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Abstract

Background: Many recent studies have gravitated towards manipulating the gastrointestinal (Gl) microbiome of
livestock to improve host nutrition and health using dietary interventions. Few studies, however, have evaluated if
inoculation with rumen fluid could effectively reprogram the development of GI microbiota. We hypothesized that
inoculation with rumen fluid at an early age could modulate the development of Gl microbiota because of its low
colonization resistance.

Results: In this study, we tested the above hypothesis using young lambs as a model. Young lambs were orally
inoculated repeatedly (four times before or twice during gradual weaning) with the rumen fluid collected from
adult sheep. The oral inoculation did not significantly affect starter intake, growth performance, or ruminal fermentation.
Based on sequencing analysis of 165 rRNA gene amplicons, however, the inoculation (both before and during weaning)
affected the assemblage of the rumen microbiota, increasing or enabling some bacterial taxa to colonize the rumen.
These included operational taxonomic units (OTUs) belonging to Moryella, Acetitomaculum, Tyzzerella 4, Succiniclasticum,
Prevotella 1, Lachnospiraceae, Christensenellaceae R-7 group, Family Xlll AD3011, and Bacteroidales S24-7 corresponding to
inoculation before weaning; and OTUs belonging to Succiniclasticum, Prevotellaceae UCG-003, Erysipelotrichaceae UCG-004,
Prevotella 1, Bacteroidales S24—7 gut group uncultured bacterium, and candidate Family Xl AD3011 corresponding to
inoculation during weaning. Compared to the inoculation during weaning, the inoculation before weaning resulted in
more co-occurrences of OTUs that were exclusively predominant in the inoculum. However, inoculation during weaning
appeared to have more impacts on the colonic microbiota than the inoculation before weaning. Considerable
successions in the microbial colonization of the Gl tracts accompanied the transition from liquid feed to solid
feed during weaning.

Conclusions: Repeated rumen fluid inoculation during early life can modulate the establishment of the microbiota in
both the rumen and the colon and co-occurrence of some bacteria. Oral inoculation with rumen microbiota may be a
useful approach to redirect the development of the microbiota in both the rumen and colon.
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Background
A mature rumen harbors a microbiota of high diversity,
density, and complexity [1, 2]. The rumen microbiota en-
ables digestion and utilization of the forage and other plant
materials that non-ruminants cannot digest or utilize and
production of volatile fatty acid (VFAs) and microbial
crude protein (MCP), which serve as the primary energy
and protein sources, respectively, for cattle, sheep, and
other ruminants [3, 4]. Additionally, gastrointestinal micro-
biota is also implicated in host nutrient harvest and health,
primarily in the GI tracts. Therefore, many research efforts
have been made to improve feed utilization efficiency and
animal health by modulating the rumen and GI microbio-
tas (broadly speaking, GI microbiota can also refer to the
rumen microbiota, but to avoid confusion, GI microbiota
only refer to the microbiota in the small and large intes-
tines in this paper) through dietary interventions [5, 6]. Un-
fortunately, few dietary interventions, including monensin
[7] and phytochemicals [8], have achieved consistent or
persistent efficacy. This is because the GI microbiota of
adults is rather stable and resilient [9], and the dietary
interventions have to be within a “safe” range that will not
harm the host animals or the GI microbiota. Furthermore,
dietary interventions need to be continuous, which would
increase production costs. Thus, other approaches includ-
ing microbiota intervention are sought after in recent years.
It is a straightforward approach to modulate the GI micro-
biota of animals by orally inoculating their GI tract with the
GI microbiota from donor animals exhibiting desired health
or production phenotypes. A number of studies have
attempted to augment rumen function(s) by inoculating
rumen microbes but reported mixed results. Indeed, when
strains of Ruminococcus albus and Ruminococcus flavefa-
ciens, all of which were isolated from the rumen, were inoc-
ulated into the rumen of adult sheep, the inoculants failed
to persist or improve the intended fiber digestion [10].
Megasphaera elsdenii inoculation to the rumen of Holstein
heifers suffering from subacute ruminal acidosis (SARA) did
not increase the abundance of M. elsdenii or alleviate the
SARA conditions although it altered the rumen VFA pro-
files [11-13]. Inoculation with whole rumen contents from
non-milkfat-depressed cows only slightly accelerated the re-
covery of de novo synthesis of fatty acids in milk fat-
depressed cows [14]. Even the exchange of nearly all the
rumen contents between two dairy cows only achieved tran-
sient alteration of their rumen microbiota and lactation per-
formance [15]. When 70% of the rumen contents of steers
were replaced by that of basins, which are more efficient in
forage digestion, the recipient steers did not show the antici-
pated improvement in fiber digestion although the steers ex-
hibited improved nitrogen utilization [16]. Host specificity,
colonization resistance, and microbiota resilience inherent
of the climax GI microbiota [9, 15, 17] may explain the diffi-
culties in modulating the GI microbiota of adult ruminants.
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Early life, especially before weaning, is a critical period
during which the developmental plasticity can be pro-
foundly affected with long-term consequences [18]. This
also applies to the development of the GI microbiota and
its function [19] and has been demonstrated by Distel et al.
[20, 21] who showed that dietary treatments had more pro-
found and lasting effects in young lambs than in adult
sheep. It was also shown that early dietary experience in-
creased the preference for and the consumption of those
feeds by animals [22]. Calves and lambs are thought to be
born with a sterile rumen [23, 24], but the rumen is rapidly
colonized by different microbes during and after birth [25].
Driven by animal growth and diet, the rumen microbiota
increases in density, diversity, and complexity, with some
bacteria appearing in the rumen only after the animals start
to consume starter or forage while some microbes being
more abundant generally in the adult rumen [26-29].
From an ecological perspective, the simple and less diverse
GI microbiota of newborn animals is more receptive to ex-
ogenous inoculation because it has less colonization resist-
ance. Thus, we hypothesized that ruminal microbiota
transplantation (RMT) with mature rumen microbiota to
newborn lambs could alter the GI microbiota of the latter
and improve their feed digestibility and growth perform-
ance during the weaning period, eventually leading to a
better foundation for feed adaption and post-weaning
growth. In this study, we tested the above hypothesis by in-
vestigating how RMT from mature sheep to young lambs
would modulates the microbiota of the rumen and colon
of the latter. Because weaning has considerable effects on
the rumen and GI microbiotas [30] and the growth rate of
calves or lambs [31, 32] due to the transition from liquid to
solid feed and the weaning stress, RMT was done both
before and during weaning for comparisons.

Results

Animal growth, Gl tract growth and fermentation, and
fecal scores

The animal experiment design was illustrated in Fig. 1.
Both the lambs inoculated before weaning (IBW) and the
lambs inoculated during weaning (IDW) had a numerically
greater accumulated starter intake than lambs mock-
inoculated with 20 ml normal saline (6 inoculations, the
control (C) group, Table 1). Compared to the control
lambs, the IBW lambs had numerically greater average daily
gains (ADQG) before weaning and smaller negative ADG (-
24.3 vs. -27.1 g/d) since the weaning started, while the IDW
lambs had the smallest negative ADG (- 12.1 g/d). Both
ADG and accumulated starter intake were similar among
the triplet blocks. The molar proportions of individual
VFAs in the rumen contents were not influenced by the in-
oculation except that of valerate being significantly higher
in the IDW group (P =0.03) and that of isovalerate being
significantly higher in the IBW and the IDW lambs than
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Birth Weaning Stage Sacrificed
[ co ] MR [ MR+s | s>
Day 0 Day3 Day2l Day25 Day 28
COL: Colostrum MR: Milk Replacer S: Starter
b
Treatment
5Lamb Triplets
C IBW IDW
Lambs 5 5 5
Inoculation | 8,9,15,16,22,23 8,9,15,16 22,23
Day Before Weaning [ During Weaning
Inoculum Normal saline Rumen fluid Rumen fluid

Fig. 1 Experimental design. Study design showing the time frame of
the experiment (a) and the treatment groups (b). Each group had
five lambs from five different triplets. Solid feed was supplied from
day 21, and milk replacer was completely withdrawn at day 25. C:
Control receiving mock inoculation with saline; IBW: Inoculation
before weaning; IDW: Inoculation during weaning

Table 1 Growth performance and measurement of Gl tracts
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the control (P=0.01). Acetate to propionate (A: P) ratio,
pH, and concentration of ammonia nitrogen (NH3-N) in
the rumen did not differ among the lamb groups or the
triplet blocks (Table 2). In the colon content samples,
branch chain VFAs were not detectable, while the concen-
tration of total VFAs or the molar proportion of individual
VFAs were not affected by the inoculation or triplet blocks.
The inoculation did not affect the empty weights (normal-
ized against bodyweight) of each of the four rumen com-
partments or the small and large intestines (Table 1).
However, the IBW and the IDW lambs had a significantly
lower (P =0.01) empty weight of the colon compared to the
control group (Table 1). The length of the small and the
large intestines did not differ among the three lamb groups
or the triplet blocks. Scouring days and fecal scores, either
before or after the feed transition during weaning, were not
different (P>0.05) among the three inoculation groups
(Additional file 1: Table S1).

