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Abstract The rumen microbiome contributes greatly

to the degradation of plant fibres to volatile fatty acids

and microbial products, affecting the health and

productivity of ruminants. In this study, we investigated

the dynamics of colonisation by bacterial communities

attached to reeds and cottonseed hulls in the rumen of

Tarim red deer, a native species distributed in the desert

of the Tarim Basin. The reed and cottonseed hull

samples incubated in nylon bags for 1, 6, 12, and 48 h

were collected and used to examine the bacterial

communities by next-generation sequencing of the

bacterial 16S rRNA gene. Prevotella1 and Rikenel-

laceaeRC9were themost abundant taxa in both the reed

and cottonseed hull groups at various times, indicating a

key role of these organisms in rumen fermentation in

Tarim red deer. The relative abundances of cellulolytic

bacteria, such as members of Fibrobacter, Treponema

2, Ruminococcaceae NK4A214 and Succiniclasticum

increased, while that of the genus Prevotella 1

decreased, with increasing incubation time in both

reeds and cottonseed hulls. Moreover, the temporal

changes in bacterial diversity between reeds and

cottonseed hulls were different, as demonstrated by

the variations in the taxa Ruminococcaceae UCG 010

and Papillibacter in the reed group and Sphaerochaeta

andErysipelotrichaceaeUCG004 in the cottonseed hull

group; the abundances of these bacteria first decreased

and then increased. In conclusion, our results reveal the

dynamics of bacterial colonisation of reeds and cotton-

seed hulls in the rumen of Tarim red deer.

Keywords Tarim red deer � Dynamics � Prevotella
1 � Cellulolytic bacteria

Introduction

The ruminant livestock sector is an important part of

the agricultural system because it provides meat and

milk for human consumption; however, this sector is
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challenged by increasing demand from the growing

human population (Eisler et al. 2014). Therefore,

improvement of ruminant productivity is important for

human food security. The rumen is the main location

of degradation of the ingested diet, particularly forage,

and is one of the most rapid and efficient plant fibre

utilisation systems known (Russell and Rychlik 2001).

The efficiency of the rumen depends on the diversity

and density of microorganisms that live in this organ,

including bacteria, protozoa, fungi and archaea (Rus-

sell and Rychlik 2001). Among these microorganisms,

bacteria are the most abundant, greatly contributing to

the digestion and conversion of feeds into volatile fatty

acids and microbial products (Kim et al. 2011). On the

other hand, the rumen microbiota is also considered a

promising resource for the production of alternative

biofuels, green chemicals and biomaterials due to the

high conversion of lignocellulose in rumen (Hess et al.

2011; Svartström et al. 2017). Therefore, understand-

ing the interaction between the microbiota and plant

fibres in the rumen is important for improvement of

ruminant productivity and biofuel production.

The rumen ecological system consists of three

fractions, namely, a solid-adherent fraction, a liquid

fraction and the rumen epithelium. Previous studies

have demonstrated that the microbial community in

the solid fraction is significantly different from that in

the liquid fraction (De Mulder et al. 2017; Larue et al.

2005; McAllister et al. 1994), suggesting key roles in

fibre degradation. However, the attachment of the

microbiota to plant fibres has been shown to be a

dynamic process (Huws et al. 2013, 2016; Jin et al.

2018; Piao et al. 2014), consisting of two stages. In the

first stage, the primary colonising bacteria are likely to

utilise soluble nutrients and, in the second stage, the

colonisers efficiently degrade plant structural compo-

nents (Huws et al. 2016). In addition, the rumen

microbiota is affected by the ruminant hosts (Hender-

son et al. 2015) and the attached microbiota is also

affected by the forage type (Ding et al. 2015; Liu et al.

2016). Therefore, examination of the temporal micro-

biota attached to plant fibres in different hosts could

further improve our knowledge regarding microbiota-

plant interactions.

Tarim red deer (Cervus elaphus yarkandensis),

living in the deserts of the Tarim Basin, is the only

subspecies of red deer in Central Asia that exhibits

unique adaptation to a dry climate (Tumur et al. 2013).

Tarim red deer are also listed as an endangered species

by the International Union for the Conservation of

Nature and Natural Resources (IUCN) due to the

decreasing populations of this species (Brook et al.

