively; n=the number of sika deer calves; 684 

*P < 0.05, **P < 0.01. 685 
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 688 

Figure 2. Maternal rumen microbiota transplantation changed the communities of 689 

ruminal microbiota in sika deer calves. Principal coordinate analysis (PCoA) 690 

scatterplot (A) based on the Bray‒Curtis distance. The Bray‒Curtis distance 691 

differences between deer calves and maternal samples (B). The relative abundances of 692 

the rumen microbial taxa of sika deer calves at the phylum (C), family (D), and genus 693 

(E) levels are shown in detail in Figure S3. CON (n = 5), control group sika deer 694 

calves inoculated without fresh rumen fluid and were grown separately from mother 695 

deer over the trial; FRF (n = 6), fresh rumen fluid group sika deer calves inoculated 696 

with fresh rumen fluid and were grown separately from mother deer over the trial; 697 

MCON and MFRF represent deer mothers corresponding to CON and FRF groups 698 

sika deer calves, respectively; n = the number of sika deer calves; ***P < 0.001, 699 

****P < 0.0001. 700 
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 702 

Figure 3. Maternal rumen microbiota transplantation changed fecal microbial 703 

diversity in sika deer calves based on alpha diversity indices. The Chao1 (A) and 704 

Shannon (B) indices were calculated. T1, T2 and T3 represent days 1, 28, and 35 of 705 

the experiment, respectively; CON (n = 5), control group sika deer calves inoculated 706 

without fresh rumen fluid and were grown separately from mother deer over the trial; 707 

FRF (n = 6), fresh rumen fluid group sika deer calves inoculated with fresh rumen 708 

fluid and were grown separately from mother deer over the trial; n=the number of sika 709 

deer calves; *P < 0.05. 710 
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 713 

Figure 4. Maternal rumen microbiota transplantation changed the communities of the 714 

fecal microbiota in sika deer calves. Principal coordinate analysis (PCoA) scatterplot 715 

(A) based on Bray‒Curtis distance. The Bray‒Curtis distance differences in the fecal 716 

microbiota at different growth stages (B). The relative abundances of the fecal 717 

microbial taxa of sika deer calves at the phylum (C), family (D), and genus (E) levels 718 

are shown in detail in Figure S5. T3 represents day 35 of the experiment; CON (n = 5), 719 

control group sika deer calves inoculated without fresh rumen fluid and were grown 720 

separately from mother deer over the trial; FRF (n = 6), fresh rumen fluid group sika 721 

deer calves inoculated with fresh rumen fluid and were grown separately from mother 722 

deer over the trial; n = the number of sika deer calves; *P < 0.05. 723 
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 726 

Figure 5. Linear discriminant analysis effect size (LEfSe) analysis of GIT microbial 727 

communities of sika deer calves. The rumen microbial taxa enriched among the sika 728 

deer calves in the CON group vs. those enriched in MFRF (A) and the rumen 729 

microbial taxa enriched among the sika deer calves in the CON group vs. those 730 

enriched among the sika deer calves in the FRF group (B) are shown. The fecal taxa 731 

enriched among the sika deer calves in the CON group vs. those in the FRF group on 732 

experiment day 28 (C) and the fecal taxa enriched among the sika deer calves in the 733 

CON group vs. those in the FRF group (D) on experiment day 35. T2 and T3 734 

represent days 28 and 35 of the experiment, respectively; CON (n = 5), control group 735 

sika deer calves inoculated without fresh rumen fluid and were grown separately from 736 

mother deer over the trial; FRF (n = 6), fresh rumen fluid group sika deer calves 737 

inoculated with fresh rumen fluid and were grown separately from mother deer over 738 

the trial; MFRF represents the deer mothers corresponding to FRF group sika deer 739 

ACCEPTED



calves; blue bars, enriched within CON, T2CON or T3CON; red bars, enriched within 740 

MFRF, FRF or T2FRF; p = phylum, c = class, o = order, f = family, g = genus; n = the 741 

number of sika deer calves. 742 
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Table 1. Effect of maternal rumen microbiota transplantation on the rate and duration 744 

of diarrhea in sika deer calves. 745 

 
Period (wk) 

Treatment 1 
P-value 

 CON (n = 5)  FRF (n = 6)  

Diarrhea duration (d/head) 0 to 5 2.12 ± 0.88a 0.70 ± 0.25b 0.008 

Diarrhea rate (%) 

0 to 1 60.00 33.33  

1 to 2 100.00 66.67  

2 to 3 60.00 16.67  

3 to 4 20.00 0.00  

4 to 5 20.00 0.00  

1 n = the number of sika deer calves; CON, control group sika deer calves inoculated without fresh 746 

rumen fluid and were grown separately from mother deer over the trial; FRF, fresh rumen fluid group 747 

sika deer calves inoculated with fresh rumen fluid and were grown separately from mother deer over 748 

the trial. 749 

a–b Means within a row with different superscripts differ (P < 0.05). 750 
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Table 2. Effect of maternal rumen microbiota transplantation on body weight (BW) 752 

and average daily gain (ADG) of sika deer calves. 753 

 Growth Treatment 1 
P-value 

 period (wk) CON (n = 5)  FRF (n = 6)  

BW (kg) 0 5.85 ± 0.44 6.64 ± 1.37 0.292 

 1 6.80 ± 0.28 7.56 ± 1.45 0.324 

 2 8.22 ± 0.49 9.10 ± 1.58 0.306 

 3 9.57 ± 0.81 10.45 ± 2.03 0.434 

 4 10.47 ± 1.01 11.17 ± 2.27 0.580 

 5 11.42 ± 1.31 11.78 ± 2.19 0.761 

ADG 

(kg/d) 
0 to 5 0.16 ± 0.03 0.15 ± 0.02 0.471 

1 n = the number of sika deer calves; CON, control group sika deer calves inoculated without fresh 754 

rumen fluid and were grown separately from mother deer over the trial; FRF, fresh rumen fluid group 755 

sika deer calves inoculated with fresh rumen fluid and were grown separately from mother deer over 756 

the trial.  757 
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Table 3. Effect of maternal rumen microbiota transplantation on rumen microbial 759 

fermentation of sika deer calves. 760 

Item 
Treatment 1 

P-value 
CON (n = 5) FRF (n = 6) 

pH  6.30 ± 0.13a 6.10 ± 0.11b 0.019 

NH3-N (mg/dL) 7.72 ± 0.50 8.87 ± 1.54 0.152 

VFAs levels (mmol/l)   

Acetic acid 60.19 ± 13.47b 84.61 ± 3.05a 0.004 

Propionic acid 17.82 ± 4.68 23.11 ± 4.92 0.120 

Isobutyric acid 2.63 ± 0.59 3.05 ± 0.75 0.358 

Butyric acid 4.47 ± 0.43b 8.75 ± 1.33a 0.006 

Isovaleric acid 3.31 ± 1.50 4.53 ± 0.52 0.122 

Valeric acid 2.13 ± 1.07b 4.02 ± 1.13a 0.027 

Caproic acid 0.27 ± 0.36 0.38 ± 0.12 0.527 

Total VFAs 90.82 ± 20.52b 128.40 ± 6.64a 0.005 

1 n = the number of sika deer calves; CON, control group sika deer calves inoculated without fresh 761 

rumen fluid and were grown separately from mother deer over the trial; FRF, fresh rumen fluid group 762 

sika deer calves inoculated with fresh rumen fluid and were grown separately from mother deer over 763 

the trial. 764 

a–b Means within a row with different superscripts differ (P < 0.05). 765 
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