Bacterial composition and diversity of the inocula and the
rumen contents of the lambs

In total, 1,414,108 quality-checked sequences were clus-
tered into 612 OTUs at 97% sequence similarity with an
average Good'’s coverage of 99.82 + 0.01% in all the samples.

Inoculation (n=5)% SEM P-value
Control IBW IDW Inoculation Triplets®

Performance

Body weight (kg) 344 334 347 0.06 0.74 0.82

Accumulated starter intake (g) 10143 104.63 124.59 16.15 0.75 0.08
ADG (g/d):

Overall (D7-28) 3502 3997 37.89 179 055 039

D7-14 55.00 6143 50.71 3.25 032 0.14

D 14-21 77.14 82.86 75.00 5.02 0.96 038

D 21-28 -27.14 —-24.29 -12.14 442 021 0.08
Weight of Gl segment (g/kg BW®)

Rumen 1345 10.29 12.23 0.97 051 0.66

Reticulum 295 2.53 2.88 0.24 0.53 0.02

Omasum 144 1.44 1.31 0.1 0.90 0.74

Abomasum 6.88 7.37 7.79 0.22 0.31 0.56

Small intestine 28.38 27.29 29.87 0.90 043 0.20

Colon+Cecum 12.89 9.32 10.13 0.71 0.05 0.15

Colon 8.30¢ 466° 5.16° 058 001 0.1
Length of intestinal segments (crm/kg BW®)

Small intestine 183.86 181.13 181.10 4.09 0.95 091

Colon+Cecum 36.81 4170 35.76 3.09 022 051

2 IBW Inoculation before weaning, IDW Inoculation during weaning
b: Body weight before euthanization
< Lambs from same triplets were considered as blocks factor

9. Values with different letters within a row were significantly (or significant trend) different according to pairwise comparison
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Table 2 Fermentation parameters of the rumen and colon content of the lambs

Inoculation (n=5)% SEM P-value
Control IBW IDW Inoculation Triplets®
Rumen fermentation parameters
pH 579 578 569 0.10 0.90 0.21
Total VFA (mmol/g content) 56.32 5567 63.64 381 0.60 023
Acetate (% Total VFA) 63.31 6549 64.18 1.80 0.83 0.12
Propionate (% Total VFA) 23.72 19.33 19.54 1.10 0.30 0.69
Isobutyrate (% Total VFA) 0.95 1.65 062 0.20 0.17 098
Butyrate (% Total VFA) 8.13 897 11.32 1.09 0.50 042
|sovalerate (% Total VFA) 0.90° 232° 162° 023 0.01 0.02
Valerate (% Total VFA) 214° 225° 3.60° 027 003 028
Acetate:Propionate 2.79 3.65 346 0.34 0.58 0.35
NHs-N (mg/g content) 0.22 0.30 043 0.07 024 0.05
Colon fermentation parameters
Total VFA (mmol/g content) 5773 4734 4442 5.96 0.64 033
Acetate (% TotalVFA) 73.30 78.72 7213 1.24 0.09 0.63
Propionate (% Total VFA) 1922 15.73 2136 1.09 0.16 0.74
Butyrate (% Total VFA) 748 555 6.51 039 0.20 0.83
Acetate:Propionate 399 5.27 347 033 0.10 0.65
NH;-N (mg/g content) 273 148 1.19 044 0.34 0.39

2 IBW Inoculation before weaning, IDW Inoculation during weaning
b Lambs from same triplets were considered as blocks factor

The numbers of observed OTUs, Chaol richness estimate,
and Shannon diversity index of the microbiota were all sig-
nificantly higher (P < 0.01) in the inocula than in the rumen
contents of the lambs (Table 3). Firmicutes (39.34 + 1.96%),
Bacteroides (45.90 +2.34%), and Proteobacteria (4.85 +
0.68%) were the most predominant phyla in all the rumen
and the colon samples (Additional file 2: Figure S1). Bacter-
oides, Prevotella 1, Acetitiomaculum, Butyrivibrio-2, and
Lachnospiraceae NK3A20 were the common genera domi-
nated in both the inoculum microbiota and the rumen

microbiota of the lambs (Additional file 2: Figure Sla).
Comparisons of the inoculum microbiota and the rumen
microbiota of the control lambs revealed 47 genera that
were significantly more predominant in the inoculum (re-
ferred to as inoculum-predominant genera) than in the
rumen of the control lambs. They included the uncultured
BS11 gut group (within Bacteroidales), the uncultured RF16
rumen group (Bacteroidales), Prevotellaceae UCG-001,
Prevotellaceae UCG-003, the Rikenellaceae RC9 gut group,
the Christensenellaceae R-7 group, Pseudobutyrivibrio, the

Table 3 a-Diversity measurements of the microbiota in the rumen and colon content of different inoculation groups

Inoculum Inoculation (n = 5)? SEM P-value
(n=6) Control IBW IDW Inoculum vs. lambs® Inoculation Triplets®
Rumen content
OTUs 5719 507° 477° 477° 145 0.008 0347 0.039
Chao! 588° 545° 512° 521° 126 0016 0305 0016
Shannon 7.63° 5.19° 587° 525° 03 0.004 0340 0678
Colon content
OTUs 411 397 401 19.1 0.902 0.003
Chaol 482 452 435 196 0514 0.039
Shannon 538 512 562 021 0659 0.224

2 IBW Inoculation before weaning, IDW Inoculation during weaning
P: Inoculum was compared to all the lamb groups by the Kruskal-Wallis test
< Lambs from same triplets were considered as blocks factor

9. Values with different letters within a row were significantly different according to pairwise comparison
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Ruminococcaceae NK4A214 group, Ruminococcaceae UCG-
011, and others. Mogibacterium, Sharpea, and Treponema 2
appeared to be the genera significantly more predom-
inant in the rumen of control lambs than in the inoc-
ula. At a higher phylogenetic resolution, 271 OTUs
exhibited a significant difference in relative abundance
between the inocula and the rumen of the control
lambs. The OTUs that were more predominant in the
inocula (referred to as inoculum-predominant OTUs)
were assigned to the Bacteroidales BSI1 gut group,
the Bacteroidales S24—7 gut group, the genera Prevo-
tella 1 and Prevotellaceae UCG-001, the Rikenellaceae
RC9 gut group, and the Christensenellaceae R-7
group. Only 6 OTUs were more predominant in the
rumen of the control lambs than in the inocula, and
these OTUs were assigned to the genera Sharpea,
Treponema 2, and Prevotella 1.

Effect of the inoculation on the rumen and the colon
microbiota of the lambs

The overall microbiota of the six inocula did not signifi-
cantly differ (Fig. 2, Additional file 1: Table S2). The in-
oculation, either before or during weaning, did not affect
any of the a-diversity measurements of the rumen micro-
biota in the lambs. Both the Chaol richness estimate and
the numbers of observed OTUs of the rumen microbiota
of the lambs were significantly influenced by triplets
blocks (P < 0.05, Table 3). Bray-Curtis dissimilarity of ei-
ther the ruminal or colonic microbiota was not

03 ® Samples

NMDS2
o
o

-0.3

-0.4

NMDS plot of Bray—Curtis Distance

0.0
NMDS1

0.4

C-RC
IBW-RC
IDW-RC
C-CC
IBW-CC
IDW-CC

Fig. 2 NMDS plot based on Bray-Curtis dissimilarities of all samples.
NMDS plot with a stress value of 0.1225. Rumen microbiota (circle)
and colon microbiota (square) are separated with a P < 0.01; the
inoculum microbiota and the rumen microbiota of the lamb groups
are also separated with a P < 0.01; but the rumen microbiota of the
three inoculation groups are not separated with statistical support
(P>0.05).18, 19, 115, 116, 122, 123: Inoculum in different inoculation
time; RC: Rumen content; CC: Colon content; IBW: Inoculation before
weaning; IDW: Inoculation during weaning
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significantly different among the control, IBW, and IDW
(Additional file 1: Table S3), but the inoculum microbiota,
the rumen microbiota, and the colon microbiota of the
lambs were clustered separately (Fig. 2) with statistical sig-
nificance (P <0.01). After the inoculation, the genera Pre-
votellaceae UCG-001, Moryella, Succiniclasticum, and
Tyzzerella 4 were significantly increased in the rumen of
the IBW lambs, and the inoculation did not alter the
microbiota in the colon of the IBW group. Erysipelatoclos-
tridium, Eubacterium coprostanoligenes, and Sharpea were
increased in the rumen of the IDW group compared to
the control group after inoculation (Fig. 3a, Additional
file 1: Table S4). The genera Coprobacter and Rumino-
coccus-1 increased in the colon contents of the IDW
lambs (Fig. 3b, Additional file 1: Table S5).