2017). In nature, Tarim red deer are concentrated in

reed (Phragmites communis) and poplar (Populus

diversifolia) meadows (Qiao et al. 2006). However, in

Tarim red deer husbandry, cottonseed hulls, a by-

product of cotton processing that contains a large

proportion of neutral detergent fibre (NDF) and

associated lignin (Kononoff and Heinrichs 2003), are

extensively used for velvet antler production. Thus,

the rumen ecology of Tarim red deer may be a possible

source for the discovery of efficient microbes that

utilise plant fibres in harsh environments. In a previous

study, we investigated the rumen bacteria of Tarim red

deer (Qian et al. 2017); however, the mechanism via

which the rumen microbiota colonises reeds and

cottonseed hulls is largely unknown. Understanding

the dynamics of the rumen microbiota in reeds and

cottonseed hulls is important for improvement of the

forage utilisation efficiency of Tarim red deer.

In this study, we tested the hypothesis that the

rumen bacterial communities that colonise reeds and

cottonseed hulls shift over time and identified the

differences in the microbiota between reeds and

cottonseed hulls.

Materials and methods

Animals and sample collection

Five healthy female rumen-cannulated Tarim red deer

(average body weight = 150 ± 5.0 kg) were used in

this study and maintained at the experimental animal

centre of Tarim University. All the animals were

assigned to individual metabolic pens and were fed

twice each day, at 9:00 am and 7:00 pm, and had free

access to clean drinking water. Each animal was fed a

total of 4.2 kg of dry matter (75% cottonseed hulls,

25% corn-based diet) per day, with half of the allowed

daily ration given at each feeding time. All animal care

procedures were approved and authorised by the

animal ethics committee of Tarim University.

The reeds and cottonseed hulls were dried at 65 �C
and then milled through a 2.5 mm screen. The

obtained forage samples were weighed into nylon

bags with 38 lm pores (12 9 8 cm, 2.5 g/bag).

Sixteen bags were placed in the rumen of each of the
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five red deer before the 9:00 am feeding (two bags for

each forage at each time point). Two bags per red deer

were recovered after 1, 6, 12, and 48 h, so a total of ten

bags were obtained at each time point for each forage

treatment. The bags were washed using sterile saline

to remove the loosely attached microorganisms. The

samples were preserved on dry ice and then trans-

ported to the laboratory for storage at - 80 �C until

further analysis.

Chemical analysis

The dry matter (DM) and crude protein (CP) were

determined according to AOAC methods (AOAC

2000). The NDF was determined using the procedures

of van Soest et al. (1991).

DNA extraction, sequencing, data processing

Total genomic DNA was extracted from 200 mg of

rumen-incubated reed and cottonseed hull samples

using the QIAamp DNA Stool Mini Kit (Qiagen,

Valencia, CA, USA) according to the manufacturer’s

instructions. The primers 515F (5
0
-GTGCCAGCMG

CCGCGGTAA-3
0
) and 806R (5

0
-GGACTACHVGG

GTWTCTAAT-3
0
) were used to amplify the bacterial

16S rRNA gene V4 region (Caporaso et al. 2012). The

PCR was carried out using Phusion high-fidelity PCR

master mix with GC buffer (New England Biolabs).

The amplicons were quantified using a QuantiFluor�-

P fluorometer (Promega, CA, USA) and sequenced on

an IlluminaMiSeq platform (Illumina Inc., San Diego,

CA) to generate 250 bp paired-end reads.

The obtained raw sequences were first processed

for quality control and filtering and then analysed

using Quantitative Insights into Microbial Ecology

(QIIME) ver. 1.9.1 (Caporaso et al. 2010b). Briefly,

the chimeric sequences were detected and removed

using Uchime software (Edgar et al. 2011). The

remaining sequences were classified into operational

taxonomic units (OTUs) based on a 97% similarity

cutoff using UPARSE (Edgar 2013). The representa-

tive sequences of each OTU (the most abundant

sequences within each OTU) were assigned by

comparison against the SILVA database (version

128) using PyNAST (Caporaso et al. 2010a; Quast

et al. 2013). After removing the singleton sequences,

the data for reach sample were rarefied to the

minimum value for all samples. A phylogenetic tree

was constructed using FastTree (Price et al. 2009). The

Good’s coverage, Shannon–Wiener, and Chao 1

indices for all the samples were also calculated using

QIIME ver. 1.9.1 (Caporaso et al. 2010b).