Of the inoculum-predominant OTUs, 12 were estab-
lished in the rumen of IBW lambs, and they were
assigned to the genera Moryella, Acetitomaculum, Tyz-
zerella 4, Succiniclasticum, Prevotella 1, Lachnospira-
ceae, the Christensenellaceae R-7 group, the Family XIII
AD3011 group, and the Bacteroidales S24-7 group
(Fig. 4a). Ten of the inoculum-predominant OTUs were
established in the rumen of IDW lambs, and they were
assigned to the genera Sharpea, Succiniclasticum, Prevo-
tellaceae UCG-003, Erysipelotrichaceae UCG-004, Prevo-
tella 1, the wuncultured S24-7 rumen bacterium
(Bacteroidales), and the Family XIII AD3011 group (Fig.
4b). Among these OTUs, one OTU each belonging to
the genus Succiniclasticun (OTU141), the Family XIII
AD3011 group (OTU324), the genus Prevotella 1
(OTU483), and Bacteroidales S24-7 group (OTU1450)
was established in the rumen of both the IBW and the
IDW groups. Several OTUs were detected in the inocula
and the rumen of the IBW or the IDW lambs but not
the rumen of the control lambs (detected samples > 2 in
5, Additional file 3: Figure S2). For the sake of clarity,
these OTUs were referred to as inoculation-promoted
taxa. Three OTUs belonging to the Rikenellaceae RC9
gut group were detected in the rumen of the IBW
lambs, while two OTUs belonging to the Bacteroi-
dales BS11 gut group were present in the rumen of
the IDW lambs. More OTUs were detected in the
rumen of both the IBW and the IDW lambs than
those found only in either the IBW or the IDW
group (Additional file 3: Figure S2).

Co-occurrence of the OTUs established in the rumen of
the lambs and the OTUs of the inocula

The LEfSe analysis of the inoculum microbiota and the
rumen microbiota of the control lambs identified OTUs
that were indicative of each rumen microbiota. These “bio-
marker” OTUs included ten OTUs belonging to the genera
Prevotella 1, the Rikenellaceae RC9 gut group, Pseudobutyr-
ivibrio, the Ruminococcaceae NK4A214 group, the
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Fig. 3 Occurrence of inoculum-predominant bacterial genera in the inoculum, and in the rumen (a) and the colon (b) of three lamb groups after
inoculation. The 50 genera with significant difference in relative abundance among the lamb groups were plotted. The heatmap scale indicates
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uncultured BSII gut group (Bacteroidales), the uncultured
RF16 rumen group (Bacteroidales), Saccharofermentans,
and Ruminococcaceae UCG-011, all of which were enriched
in the inocula, and only one OTU belonging to the genus
Sharpea, which was more predominant in the rumen
microbiota of the control lambs (Fig. 5a). The network ana-
lysis of co-occurrence between the OTUs established in the
rumen of the control lambs (ie, OTU379 and OTU483)
and the biomarker OTUs (i.e.,, OTU59 and OTU169) of the
inoculum microbiota revealed several negative co-
occurrence relationships (Fig. 5b). However, the IBW group
(Fig. 5¢) had a greater average node degree (2.07) in the co-
occurrence network than the control (1.10) or the IDW
(1.03) groups (Fig. 5b, d). Most of the biomarker OTUs of
inoculum microbiota and the established OTUs in the in-
oculated lambs (both the IBW or the IDW), such as
OTU232 and OTU1102, showed a positive co-occurrence
relationship (Fig. 5c). The two OTUs established in the
rumen of the IDW lambs (i.e.,, OTU480 and OTU742) and
the biomarker OTUs of the inoculum microbiota also ex-
hibited a positive co-occurrence relationship (Fig. 5d).

Compositional changes of the colonic microbiota of the
lambs after inoculation

Overall, the rumen fluid inoculation had less impact on
the colonic microbiota than on the rumen microbiota,
but some of the bacterial genera were affected by the
inoculation, both before and during weaning (Fig. 3).
Inoculation before weaning increased the relative abun-
dance of Veillonella and Escherichia/Shigella, while in-
oculation during weaning expanded the relative
abundance of Veillonella, Ruminococcus 1, Anaerofilum,
and Coprobacter (Additional file 1: Tables S3 and S4).
None of the inoculum-predominant genera increased
its relative abundance in the colon of the lambs when
the inoculation was done before weaning. OTU157 be-
longing to Butyrivibrio 2 was only detected in the colon
content of the IBW lambs, while three OTUs (OTU742
belonging to the class Clostridiales, OTU444 belonging
to the family Prevotellaceae, and OTU447 belonging to
the Bacteroidales S24—7 gut group) were only present
in the colon content of the IDW lambs (Additional file
3: Figure S2b).
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Discussion

The early life of young ruminant animals provides a
unique window to potentially program the development
of the rumen microbiota [19, 33, 34]. Inoculation of
adult rumen microbiota to young ruminants was
thought to be an effective approach to reprogram. How-
ever, earlier studies only focused on the impacts of in-
oculation on the composition of the rumen microbiota
and the growth of young lambs [35, 36]. In the present
study, we performed inoculation both before and during
weaning to determine if it could promote the develop-
ment of the microbiota in both the rumen and the colon
and alleviate the weaning stress, which can profoundly
decrease the growth performance. The potential impacts
on the growth of all the intestinal segments and the co-
lonic microbiota were also evaluated. Overall, the inocu-
lation, either before or during weaning, had little effect
on the growth of all the animals. This is in general
agreement with the findings of the study using Merino
lambs that were also inoculated with mature rumen fluid

during suckling [37]. In a study where mature rumen
fluid was inoculated into weaned lambs for seven con-
secutive days, apparently digestibility of dry matter
(DM), crude protein (CP), fat, neutral detergent fiber
(NDF), and acid detergent fiber (ADF) was improved
over the course of 28 days, but those improvements were
not translated into an increase in DM intake or ADG
[36]. As evaluated by the empty weight and length of the
intestinal segments, the inoculation, either before or
during weaning, also had little effect on the growth of
the rumen or intestinal tracts. The results of the present
study and the two studies mentioned above collectively
suggest that although the rumen microbiota may have
plasticity in its development and its composition can be
altered, the microbial changes do not necessarily result
in significant improvements in animal growth perform-
ance [37]. The limited benefits of rumen fluid inocula-
tion might be attributed to the lack of a suitable
environment in the underdeveloped rumen of young
lambs and claves. First, the inoculated rumen microbiota
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might bypass the rumen rapidly through the esophageal
groove. Second, young lambs and calves consumed no
or little solid feed, to which the rumen microbiota of
adult ruminants is adapted. In addition, the duration
and frequency of inoculation might not be adequate.
Nevertheless, anaerobes predominant in rumen micro-
biota of adult ruminants could be found in the rumen of
lambs at 2 days of age [25], and both the diversity and
density of rumen bacteria started to stabilize and resem-
ble that of mature rumen by week 3-4 after birth [26,
38]. To examine the effects of ruminal microbiota trans-
plantation on the lamb performance during the weaning
period, 4weeks (7 days after starter feed intake) was
chosen as the experimental period. However, it might
take longer for the benefits of rumen fluid inoculation to
be manifested. Thus, the age of the animals, duration
and frequency of rumen fluid inoculation, inocula used,
time of sampling and growth evaluation, and the long-
term effects should be carefully considered in future
studies to further explore rumen fluid inoculation as a
potential approach to manipulate the development of
the rumen microbiota and its functional impact.

Several inoculum-predominant OTUs belonging to the
genera Moryella, Tyzzerella 4, and Succinicalsticum were
established in the rumen of the IBW lambs. These OTUs
established themselves in the rumen of the IBW lambs
likely due to the inoculation. The use of a diverse rumen

microbiota, instead of one or few single species that have
been maintained under and adapted to laboratory condi-
tions, might have increased the possibility of successfully
introduce rumen microbes to the rumen. This premise
is corroborated by the study of Ishaq et al. [39]. Fewer
inoculum-predominant OTUs were established in the
rumen of the IDW lambs than of the IBW lambs, which
suggests that the rumen before weaning is more accep-
tive to inoculated rumen bacteria than that during wean-
ing. This observation is consistent with the mechanism
of colonization resistance and indicates that the rumen
microbiota increases its resistance to colonization of in-
oculated bacteria as the animals grow. Several genera,
including Succiniclasticum and uncultured Bacteroides
§24-7 family, increased in the rumen of both the IBW
and the IDW lambs, and Moryella was increased in the
rumen of the IBW lambs, suggesting that the inoculation
with rumen fluid facilitated the colonization of these
taxa. This premise is consistent with the finding of Abe-
cia et al. [40] which showed that both Succiniclasticum
and Moryella increased in the rumen of baby goats fed
with their mothers compared to those separated from
their mothers. Species belonging to the genus Succini-
clasticum can utilize succinate producing propionate
[41-43]. Shabat et al. [44] showed that cattle with
enriched propionate-producing rumen bacteria and
genes encoding propionate production could achieve
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efficient feed utilization. Species belonging to Moryella
were also predominant in calves with a low residue feed
intake when they were fed with low energy density feed
[45]. Inoculum-predominant OTU belonging to uncul-
tured Bacteroides S24—7 family was found in the rumen
of both the IBW (2 in 12 OTUs) and the IDW lambs (3
in 10 OTUs), and a greater predominance was found in
the rumen of the IDW lambs. Starter feed intake might
have facilitated its establishment because it can degrade
complex glycan such as hemicellulose and pectin in the
GI tract of homeothermic animals [46]. Researches also
reported after high grain intake or subacute rumen acid-
osis challenge with a high grain diet, $24—7 family in
rumen decreased, intake of the starter contain forage
might facilitate the colonization of this taxon, while
starter introduced more plant fiber rather than only sim-
ple carbohydrates to the rumen of lambs [47, 48]. In an-
other finding from Abecia et al. [40], $24-7 was also
reported to be more abundant in the rumen of naturally
fed kids, while the family Ruminococcaceae and Prevotel-
laceae were gradually colonized in both twin kids. Our
results indicated family Ruminococcaceae and genus Pre-
votella 1 were predominated in the inoculum microbiota
and the rumen of all the lamb groups, suggesting that
they might naturally colonize the rumen of the young
lambs, while Succiniclasticum, Moryella, and S24-7
might be transferred from ewe to their kids (through
direct contact in other research or inoculation in our re-
search). However, it should be noted that dead cells,
VFAs, or soluble chemicals in rumen fluid can also im-
pact the colonization of rumen bacteria. Indeed, lipo-
polysaccharides were shown to alter some bacterial
populations in the rumen [49]. Muscato et al. [50] had
also demonstrated positive growth performance out-
comes of calves after inoculation with fresh, autoclaved,
or centrifuged rumen fluid. It is speculative but the en-
hanced colonization of Succiniclasticum and Moryella in
the rumen of the IBW lambs might potentially improve
their propionate-producing potential and then feed effi-
ciency. Again, long-term experiments are needed to test
this premise and better controls were needed to eluci-
date the underpinning mechanisms.

The alteration of rumen bacterial genera in the rumen
of the IBW and the IDW groups could be attributed dir-
ectly to colonization of some bacteria which were
present in the inocula and indirectly to the interactions
between the established bacteria after inoculation and
naturally acquired one such as Prevotella or Ruminococ-
caceae (both of which are the major bacterial genera in
the rumen). The inocula and the rumen of the control
lambs had distinct microbiota composition, reflecting
the different stages of the rumen microbiota develop-
ment. The LEfSe analysis revealed 11 differential OTUs,
most of these OTUs belong to the phylum Bacteroidetes
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(i.e., Prevotella 1, Rikenelaceae RC9 gut group and Bac-
teroidales), were generally the most predominant rumen
bacteria of different adult ruminants [51], and the abun-
dance of phylum Bacteroidetes was proved to increase with
age (27, 28]. Thus, these OTUs could be considered as po-
tential biomarkers of different development stages of the
rumen microbiota. Interestingly, the rumen microbiota of
the IBW lambs had more positive co-occurrences between
the established OTUs and the biomarker OTUs, suggesting
beneficial effects of inoculation on the assemblage and de-
velopment of the rumen microbiota in the young lambs.
Anaerobiosis is vital for the colonization of obligate anaer-
obes, and it is initially created by the primary colonizers
that are facultatively anaerobic and can consume the oxy-
gen in the rumen. Some of the positive co-occurrence in-
teractions observed between anaerobic bacteria, such as the
family Ruminococcaceae, the order Bacteroidales, and the
genera Pseudobutyrivibrio and Prevotella, especially in the
rumen of the IBW lambs, could facilitate the colonization
of the rumen of young lambs by some of the inoculated
bacteria, a premise in agreement with the findings of Jami
et al. [27]. Species of Moryella [52] could produce VFAs
using simple carbohydrates generated from fiber degrad-
ation by some rumen bacteria such as the Ruminococcaceae
NK4A214 group, which was one of the major taxa in the
inocula. Moryella species were also predominant in the
rumen of forage-fed lambs, which was thought to be attrib-
uted to the digestion of fiber by fibrolytic microorganisms
[53]. In this case, the rich supply of simple carbohydrates in
the milk replacer (MR) might facilitate the establishment of
(OTU232) Moryella before weaning, and its ability to utilize
simple carbohydrates might explain the co-occurrence with
some OTU biomarkers (such as OTU67 belongs to Rumi-
nococcaceae NK4A214) in the rumen of IBW lambs after
inoculation. In the human GI microbiota, bacteria exhibit-
ing negative co-occurrence tend to have similar functions
as revealed by smaller phylogenetic and functional dis-
tances, while bacteria showing positive co-occurrence do
not [54]. Interactions between microbes with complemen-
tary functions can potentially affect the colonization pro-
gress of the rumen and the colon after inoculation and
increase the robustness of their microbial ecology [55]. In-
deed, bacteria inoculated into the human gut could better
colonize and persist if they can occupy the unfilled niches
therrein [56, 57]. The negative relationships between the
established bacterial OTUs and the inoculum-predominant
OTUs seen in the rumen of the control lambs may suggest
that without the intervention, the rumen microbiota after
weaning could hinder the colonization of some taxa from
the inoculum, which further support the effective interven-
tion of rumen microbiota before weaning.

With an under-developed rumen, young ruminants di-
gest the ingested feed primarily in the small intestines. But
the colonic microbiota is also important as it ferments
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undigested carbohydrates and protein, producing VFAs to
stimulate the development of intestinal epithelium and re-
ducing pathogen infection by either directly competing
with pathogens or indirectly stimulating immune re-
sponses [58-60]. Overall, the colonic microbiota was af-
fected by the inoculation to a less extent than the rumen
microbiota. This is not surprising given that the inoculum
was collected from the rumen of adult sheep. The limited
effect on the lamb scouring were also consistent with the
limited impacts on the colonic microbiota. Several
inoculum-predominant genera were significantly in-
creased in the colon of the IDW lambs, but not the IBW
lambs. These results are in general agreement with the
successful colonization of some rumen bacteria in the
colon of calves when they started consuming solid feed,
and the number of taxa shared between the rumen and
the colon increased as calves grew [61]. It is interesting to
note that Veillonella was enriched in the colon of both the
IBW and the IDW lambs in our study. Species of Veillo-
nella are major bacteria in the GI tract, and they can
produce lactate or succinate for VFAs production [62].
The increase in Veillonella in response to the inoculation
can be beneficial to the lambs. Fecal samples were not col-
lected in our study. Future research is warranted to evalu-
ate how the inoculation of young lambs affects fecal
microbiota alteration and health, especially in lambs or
claves that suffer from diarrhea.

As in other rumen inoculation studies, in the present
study, we could not obtain definitive evidence if all the
inoculation-promoted bacteria in the inoculated lambs
were directly attributed to the inoculation for several
reasons. First, the inoculated lambs (including the mock-
inoculated control lambs) and the adult sheep donors of
the inocula were kept on the same farm although with-
out direct contact. Rumen bacteria from the adult sheep
could be transmitted to the young lambs through air-
borne transmission, but it had not been proved yet. Sec-
ond, the nutritional and chemical factors of the inocula
could also affect the bacterial colonization as we have
discussed above. Furthermore, animal-to-animal vari-
ation is inherent to the rumen and the GI microbiota,
and such variation introduced confounding effects dur-
ing transfaunation [6]. Thus, we used triplet lambs to
minimize confounding genetic and maternal effects on
the rumen and the colon microbiota [63], but triplet
blocks still exhibited some variation in the rumen and
the colon microbiotas. The difference in inoculation (in-
cluding the mock inoculation of the control lambs) tim-
ing (the first inoculation of the IDW lambs was 14 days
after that of the control lambs) and frequency (6, 4, and
2 times for the control, the IBW, and the IDW lambs,
respectively) could also have potentially affected the
development of the rumen and the colon microbiotas. It
is extremely difficult to determine if specific bacteria
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present in an inoculum have successfully colonized the
rumen or the GI tracts after inoculation or microbiota
transplantation. Sequence markers (i.e., single-nucleotide
variant) were applied in human research for tracking the
colonization of foreign microbes in infants [64]. How-
ever, without specially genetically tagging the bacteria of
interest, using germ-free animals, or animals in total iso-
lation, the detection of a bacterium in both the inocula
and the inoculated animals or humans cannot be exclu-
sively attributed to the inoculation. Because genetically
tagging can alter the ecological fitness of bacteria and
only available for a few bacterial taxa such as Escherichia
coli [65], it has not been used to trace inoculated bacter-
ial community. The above potential confounding effects
can be eliminated but can be minimized by isolating the
inoculated lamb groups to lower the potential of air-
borne transmission of rumen bacteria, using the same
inoculation timing and frequency, and including a con-
trol group inoculated with autoclaved rumen fluid. Apart
from the rumen, the potential effects on gut health of
young ruminants should also be evaluated.