Bioinformatics and statistical analyses

The bacterial community structures at all time points

for each forage were compared using principal coor-

dinate analysis (PCoA) based on the unweighted

unifrac distances (which examines the presence and

absence of bacterial lineages) and weighted unifrac

distances (which accounts for the relative abundances

of bacterial lineages) (Lozupone et al. 2011). Then, a

canonical correlation analysis (CCA) was performed

to identify the differences in the bacterial communities

from reeds and cottonseed hulls at each time point

using the RAM package (Dufrene and Legendre

1997). The relative abundances of these identified

bacterial taxa were analysed using the general linear

model (GLM) procedure of SPSS22 (SPSS, Chicago,

IL, USA). If GLM tests indicated a significant

difference between means, a one-way ANOVA was

conducted to test the statistical significance of the

taxonomic abundance based on the Benjamini–Hoch-

berg corrected P value (false discovery rate\ 0.05).

Accession numbers

The sequences from the present study have been

deposited in the SRA database under accession

number SRP116263.

Results

Biomass degradation of reed and cotton seed hulls

after incubation in the rumen of Tarim red deer

The biomass degradation of reed and cottonseed hulls

after incubation in the rumen of Tarim red deer were

measured (Table 1). The results showed that both the

DM, NDF and CP loss were significantly affected by

incubation time (P\ 0.0001). The DM of both reed

and cottonseed hulls were degraded by approximately

6% after 1 h incubation. However, the difference

between reed and cottonseed hulls was not significant

over incubation time. The NDF disappearance was

notably higher in cottonseed hulls than that in reed
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after 48 h incubation, while the CP loss was notably

higher in reed than that in cottonseed hulls (Table 1).

Summary of 16S rRNA gene sequencing data

Overall, we obtained a total of 3,216,672 high-quality

16S rRNA gene sequences across all time points, with

1,482,328 and 1,734,344 sequences for the reed and

cottonseed hull groups, respectively. Each sample had

an average of 53,611 sequences. A total of 3403 and

3576 OTUs were identified with 97% sequence

similarity in the reed and cottonseed hull groups,

respectively (Fig. 1). For the reed group, the number

of OTUs and the Chao1 and Shannon indices

decreased from 1 to 12 h of incubation (Fig. 1A),

although the differences were not significant. For the

cottonseed hull group, the diversity indices increased

from 1 to 12 h of incubation, and the differences

between the values at 1 h and those at the other three

time points were significant (Fig. 1B).

Dynamics of the bacterial communities attached

to reeds over time

The 3403 OTUs identified in the reed group were

classified into a total of 19 phyla (Figure S1). The

phyla Bacteroidetes, Firmicutes and Proteobacteria

were the predominant bacteria regardless of incuba-

tion time, accounting for more than 80% of the

detected OTUs. The abundance of the phylum Bac-

teroidetes (1 h = 74.2%, 6 h = 59.1%, 12 h = 57.3%,

48 h = 48.9%) decreased linearly with increasing

incubation time, while that of the phylum Firmicutes

increased (1 h = 11.9%, 6 h = 21.3%, 12 h = 16.4%,

48 h = 28.6%, respectively). Moreover, the relative

abundance of the phylum Fibrobacteres increased

linearly from 1 to 48 h of incubation (P\ 0.05).

At the genus level, sequences were classified into

277 taxa across all rumen-incubated reed samples, and

49 taxa were identified with relative abundances

greater than 0.5% at least one incubation time point,

accounting for approximately 95% of the detected

OTUs (Fig. 2A). After 1 h of incubation of reeds in the

rumen of Tarim red deer, members of the genus

Prevotella 1 (37.4%) were the most dominant bacteria,

followed by bacteria belonging to Rikenellaceae RC9

(14.1%), Bacteroidales RF16 (7.2%), Succinivibrio

(6.0%) and Prevotellaceae UCG003 (5.3%), account-

ing for approximately 65% of the overall bacterial

composition. After incubation for 6 h, members of the

genus Prevotella 1 (25.7%) remained the most dom-

inant bacteria, followed by bacteria belonging to

Rikenellaceae RC9 (15.4%), Prevotellaceae UCG001

(5.5%), and Anaeroplasma (4.0%), accounting for

approximately 50% of the overall bacterial composi-

tion. After 12 h of incubation, members of the genus

Prevotella 1 (20.7%) remained the most dominant

bacteria, followed by bacteria belonging to Rikenel-

laceae RC9 (19.6%), Fibrobacter (9.9%), Prevotel-

laceae UCG003 (4.2%), and Succinivibrionaceae

UCG002 (4.0%), accounting for 58% of the overall

bacterial composition. After 48 h of incubation,

members of the genus Prevotella 1 (18.1%) remained

the most dominant bacteria, followed by bacteria

belonging to Rikenellaceae RC9 (15.8%), Fibrobacter

(12.6%), Ruminococcaceae UCG010 (5.5%), F082

Table 1 In situ degradation (% reduction) of dry matter (DM), neutral detergent fiber (NDF) and crude protein (CP) of reed and

cottonseed hulls (CSH) during the incubation in the rumen of Tarim red deer

Time DM (%) NDF (%) CP (%)