Conclusions

Inoculation with the rumen fluid from adult sheep
helped the establishment of new bacterial features (such
as increased predominant and positive co-occurrence) in
the rumen of young lambs, and the timing of the inocu-
lation affected the features introduced. Moryella and
Succiniclasticum were among the rumen bacteria that
significantly increased in the rumen of the young lambs
after inoculation, and they could be potential targets for
rumen microbial inoculation. Colonic microbiota was af-
fected to a lesser extent than the rumen microbiota, and
inoculation together with consumption of solid feed ex-
panded the effects of the inoculation. Inoculation, espe-
cially early inoculation before weaning, also increased
the co-occurrence interaction between established taxa
after inoculation (especially Moryella) and some of the
predominant taxa present in the inocula. Taken to-
gether, the rumen microbiota of young lambs has con-
siderable plasticity for manipulation by inoculation with
rumen fluid from adult sheep to potentially improve ani-
mal growth. Future research needs to consider the fac-
tors that can potentially affect the outcome (such as
donor of rumen fluid, timing, dose, frequency, and dur-
ation of inoculation, the length of the experiment) and
expand the outcomes to be examined (such as epithe-
lium, immune response, blood metabolites, gut health).

Methods

Preparation of inoculum and animal experiment

A total of five adult female Hu sheep served as the do-
nors of fresh rumen fluid throughout the inoculation ex-
periment. We used five sheep as the donors to achieve a
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composite inoculum that has a broader representation of
the rumen microbiota among sheep. These five sheep with
bodyweights of 36.04 + 0.27 kg were each fed a commer-
cial concentrate diet 200 g/d twice daily and allowed to
have free access to water and Chinese wildrye as forage.
Fresh rumen fluid was collected from each donor sheep
before morning feeding via oral tubing [66] on each inocu-
lation day. Pooled rumen fluid (equal volume) was filtered
through four layers of cheesecloth to remove large feed
particles under a constant flux of CO, and was kept in a
closed bottle at 39°C in a water bath until inoculation
within 30 min. Each inoculum was subsampled (six
aliquots, referred to as I8, 19, 115, 116, 122, and 123, with
the number corresponding to the days of collection and
inoculation) and preserved at — 80 °C for DNA extraction.
Fifteen Hu lamb triplets (birth body weights: 2.63 +

0.08 kg) borne of five ewes within a three-day window
were procured from a local lamb stock farm immediately
after birth. All the lambs were bottle-fed the colostrum
during the first 3 days and then transported to the ex-
perimental farm of Zhejiang University (a less than two-
hour trip). The triplet lambs were allocated into three
inoculation groups with each group randomly receiving
one of the triplets, and the three lambs from the same
triplet were considered as a block. Similar to the study
by De Barbieri et al. [35], inoculation of rumen fluid was
performed via a soft silicon tube, with a 20 cm insertion
depth. The tube was inserted into the bottom of the
rumen, which had been confirmed using one extra lamb
before inoculation. Two of the lamb groups were repeat-
edly inoculated with 20ml of the composite inoculum
each time either before weaning (IBW, 4 inoculations)
or during weaning (IDW, 2 inoculations), while the third
group was mock-inoculated with 20 ml normal saline (6
inoculations) and served as the control (C) (Fig. 1). All
the lambs were housed individually and separated by
iron fence (lamb was considered as the experiment unit)
and fed the same commercial milk replacer (MR; DM:
95.29%, CP: 23.77%, EE: 13.10%, NDEF: 6.57%, ADF:
3.57%) three times daily at 07:00, 12:00, and 19:00. All
the lambs consumed their daily MR allowance through-
out the experiment. To meet their increasing nutritional
requirements, each lamb was fed an increasing amount
of the MR, from 240 ml/d at d 1 of the experiment (4
days of age) to 720 ml/d at d 21 (a daily increment of 24
ml). From day 22 onward, the lambs were weaned off
the MR within 4 days. During weaning, a commercial
starter consisting of corn and soybean meal pelleted with
20% alfalfa (concentrate: forage = 80: 20; DM: 90.12%;
CP: 16.52%; NDF: 29.35%; ADF: 12.57%) was offered ad
libitum to the lambs while milk replacer was reduced
from 720 ml/d to Oml/d (a daily decrement of 180 ml)
to stimulate starter feed intake. The fecal fluidity of each
lamb was scored daily from day 8 to 28 based on a 5-

Page 11 of 15

point-scale [67]. Lambs were considered suffering from
scouring when they showed a fecal score > 3.

Growth performance, sampling and analysis, and Gl
morphology measurement

In the last 2 days of every week, all the lambs were
weighted before morning feeding to calculate the ADG.
Accumulated starter intake between days 21 and 28 was
also recorded. All the lambs were euthanized on day 28 at
10:00 am (3 h after morning feeding), and 50 ml of rumen
content were immediately collected into a 50-ml sterile
plastic tube from each lamb. Aliquots of 2ml of each
rumen content were stored at — 20 °C until DNA extrac-
tion. Rumen pH was measured immediately after sam-
pling using a pH meter. All the rumen content samples
had little liquid so they were individually re-suspended in
phosphate buffer saline (PBS), mixed by vortexing, and
clarified using centrifugation at 13,000xg for 10 min to
prepare the supernatant for determination of the concen-
trations of VFA using gas chromatography [68] and NH3-
N using a colorimetric method [69]. Similarly, colon con-
tent was also sampled, preserved for DNA extraction, and
subjected to VFA and NH;3-N analysis.

After sampling the content, the length of each GI seg-
ment was measured after it was gently coiled around two
plastic pegs (50 cm apart) to avoid stretching as Baldwin
has suggested [70]. Then, all GI tract segments were sepa-
rated gently and emptied after cutting open longitudinally.
The empty rumen, reticulum, omasum, abomasum, small
intestine, cecum, and colon were weighted after rinsing
with sterile PBS. The weight of each GI segment was
divided by the body weight (BW) of the lamb to minimize
individual variance.

DNA extraction, sequencing, and analysis of 16S rRNA
genes

Metagenomic DNA was extracted using the CTAB
(cetyltrimethyl ammonium bromide) method [71] after
the samples were washed once with TN150 buffer (10
mM Tris-HCI [pH 8.0], 150 mM NaCl) as described by
Li et al. [72]. The microbiota of the rumen and the colon
was analyzed using 2 x 250 paired-end sequencing of
amplicons of the hypervariable V3-V4 region [73] on a
HiSeq platform.

Sequence data processing and analysis were performed
using QIIME [74] essentially as done previously [68]
with slight modifications of several parameters. Briefly,
adapters and primers were trimmed off, and sequencing
reads with a Q < 30 were filtered out. Potential chimeric
sequences were identified and removed following joining
the two paired reads using UCHIME [75]. On average
39,281 quality-checked sequences resulted from 88,783
raw sequences per sample and were used in further ana-
lysis. The quality-checked sequences were de novo
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clustered into operational taxonomic units (OTUs) at 97%
similarity using Usearch [76]. Then, representative se-
quences defined by abundance from individual OTUs were
aligned against the SILVA 16S reference dataset (SILVA
version 123) using PyNAST [77, 78] and taxonomically
assigned using the Classifier of RDP [79]. For the uncul-
tured taxa, the nomenclatures of the SILVA database were
used. o-Diversity measurements, including the observed
number of OTUs, Chaol richness estimate, and Shannon
diversity index, were calculated using QIIME.

To infer the microbes that had been established in the
rumen of the inoculated lambs by the inoculation, the
genera and OTUs that significantly differed in relative
abundance between the inoculum and the rumen contents
of control lambs were identified. Of these, the ones more
predominant in the inoculum than in the rumen of the
control lambs were referred to as “inoculum-predominant
genera or OTUs” for ease of reference. A similar compari-
son between the control and IBW or IDW groups was
made to infer the genera and OTUs that had been estab-
lished probably through the inoculation. Specifically, the
OTUs which were detected in both the inoculum and the
rumen of the IBW or the IDW lambs (more than three in-
dividuals, including three) but not (less than three individ-
uals) in the rumen of the control lambs were considered
the OTUs that had been successfully established in the
rumen of the young lambs by the inoculation. The distri-
bution of the inoculum-predominant genera (or OTUs) in
the rumen samples of the lambs (the colonic samples were
also included for comparison) was visualized using a heat-
map after the average relative abundance of each genus
and OTU was divided by the standard deviation to
minimize the divergence between different taxa.

Statistical analysis

Normal distributed data was tested using two-way
ANOVA in R (Version 3.4.1) based on a randomized block
design without interaction between block and inoculation.
The data of GI weight and length measurements were
abnormally distributed, they were normalized against
bodyweight prior to analysis. Frequency counts data were
analysed using Pearson’s Chi-square test. The permutation
ANOVA test based on randomized block design was used
to identify the significant difference of taxa and other
abnormally distributed data between the lamb groups with
the ImPerm package in R. Individual lambs from the same
triplet were considered as a block. Significant difference
was declared at P<0.05, while trend was considered at
0.05<P<0.1. Post-hoc test was done to make multiple
comparisons using the pairwise permutation test in the
rcompanion package in R (Version 1.13.4) or Tukey pair-
wise test in the emmeans package in R. For the ruminal
OTUs data, the non-parametric Kruskal-Wallis test was
used to determine the differences between the control
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lambs and the inoculum (including o-diversity compari-
son), and the non-parametric two factor Friedman rank
test without replication was used to determine the differ-
ence between each of the inoculation groups and the con-
trol group using the agricolae package in R. B-Diversity
based on Bray-Curtis dissimilarity of the inoculum samples
and the ruminal samples of the lambs were analyzed using
PERMANOVA analysis [80] and adonis in the vegan pack-
age of R and the phyloseq package in R [81]. Pairwise com-
parisons were made using permutation ANOVAs adjusted
by false discovery rate. A distance matrix was then ordi-
nated by the non-metric dimensional scaling (NMDS) ana-
lysis with a 0.1225 stress value for both dimensions.

The linear discriminant analysis effect size (LEfSe)
analysis [82] was used to estimate the effect size of
OTUs that attributed to the inocula and the rumen sam-
ples of the control lambs so that biomarkers of inocula
(proxies of the rumen microbiota of the adult sheep do-
nors) can be identified. The OTUs with an LDA score >
2 in the inoculated lambs were considered as probable
biomarkers of the rumen microbiota of the adult sheep
donors. The co-occurrence of the biomarkers and the
established OTUs in the lamb rumen was discriminated
using network analysis based on Spearman correlation.
Correlation matrices were calculated using the Hmisc
package in R, and significant correlations with a coeffi-
cient value > |0.8| were used to build the networks that
were visualized, and network statistics degree and aver-
age betweenness of nodes were calculated in Gephi [83].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512866-020-1716-z.

Additional file 1: Table S1. Effects of rumen fluid inoculation on
scouring days of the lambs. Table S2. P-value matrix of pairwise adonis
analysis of the inocula in different inoculation time. Table S3. P-value
matrix of pairwise adonis analysis of the rumen and the colon
microbiota. Table S4. Ruminal and colonic genera that differed
significantly in relative abundance between the IBW and the control
lambs. Table S5. Ruminal and colonic genera that differed significantly in
relative abundance between the IDW and the control lambs.

Additional file 2: Figure S1. Major bacterial taxa with a relative
abundance > 0.5%. a: major bacterial taxa in the inoculum and the
rumen of the lambs. b: major bacterial taxa in the colon content of the
lambs. C: Control; IBW: Inoculation before weaning; IDW: Inoculation
during weaning; I: Inoculum. T: triplet.

Additional file 3: Figure S2. An abundance heatmap showing the
OTUs that were exclusively detected in the rumen of 23 lambs of the
five IBW lambs (IBW-Unique), of 23 lambs of the five IDW lambs (IDW-
Unique), or both the IBW and the IDW lambs (=3 of the five lambs in
each group).

Additional file 4. ARRIVE Guidelines Checklist.

Abbreviations

ADF: Acid detergent fiber; ADG: Average daily gain; BW: Body weight;

CP: Crude protein; CTAB: Cetyltrimethyl ammonium bromide; DM: Dry
matter; Gl: Gastrointestinal; IBW: Inoculate before weaning; IDW: Inoculate
during weaning; LDA: Linear discriminant analysis; LEfSe: Linear discriminant


https://doi.org/10.1186/s12866-020-1716-z
https://doi.org/10.1186/s12866-020-1716-z

Yu et al. BMIC Microbiology (2020) 20:29

analysis effect size; MCP: Microbial crude protein; MR: Milk replacer;

NDF: Neutral detergent fiber; NHs-N: Ammonia nitrogen; NMDS: Non-metric
dimensional scaling; OTU: Operational taxonomic units; PBS: Phosphate
buffer saline; RDP: Ribosomal Database Project; RMT: Ruminal microbiota
transplantation; rRNA: Ribosomal ribonucleic acid; SARA: Subacute ruminal
acidosis; VFA: Volatile fatty acids

Acknowledgments

The authors thank Ge Gao, Wenfeng He, and Bin Yang at the Institute of
Dairy Science for their technical assistance in caring for the animals. Zhejiang
Sainuo Husbandry Corporation kindly provided the animals and available
barns during the early colostrum feeding.

Authors’ contributions

JKW and SY designed this study. SY and ZL conducted the animal trial. SY
and GZ performed DNA isolation. SY and PW conducted bioinformatics and
statistical analyses. SY, ZTY, and JKW were responsible for the data
interpretation and manuscript writing. All authors read and approved the
final manuscript.

Funding

This work was partially supported by grants from the National Key Research
and Development Program of China (Award number: 2017YFD0500502),
National Natural Science Foundation of China (Award number: 31622056),
and Zhejiang University (Award number: 2017XZZX002-14) of China. The
funders did not have any role in the design of the study and collection,
analysis, and interpretation of data or in writing the manuscript.

Availability of data and materials

The raw DNA sequences datasets analysed during the current study are
available in the NCBI Sequence Read Archive (SRA) database (https://www.
ncbi.nlm.nih.gov/sra) under the accession numbers SRR7539264 -
SRR7539299.

Ethics approval and consent to participate
The experimental design and procedures were approved by the Animal Care
and Use Committee of Zhejiang University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute of Dairy Science, College of Animal Sciences, Zhejiang University,
Hangzhou, China. 2Depar‘[ment of Animal Sciences, The Ohio State
University, Columbus, OH, USA.

Received: 3 April 2019 Accepted: 29 January 2020
Published online: 07 February 2020

References

1. Kim M, Morrison M, Yu Z. Status of the phylogenetic diversity census of
ruminal microbiomes. FEMS Microbiol Ecol. 2011;76:49-63.

2. Creevey CJ, Kelly WJ, Henderson G, Leahy SC. Determining the culturability
of the rumen bacterial microbiome. Microb Biotechnol. 2014;7:467-79.

3. Koike S, Kobayashi Y. Fibrolytic rumen bacteria: their ecology and functions.
Asian-Aust J Anim Sci. 2009;22:131-8.

4. McCann JC, Wickersham TA, Loor JJ. High-throughput methods redefine the
rumen microbiome and its relationship with nutrition and metabolism.
Bioinform Biol Insights. 2014;8:109-25.

5. Perea K, Perz K Olivo SK, Williams A, Lachman M, Ishag SL, Thomson J, Yeoman
CJ. Feed efficiency phenotypes in lambs involve changes in ruminal, colonic,
and small-intestine-located microbiota. J Anim Sci. 2017,95:2585.

6. Zhou M, Peng YJ, Chen Y, Klinger CM, Oba M, Liu JX, Guan LL. Assessment
of microbiome changes after rumen transfaunation: implications on
improving feed efficiency in beef cattle. Microbiome. 2018,6:62.

7. Duffield TF, Rabiee A, Lean 1. Overview of meta-analysis of monensin in
dairy cattle. Vet Clin North Am Food Anim Pract. 2012;28:107-19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 13 of 15

Hart KJ, Yanez-Ruiz DR, Duval SM, McEwan NR, Newbold CJ. Plant extracts
to manipulate rumen fermentation. Anim Feed Sci Technol. 2008;147:8-35.
Weimer PJ. Redundancy, resilience, and host specificity of the ruminal
microbiota: implications for engineering improved ruminal fermentations.
Front Microbiol. 2015;6:296.