Reed CSH Reed CSH Reed CSH

1 0.6c 0.4c 5.0c 2.8d 1.9c 1.0d

6 9.3b 6.8b 23.4b 13.2bc 20.6b 11.3bc

12 20.7ab 22.2ab 36.6ab 39.1ab 34.3ab 27.7b

48 46.0a 49.8a 52.3a 65.3b 52.1a 45.6ab

SEM 0.8 5.0 2.1

T \ 0.0001 \ 0.0001 \ 0.0001

F 0.4 \ 0.001 \ 0.001

SEM standard error of the difference of the means, F effect of forage types, T effect of incubation time
a–dValues within the same colomn with lowercase letters were significantly different (P\ 0.05)
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(Bacteroidales, 5.0%), and Christensenellaceae R7

(4.7%), accounting for 62% of the overall bacterial

composition.

PCoA based on unweighted unifrac (Fig. 2B) and

weighted unifrac (Fig. 2C) distance metrics showed

that the composition and structure of the bacterial

community attached to reeds at 48 h were different

from those observed at the other three time points.

Moreover, CCA was used to identify the possible taxa

that contributed to the differences in the community. A

total of 18 bacterial taxa were associated with the four

incubation times (Fig. 2D).Then, we compared the

relative abundances of these taxa across four time

points. The results showed that the abundances of

bacteria attached to reeds, including the members of

Succinivibrionaceae UCG002, Sphaerochaeta, Suc-

cinivibrio, and Acinetobacter, decreased after 1 h of

incubation in the rumen. The relative abundances of

bacteria belonging to Christensenellaceae R7, Rikenel-

laceae RC9, Prevotellaceae UCG001, Ruminococ-

caceae UCG010, Treponema 2, Succiniclasticum,

Papillibacter, Desulfovibrio, and Anaeroplasma

increased after 48 h of incubation compared the

abundances observed 1 h after incubation (Table 2).

In addition, the proportions of Prevotella 1, Prevotel-

laceae UCG003, andAlloprevotella decreased linearly,

and that of Fibrobacter spp. increased linearly, with

increasing incubation time (Table 2).

Dynamics of the bacterial communities attached

to the cottonseed hulls over time

A total of 18 phyla were identified based on the 3576

OTUs in the cottonseed hulls at four time points

(Figure S2).The phyla Bacteroidetes, Firmicutes, and

Proteobacteria were the dominant bacteria, accounting

for more than 89% of the OTUs detected during the

incubation of cottonseed hulls in the rumen of Tarim

red deer. The relative abundances of Bacteroidetes

(1 h = 73.6%, 6 h = 71.8%, 12 h = 66.3%, 48 h =

61.9%, respectively) and Proteobacteria (1 h = 7.0%,

6 h = 3.9%, 12 h = 3.1%, 48 h = 2.0%, respectively)

decreased linearly with increasing incubation time,

whereas the proportion of Firmicutes increased linearly

(1 h = 8.9%, 6 h = 17.8%, 12 h = 20.5%, 48 h =

25.3%, respectively).

At the genus level (Fig. 3A), members of the genus

Prevotella 1 (34.5%) were the most dominant bacteria

after 1 h of incubation of cottonseed hulls in the rumen

of Tarim red deer, followed by bacteria belonging to

Rikenellaceae RC9 (18.4%), Bacteroidales RF16

(10.6%), Succinivibrio (6.0%), Sphaerochaeta

Fig. 1 Comparison of the diversity of the bacteria attached to reeds (A) and cottonseed hulls (B) after incubation for 1, 6, 12 and 48 h in

the rumen of Tarim red deer
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(5.4%), and Prevotellaceae UCG003 (5.0%), account-