Krause DO, Smith WJM, Ryan FME, Mackie RI, McSweeney CS. Use of 165-
rRNA based techniques to investigate the ecological succession of microbial
populations in the immature lamb rumen: tracking of a specific strain of
inoculated Ruminococcus and interactions with other microbial populations
in vivo. Microb Ecol. 1999;38:365-76.

Zebeli Q, Terrill SJ, Mazzolari A, Dunn SM, Yang WZ, Ametaj BN. Intraruminal
administration of Megasphaera elsdenii modulated rumen fermentation
profile in mid-lactation dairy cows. J Dairy Res. 2012;79:16-25.

Arik HD, Gulsen N, Hayirli A, Alatas MS. Efficacy of Megasphaera elsdenii
inoculation in subacute ruminal acidosis in cattle. J Anim Physiol Anim Nutr.
2019;103:411-26.

Klieve AV, Hennessy D, Ouwerkerk D, Forster RJ, Mackie R, Attwood GT.
Establishing populations of Megasphaera elsdenii YE 34 and Butyrivibrio
fibrisolvens YE 44 in the rumen of cattle fed high grain diets. J Appl
Microbiol. 2003;95:621-30.

Rico DE, Ying Y, Clarke AR, Harvatine KJ. The effect of rumen digesta
inoculation on the time course of recovery from classical diet-induced milk
fat depression in dairy cows. J Dairy Sci. 2014;97:3752-60.

Weimer PJ, Cox MS, Vieira de Paula T, Lin M, Hall MB, Suen G. Transient
changes in milk production efficiency and bacterial community composition
resulting from near-total exchange of ruminal contents between high- and
low-efficiency Holstein cows. J Dairy Sci. 2017;100:7165-82.

Ribeiro GO, Oss DB, He Z, Gruninger RJ, Elekwachi C, Forster RJ, Yang W,
Beauchemin KA, McAllister TA. Repeated inoculation of cattle rumen with
bison rumen contents alters the rumen microbiome and improves nitrogen
digestibility in cattle. Sci Rep. 2017,7:1276.

Weimer PJ, Stevenson DM, Mantovani HC, Man SL. Host specificity of the
ruminal bacterial community in the dairy cow following near-total
exchange of ruminal contents. J Dairy Sci. 2010;93:5902-12.

Soberon F, Van Amburgh ME. Lactation biology symposium: the effect of
nutrient intake from milk or milk replacer of preweaned dairy calves on
lactation milk yield as adults: a meta-analysis of current data. J Anim Sci.
2013,91:706-12.

Yanez-Ruiz DR, Abecia L, Newbold CJ. Manipulating rumen microbiome and
fermentation through interventions during early life: a review. Front
Microbiol. 2015;6:1133.

Distel RA, Villalba JJ, Laborde HE. Effects of early experience on voluntary
intake of low-quality roughage by sheep. J Anim Sci. 1994;72:1191-5.

Distel RA, Villalba JJ, Laborde HE, Burgos MA. Persistence of the effects of
early experience on consumption of low-quality roughage by sheep. J Anim
Sci. 1996,74:965-8.

Provenza FD, Balph DF. Applicability of five diet-selection models to various
foraging challenges ruminants encounter. In: Hughes RN, editor. Behavioural
mechanisms of food selection. Berlin: Springer-Verlag; 1990. p. 423-59.
Soares JH, Leffel EC, Larsen RK. Neonatal lambs in a gnotobiotic
environment. J Anim Sci. 1970;31:733-40.

Alexander TIL, Lysons RJ. Observations on rearing gnotobiotic lambs. Br Vet
J.1971,127:349-57.

Fonty G, Gouet P, Jouany JP, Senaud J. Establishment of the microflora and
anaerobic fungi in the rumen of lambs. Microbiology. 1987;133:1835-43.
Rey M, Enjalbert F, Combes S, Cauquil L, Bouchez O, Monteils V.
Establishment of ruminal bacterial community in dairy calves from birth to
weaning is sequential. J Appl Microbiol. 2014;116:245-57.

Jami E, Israel A, Kotser A, Mizrahi I. Exploring the bovine rumen bacterial
community from birth to adulthood. ISME J. 2013;7:1069-79.

Wang L, Xu Q, Kong F, Yang Y, Wu D, Mishra S, Li Y. Exploring the goat rumen
microbiome from seven days to two years. PLoS One. 2016;11:¢0154354.

De Mulder T, Goossens K, Peiren N, Vandaele L, Haegeman A, De Tender C,
Ruttink T, de Wiele TV, De Campeneere S. Exploring the methanogen and
bacterial communities of rumen environments: solid adherent, fluid and
epimural. FEMS Microbiol Ecol. 2016,93:fiw251.

Meale SJ, Li S, Azevedo P, Derakhshani H, Plaizier JC, Khafipour E, Steele MA.
Development of ruminal and fecal microbiomes are affected by weaning
but not weaning strategy in dairy calves. Front Microbiol. 2016;7:582.
Budzynska M, Weary DM. Weaning distress in dairy calves: effects of
alternative weaning procedures. Appl Anim Behav Sci. 2008;112:33-9.


https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra

Yu et al. BMIC Microbiology

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

(2020) 20:29

de Passille AM, Borderas TF, Rushen J. Weaning age of calves fed a high
milk allowance by automated feeders: effects on feed, water, and energy
intake, behavioral signs of hunger, and weight gains. J Dairy Sci. 2011,94:
1401-8.

Dill-McFarland KA, Weimer PJ, Breaker JD, Suen G. Diet influences early
microbiota development in dairy calves without long-term impacts on milk
production. Appl Environ Microbiol. 2018;85:€02141-18.

Saro C, Hohenester UM, Bernard M, Lagrée M, Martin C, Doreau M, Boudra
H, Popova M, Morgavi DP. Effectiveness of interventions to modulate the
rumen microbiota composition and function in pre-ruminant and ruminant
lambs. Front Microbiol. 2018:9:1273.

De Barbieri |, Hegarty RS, Silveira C, Gulino LM, Oddy VH, Gilbert RA, Klieve
AV, Ouwerkerk D. Programming rumen bacterial communities in newborn
merino lambs. Small Ruminant Res. 2015;129:48-59.

Zhong RZ, Sun HX, Li GD, Liu HW, Zhou DW. Effects of inoculation with
rumen fluid on nutrient digestibility, growth performance and rumen
fermentation of early weaned lambs. Livest Sci. 2014;162:154-8.

De Barbieri I, Hegarty RS, Silveira C, Oddy VH. Positive consequences of
maternal diet and post-natal rumen inoculation on rumen function and
animal performance of merino lambs. Small Ruminant Res. 2015;129:37-47.
Abecia L, Ramos-Morales E, Martinez-Fernandez G, Arco A, Martin-Garcia Al,
Newbold CJ, Yanez-Ruiz DR. Feeding management in early life influences
microbial colonisation and fermentation in the rumen of newborn goat
kids. Anim Prod Sci. 2014;54:1449-54.

Ishaq SL, Kim CJ, Reis D, Wright AD. Fibrolytic bacteria isolated from the
rumen of north american moose (Alces alces) and their use as a probiotic in
neonatal lambs. PLoS One. 2015;10:¢0144804.

Abecia L, Jimenez E, Martinez-Fernandez G, Martin-Garcia Al, Ramos-Morales
E, Pinloche E, Denman SE, Newbold CJ, Yanez-Ruiz DR. Natural and artificial
feeding management before weaning promote different rumen microbial
colonization but not differences in gene expression levels at the rumen
epithelium of newborn goats. PLoS One. 2017;12:¢0182235.

Dias J, Marcondes MI, Noronha MF, Resende RT, Machado FS, Mantovani
HC, Dill-McFarland KA, Suen G. Effect of pre-weaning diet on the ruminal
archaeal, bacterial, and fungal communities of dairy calves. Front Microbiol.
2017;8:1553.

van Gylswyk NO. Succiniclasticum ruminis gen. nov., sp. nov., a ruminal
bacterium converting succinate to propionate as the sole energy-yielding
mechanism. Int J Syst Bacteriol. 1995,45:297-300.

Hook SE, Steele MA, Northwood KS, Dijkstra J, France J, Wright AD, McBride
BW. Impact of subacute ruminal acidosis (SARA) adaptation and recovery on
the density and diversity of bacteria in the rumen of dairy cows. FEMS
Microbiol Ecol. 2011;78:275-84.

Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg
Miller ME, White BA, Shterzer N, Mizrahi . Specific microbiome-dependent
mechanisms underlie the energy harvest efficiency of ruminants. ISME J.
2016;10:2958-72.

Hernandez-Sanabria E, Goonewardene LA, Wang Z, Durunna ON, Moore SS,
Guan LL. Impact of feed efficiency and diet on adaptive variations in the
bacterial community in the rumen fluid of cattle. Appl Environ Microbiol.
2012;78:1203-14.