ing for approximately 80% of the overall bacterial

composition. After 6 h of incubation, the members of

the genus Prevotella 1 (40.9%) remained the most

dominant bacteria, followed by bacteria belonging to

Rikenellaceae RC9 (14.2%), Christensenellaceae R7

(6.7%), Bacteroidales RF16 (5.8%), and Prevotel-

laceae UCG001 (3.5%), accounting for approximately

76% of the overall bacterial composition. After 12 h of

incubation, members of the genus Prevotella 1

(35.9%) remained the most dominant bacteria, fol-

lowed by bacteria belonging to Rikenellaceae RC9

(14.2%), Christensenellaceae R7 (6.3%), Bac-

teroidales RF16 (4.2%), Treponema 2 (4.0%), and

Prevotellaceae UCG003 (3.1%), accounting for

approximately 68% of the overall bacterial composi-

tion (Fig. 3A). After 48 h of incubation, members of

the genus Prevotella 1 (25.8%) remained the most

dominant bacteria, followed by bacteria belonging to

Rikenellaceae RC9 (22.0%), Butyrivibrio 2 (5.5%),

Treponema 2 (4.8%), and Christensenellaceae R7

(3.5%), accounting for 69.6% of the overall bacterial

composition.

The PCoA results revealed that the composition of

the bacterial community attached to the cottonseed

hulls at 48 h was clearly different from that at the other

incubation time points based on unweighted unifrac

distances (Fig. 3B) and weighted unifrac distances

(Fig. 3C), explaining at least 45% of the variation. We

also applied CCA to identify the taxa representing

each time point. A total of 18 bacterial taxa were

identified as being associated with the four different

time points (Fig. 3D), the relative abundances of

which were further compared (Table 3). The relative

abundances of members of Butyrivibrio 2, Treponema

2, Lachnospiraceae FCS020, and Ruminococcaceae

NK4A214 increased linearly from 1 to 48 h. The

proportions of members of Prevotella 1 and Prevotel-

laceae UCG001 were lower at 48 h than at the other

three incubation time points, whereas those of

Prevotellaceae Ga6A1, Succiniclasticum, and

Rikenellaceae RC9 were higher at 48 h than at the

other time points. The proportions of the members of

Christensenellaceae R7, Lachnospiraceae XPB1014,

and Fibrobacter increased after 1 h of incubation in

the rumen, while the relative abundances of Prevotel-

laceae UCG003, Sphaerochaeta, Succinivibrio, and

Ruminococcaceae UCG010 decreased (Table 3).

Discussion

In the present study, the results showed that the taxa

Prevotella 1 and Rikenellaceae RC9 were the mostly

widely distributed bacteria attached to both reeds

(33–51%) and cottonseed hulls (47–55%) at all the

incubation times (Figs. 2A, 3B), which is consistent

with findings regarding the rumen microbiota of

ruminants (Henderson et al. 2015), and with the

results of our previous comparison of the rumen

microbiota of cattle, sheep and Tarim red deer (Qian

et al. 2017), which exhibited a high abundance of

Prevotella spp. Interestingly, Prevotella spp. were

also documented to be predominant bacteria in the

rumen of elk, white-tailed deer, roe deer, sika deer,

reindeer and moose (Gruninger et al. 2014; Ishaq and

Wright 2014; Li et al. 2013, 2014; Sundset et al. 2007).

These results suggest that the host phylogeny strongly

affects the microbiota in the gastrointestinal tract

(Amato et al. 2018), which may be a result of co-

evolution (Kohl et al. 2018; Moeller et al. 2013).

Prevotella spp. represent one of the most abundant

genera in the rumen, exhibiting genetic and metabolic

diversity (Bekele et al. 2010; Purushe et al. 2010), and

playing major roles in carbohydrate metabolism, such

as degradation of hemicellulose, starch, xylan, lignin

and pectin (Cotta 1992; Dehority 1966; Gardner et al.

1995; Kabel et al. 2011), and nitrogen metabolism

(Kim et al. 2017; Stevenson and Weimer 2007). A

previous study demonstrated that members of Rikenel-

laceae RC9 are closely related to members of the

genus Alistipes within the family Rikenellaceae (Se-

shadri et al. 2018), which play possible roles in

degrading plant-derived polysaccharides (He et al.

2015; Peng et al. 2015). Taken together, these findings

suggest that the members of Prevotella 1 and

Rikenellaceae RC9 are involved in the fermentation

of carbohydrates and nitrogen in the rumen of Tarim

red deer.

bFig. 2 The composition of the bacterial community attached to

reeds in the rumen of Tarim red deer during the incubation

process. A The bacterial composition at the genus level after

incubating reeds for 1, 6, 12 and 48 h in the rumen of Tarim red

deer. PCoA results based on unweighted unifrac distances

(B) and weighted distances (C). Canonical correlation analysis

(D) showing the changes in the bacteria attached to reeds across
four time points. Black circles indicate the representative taxa at

each time point

123

Antonie van Leeuwenhoek (2019) 112:1283–1296 1289



The present results illustrated that the diversity

changed over incubation time in both reeds and

cottonseed hulls (Fig. 1), indicating the dynamics of

the rumen microbiota attached to the forage. However,

we observed that the microbial diversity decreased

from 1 to 12 h in the reed group, whereas an increasing

trend was observed in the cottonseed hull group,

indicating that the colonisation events between reeds

and cottonseed hulls were distinct. This finding is

consistent with the previous observation that the

composition and structure of the attached microbiota

between rice straw and alfalfa differed significantly in

the rumen of dairy cattle (Liu et al. 2016), which may

be caused by different chemical ingredients, such as

condensed tannin (Yu et al. 1995), and available

nutrients, such as easily fermentable carbohydrates

(Huws et al. 2016). Indeed, the DM content in reed

(88%) was lower than that in cottonseed hulls (98%).

On the other hand, this discrepancy in colonisation

partially demonstrated that the different forage types

affected the rumen microbiota (Pitta et al. 2014),

likely due to differences in successional colonisation

during rumen fermentation.

We further identified the different functional

microbes that were present during colonisation

between reeds and cottonseed hulls. The abundance

of the phylum Proteobacteria was lower at 48 h of

incubation than at 1 h of incubation (Figures S1 and

S2), which is consistent with the results observed upon

incubation of rice straw and alfalfa in the rumen of

cattle (Liu et al. 2016). The phylum Proteobacteria has

been identified in the rumen tissue of pre-weaning

calves, suggesting a role for these bacteria in the

scavenging of oxygen, facilitating microbiome coloni-

sation (Malmuthuge et al. 2014). Therefore, the

increase in Proteobacteria abundance may have been

the result of oxygen infusion through the rumen

cannula.

The present study showed that the relative abun-

dance of Fibrobacter, Treponema 2, Ruminococ-

caceae NK4A214, and Succiniclasticum increased

Table 2 Comparison of

relative abundance (%) of

bacteria attached to reed

after incubation after 1, 6,

12 and 48 h in the rumen of

Tarim red deer

a,bWithin the same row,

mean values with a different

superscripted lowercase

letter differ significantly

Taxonomy Time of incubation (h) SEM P value

1 h 6 h 12 h 48 h

Prevotella 1 37.4a 25.7 20.6 18.1b 2.7 0.03

Rikenellaceae RC9 14.0 15.3 19.6 15.7 1.9 0.8

Fibrobacter 0.8 2.1 9.9 12.5 1.8 0.04

Prevotellaceae UCG 003 5.3 5.5 4.2 2.6 0.5 0.1

Christensenellaceae R7 2.1 3.3 2.3 4.7 0.4 0.1

Prevotellaceae UCG 001 1.9 2.6 2.9 0.8 0.4 0.2

Anaeroplasma 0.2 3.9 3.4 1.1 0.6 0.1

Ruminococcaceae UCG 010 0.7a 0.7a 0.5a 5.5b 0.6 0.005

Succinivibrionaceae UCG 002 1.3 1.8 3.9 0.6 0.7 0.5

Treponema 2 0.6 1.9 1.1 2.1 0.2 0.04

Ruminococcaceae NK4A214 0.5a 1.1 1.0 1.5b 0.1 0.003

Sphaerochaeta 0.8 0.9 1.1 0.7 0.2 0.9

Succinivibrio 0.7 1.1 1.5 0.4 0.1 0.2

Succiniclasticum 0.5 1.0 0.8 0.9 0.7 0.07

Desulfovibrio 0.7 0.8 0.7 0.8 0.1 0.9

Acinetobacter 0.5 0.4 1.0 0.09 0.2 0.6

Alloprevotella 1.8 0.3 0.2 0.1 0.2 0.07

Papillibacter 0.2a 0.2a 0.1a 2.0b 0.2 0.004

cFig. 3 The composition of the bacterial community attached to

cottonseed hulls in the rumen of Tarim red deer during the

incubation process. A The bacterial composition at the genus

level after incubation of cottonseed hulls for 1, 6, 12 and 48 h in

the rumen of Tarim red deer. PCoA results based on unweighted

unifrac distances (B) and weighted distances (C). Canonical
correlation analysis (D) showing the changes in the bacteria

attached to cottonseed hulls across four time points. Black

circles indicate the representative taxa at each time point
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with incubation time in both reeds and cottonseed

hulls (Tables 2, 3, Figures S3 and S4), which is

partially consistent with the colonisation of rice straw

and alfalfa (Liu et al. 2016), wheat straw (Jin et al.