Ormerod KL, Wood DLA, Lachner N, Gellatly SL, Daly N, Parsons JD,
Dal'Molin CGO, Palfreyman RW, Nielsen LK, Cooper MA, et al. Genomic
characterization of the uncultured Bacteroidales family S24-7 inhabiting the
guts of homeothermic animals. Microbiome. 2016;4:36.

Anderson CL, Schneider CJ, Erickson GE, MacDonald JC, Fernando SC.
Rumen bacterial communities can be acclimated faster to high concentrate
diets than currently implemented feedlot programs. J Appl Microbiol. 2016;
120:588-99.

Plaizier JC, Li S, Danscher AM, Derakshani H, Andersen PH, Khafipour E.
Changes in microbiota in rumen digesta and feces due to a grain-based
subacute ruminal acidosis (SARA) challenge. Microb Ecol. 2017;74:485-95.
Dai X, Paula EM, Lelis ALJ, Silva LG, Brandao VLN, Monteiro HF, Fan P,
Poulson SR, Jeong KC, Faciola AP. Effects of lipopolysaccharide dosing on
bacterial community composition and fermentation in a dual-flow
continuous culture system. J Dairy Sci. 2019;102:334-50.

Muscato TV, Tedeschi LO, Russell JB. The effect of ruminal fluid preparations
on the growth and health of newborn, milk-fed dairy calves. J Dairy Sci.
2002;85:648-56.

De Mulder T, Peiren N, Vandaele L, Ruttink T, De Campeneere S, Van de
Wiele T, Goossens K. Impact of breed on the rumen microbial community

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

Page 14 of 15

composition and methane emission of Holstein Friesian and Belgian blue
heifers. Livest Sci. 2018;207:38-44.

Carlier JP, KOuas G, Han XY. Moryella indoligenes gen. nov., sp. nov., an
anaerobic bacterium isolated from clinical specimens. Int J Syst Evol
Microbiol. 2007;57:725-9.

Ellison MJ, Conant GC, Lamberson WR, Cockrum RR, Austin KJ, Rule DC,
Cammack KM. Diet and feed efficiency status affect rumen microbial profiles
of sheep. Small Ruminant Res. 2017;156:12-9.

Faust K, Sathirapongsasuti JF, Izard J, Segata N, Gevers D, Raes J,
Huttenhower C. Microbial co-occurrence relationships in the human
microbiome. PLoS Comput Biol. 2012;8:21002606.

Saavedra S, Stouffer DB, Uzzi B, Bascompte J. Strong contributors to network
persistence are the most vulnerable to extinction. Nature. 2011;478:233-5.
Fuentes S, van Nood E, Tims S, Heikamp-de Jong |, ter Braak CJ, Keller JJ,
Zoetendal EG, de Vos WM. Reset of a critically disturbed microbial
ecosystem: faecal transplant in recurrent Clostridium difficile infection. ISME
J.2014,8:1621-33.

Maldonado-Gomez MX, Martinez |, Bottacini F, O'Callaghan A, Ventura M,
van Sinderen D, Hillmann B, Vangay P, Knights D, Hutkins RW, Walter J.
Stable engraftment of Bifidobacterium longum AH1206 in the human gut
depends on individualized features of the resident microbiome. Cell Host
Microbe. 2016;20:515-26.

Oikonomou G, Teixeira AGY, Foditsch C, Bicalho ML, Machado VS, Bicalho
RC. Fecal microbial diversity in pre-weaned dairy calves as described by
pyrosequencing of metagenomic 16S rDNA. associations of Faecalibacterium
species with health and growth. PLoS One. 2013;8:63157.

Samuel BS, Shaito A, Motoike T, Rey FE, Backhed F, Manchester JK, Hammer
RE, Williams SC, Crowley J, Yanagisawa M, Gordon JI. Effects of the gut
microbiota on host adiposity are modulated by the short-chain fatty-acid
binding G protein-coupled receptor, Gpr41. Proc Natl Acad Sci U S A. 2008;
105:16767-72.

Vlkova E, Rada V, Trojanovd |, Killer J, Smehilova M, Molatova Z. Occurrence
of bifidobacteria in faeces of calves fed milk or a combined diet. Arch Anim
Nutr. 2008,62:359-65.

Dias J, Marcondes MI, Motta de Souza S, Cardoso da Mata e Silva B, Fontes
Noronha M, Tassinari Resende R, Machado FS, Cuquetto Mantovani H, KA D-
MF, Suen G. Bacterial community dynamics across the gastrointestinal tracts
of dairy calves during preweaning development. Appl Environ Microbiol.
2018,84:02675-17.

Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and
colorectal cancer. Nat Rev Microbiol. 2014;12:661-72.

Mayer M, Abenthum A, Matthes JM, Kleeberger D, Ege MJ, Holzel C, Bauer J,
Schwaiger K. Development and genetic influence of the rectal bacterial
flora of newborn calves. Vet Microbiol. 2012;161:179-85.

Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, Armanini F, Truong DT,
Manara S, Zolfo M, et al. Mother-to-infant microbial transmission from
different body sites shapes the developing infant gut microbiome. Cell Host
Microbe. 2018,;24:133-45.

Lagendijk EL, Validov S, Lamers GEM, De Weert S, Bloemberg GV. Genetic
tools for tagging gram-negative bacteria with mCherry for visualization

in vitro and in natural habitats, biofilm and pathogenicity studies. FEMS
Microbiol Lett. 2010;305:81-90.

Lodge-lvey SL, Browne-Silva J, Horvath MB. Technical note: bacterial
diversity and fermentation end products in rumen fluid samples collected
via oral lavage or rumen cannula. J Anim Sci. 2009;87:2333-7.

Lesmeister KE, Heinrichs AJ. Effects of corn processing on growth
characteristics, rumen development, and rumen parameters in neonatal
dairy calves. J Dairy Sci. 2004;87:3439-50.

Mi L, Yang B, Hu X, Luo Y, Liu J, Yu Z, Wang J. Comparative analysis of the
microbiota between sheep rumen and rabbit cecum provides new insight
into their differential methane production. Front Microbiol. 2018;9:575.
Fawcett JKS, J. E. A rapid and precise method for the determination of urea.
J Clin Pathol. 1960;13:156-9.

Baldwin RL. Sheep gastrointestinal development in response to different
dietary treatments. Small Ruminant Res. 1999;35:39-47.

Gagen EJ, Denman SE, Padmanabha J, Zadbuke S, Al Jassim R, Morrison M,
McSweeney CS. Functional gene analysis suggests different acetogen
populations in the bovine rumen and tammar wallaby forestomach. Appl
Environ Microbiol. 2010;76:7785-95.

Li M, Penner GB, Hernandez-Sanabria E, Oba M, Guan LL. Effects of sampling
location and time, and host animal on assessment of bacterial diversity and



Yu et al. BMIC Microbiology

73.

74.

75.
76.

77.

78.

79.

80.
81.

82.

83.

(2020) 20:29

fermentation parameters in the bovine rumen. J Appl Microbiol. 2009;107:
1924-34.

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, Glockner FO.
Evaluation of general 165 ribosomal RNA gene PCR primers for classical and
next-generation sequencing-based diversity studies. Nucleic Acids Res. 201341:e1.
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, et al. QIIME allows analysis of
high-throughput community sequencing data. Nat Methods. 2010;7:335-6.
Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics. 2011,27:2194-200.
Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26:2460-1.

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R.
PyNAST: a flexible tool for aligning sequences to a template alignment.
Bioinformatics. 2010;26:266-7.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glockner FO. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 2013;41:D590-6.
Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73:5261-7.

McArdle Brian H, Anderson MJ. Fitting multivariate models to community data:
a comment on distance-based redundancy analysis. Ecology. 2001,82:290-7.
McMurdie PJ, Holmes S. phyloseq: An R package for reproducible interactive
analysis and graphics of microbiome census data. PloS One. 2013,8:e61217.
Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS,
Huttenhower C. Metagenomic biomarker discovery and explanation.
Genome Biol. 2011;12:R60.

Bastian M, Heymann S, Jacomy M. Gephi: an open source software for
exploring and manipulating networks. ICWSM. 2009;8:361-2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Animal growth, GI tract growth and fermentation, and fecal scores
	Bacterial composition and diversity of the inocula and the rumen contents of the lambs
	Effect of the inoculation on the rumen and the colon microbiota of the lambs
	Co-occurrence of the OTUs established in the rumen of the lambs and the OTUs of the inocula
	Compositional changes of the colonic microbiota of the lambs after inoculation

	Discussion
	Conclusions
	Methods
	Preparation of inoculum and animal experiment
	Growth performance, sampling and analysis, and GI morphology measurement
	DNA extraction, sequencing, and analysis of 16S rRNA genes
	Statistical analysis

	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