2018) and switch grass (Piao et al. 2014). Fibrobac-

teria spp. are an important group of bacteria that play a

primary role in the degradation of cellulosic plant

biomass in the rumen (Abdul Rahman et al. 2016;

Béra-Maillet et al. 2004; Tajima et al. 2001). The

genus Treponema, a member of the phylum Spiro-

chetes, is always detected in the gastrointestinal tracts

of ruminants; these bacteria contain a wide variety of

carbohydrate-active enzymes, as suggested by gen-

ome analysis (Rosewarne et al. 2012), and are reported

to be associated with the degradation of cellulose and

pectin (Liu et al. 2015; Stanton and Canale-Parola

1980). Members of the Ruminococcaceae family are

important for the degradation of plant fibres, as

demonstrated by metagenomic (Kim et al. 2011) and

transcriptomic analyses (Christopherson et al. 2014),

and the abundances of these species were positively

correlated with NDF content in cattle rumen (Liu et al.

2016). Succiniclasticum species are common inhabi-

tants in the rumens of pasture-fed cows, converting

succinate to propionate as the sole energy-yielding

mechanism (van Gylswyk 1995). Moreover, the NDF

content was dramatically decreased over the incuba-

tion time in both reed and cottonseed hulls (Table 1).

Together, these results suggest that these enriched

bacteria play an important role in forage degradation.

In contrast, we also found that the abundance of the

genus Prevotella1 decreased in both groups, which is

consistent with previous results obtained by incuba-

tion of rice straw and alfalfa in the rumen of cattle (Liu

et al. 2016), and ryegrass in rumen of cows (Huws

et al. 2016). Although we do not know the metabolic

function of Prevotella 1, we found that this group of

bacteria are similar to Prevotella copri (93% similar-

ity) by aligning the OTU sequence to the NCBI

sequence database. Previous studies have demon-

strated that P. copri contains a number of enzymes and

gene clusters essential for the fermentation and

utilisation of complex polysaccharides (Dodd et al.

2011) and could play a potential role in glucose

metabolism (Kovatcheva-Datchary et al. 2015). In

addition, Prevotella spp. have diverse activities that

degrade the hemicellulose matrix formed by pectins,

hemicellulose and peptides (Rubino et al. 2017).

Moreover, the relative abundance of Prevotella spp. in

the rumen of Hu sheep decreased when the forage

Table 3 Comparison of

relative abundances (%)of

bacteria attached to

cottonseed hulls after

incubation for 1, 6, 12 and

48 h in the rumen of Tarim

red deer

a,bWithin the same row,

mean values with a different

superscripted lowercase

letter differ significantly

Taxonomy Time of incubation (h) SEM P value

1 h 6 h 12 h 48 h

Prevotella 1 34.5 40.9a 35.9a 25.8b 1.6 0.002

Rikenellaceae RC9 18.4 14.1 14.1 22.0 1.6 0.27

Succinivibrio 6.0 0.7 0.6 0.8 1.0 0.16

Sphaerochaeta 5.3 0.2 0.3 1.7 0.7 0.03

Prevotellaceae UCG 003 4.9 2.8 3.0 2.9 0.4 0.22

Anaeroplasma 1.5 0.4 1.1 1.5 0.2 0.45

Christensenellaceae R7 1.4a 6.7b 6.3b 3.5b 0.5 0.001

Prevotellaceae UCG 001 1.4 3.4a 1.7 0.9b 0.3 0.02

Erysipelotrichaceae UCG 004 1.1a 0.4b 0.4b 0.9 0.09 0.006

Ruminococcaceae UCG 010 0.9 0.3 0.7 0.5 0.1 0.43

Treponema 2 0.6a 2.6 3.9b 4.8b 0.4 0.001

Succiniclasticum 0.4a 0.6b 0.3b 1.2b 0.09 0.001

Butyrivibrio 2 0.4a 0.9b 1.5b 5.4b 0.5 0.001

Lachnospiraceae XPB1014 0.3a 2.1b 1.6 1.6 0.2 0.02

Lachnospiraceae FCS020 0.3a 0.3a 0.7 1.4b 0.1 0.003

Prevotellaceae Ga6A1 0.3a 0.2b 0.3b 2.7b 0.2 0.001

Ruminococcaceae NK4A214 0.3a 0.8b 1.0b 1.3b 0.09 0.001

Fibrobacter 0.1 1.3 2.6 1.6 0.3 0.07
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changed from alfalfa hay to corn stover, which

partially resulted from the low content of neutral

detergent-soluble and crude protein in corn stover (Xie

et al. 2018).Therefore, the decrease in abundance of

the genus Prevotella 1 was likely a result of a decrease

in utilisable soluble nutrients during incubation, such

as NDF and CP in both reed and cottonseed hulls

(Table 1; Huws et al. 2016; Liu et al. 2016).

We also found that the bacteria attached to reeds

and cottonseed hulls differed during the incubation

process. For instance, the relative abundances of

Ruminococcaceae UCG 010 and Papillibacter first

decreased and then increased in the reed group, and the

proportion of Sphaerochaeta and Erysipelotrichaceae

UCG 004 also exhibited a similar trend in the

cottonseed hull group (Tables 2, 3, Figures S3 and

S4). Moreover, the relative abundances ofButyrivibrio

2 and Lachnospiraceae FCS020 increased in only the

cottonseed hull group (Table 3). These findings fur-

ther indicated that the forage type affected the

colonisation events. Similar dynamics were also

observed during the incubation of ryegrass in the

cow rumen (Huws et al. 2016). These results further

indicated the different colonisation stages during the

degradation of plant fibres, which may be associated

with changes in the rumen ecological niches and

bacterial diversity (Rubino et al. 2017). The abun-

dance of Papillibacter spp. was reported to be reduced

in the rumen of cattle when the amount of dietary

concentrate was increased (Mao et al. 2016); these

bacteria grow on a limited range of aromatic com-

pounds and crotonate but not carbohydrates, organic

acids or alcohols, resulting in the production of acetate

(Defnoun et al. 2000). The members of the family

Ruminococcaceae are important not only in fibre

degradation, as discussed above, but also in butyrate

production (Bui et al. 2016). Interestingly, we found

that Ruminococcaceae UCG 010 was similar to

Intestinimonas butyriciproducens (93–100% similar-

ity), which can produce butyrate via the acetyl-CoA

pathway and the glutamate, succinate and lysine

pathways, in which amino acids such lysine and

glutamate act as substrates (Bui et al. 2015; Kläring

et al. 2013). Butyrate serves as a major source of

metabolic energy in ruminants and as a host signal

(Bergman 1990; Hamer et al. 2008). Together, these

results suggest that Papillibacter spp. and Ruminococ-

caceae UCG 010 may be responsible for the

degradation of chemical components in reeds, leading

to the production of acetate and butyrate.

In the cottonseed hull group, the relative abundance

of Sphaerochaeta spp. and Erysipelotrichaceae UCG

004 increased after 48 h of incubation. The genus

Sphaerochaeta is a member of the phylum Spir-

ochaetes, utilising hydrolysis products of plant poly-

mers as substrates, such as xylan and pectin, but not

cellulose and amino acids (Paster and Canale-Parola

1982). Furthermore, genome analysis revealed that

Sphaerochaeta species are highly enriched in fermen-

tation and carbohydrate metabolism genes relative to

other spirochetes, indicating a fermentative lifestyle

(Caro-Quintero et al. 2012), and were highly abundant

in the rumen of sheep fed corn stover (Xie et al. 2018).

On the other hand, Erysipelotrichaceae UCG 004 was

found by sequence comparison to be related to

Turicibacter sanguinis (84%). The latter utilised only

maltose and 5-ketogluconate as carbohydrate sources,

producing lactate, but this species did not reduce

nitrate (Bosshard et al. 2002). Interestingly, the

abundance of Sphaerochaeta spp. increased in steers

fed 1% nitrate, which was reduced to ammonia (Zhao

et al. 2015). Together, these findings suggest the

possible cooperation between members of Sphae-

rochaeta and Erysipelotrichaceae UCG 004 in the

rumen of the cottonseed hull group, facilitating the

efficient degradation of plant fibres.

In summary, our findings showed the temporal

colonisation of bacteria attached to reed sand cotton-

seed hulls in the rumen of Tarim red deer living in the

Taklimakan desert. The results showed that there were

common bacteria attached to the different forages.

However, differing dynamics of bacterial colonisation

were also observed between the reeds and cottonseed

hulls in the rumen. In addition to being important for

improving the efficiency of forage nutrients, these

findings also improve our knowledge regarding the

interactions between plants and the rumen microbiota

of desert ruminants, which may provide insights for

the discovery of novel enzymes for cellulosic biomass

production.
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