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Abstract

The objective of this study was to investigate the effect of varying roughage and concentrate

proportions, in diet of crossbreed dairy cattle, on the composition and associated functional

genes of rumen and fecal microbiota. We also explored fecal samples as a proxy for rumen

liquor samples. Six crossbred dairy cattle were reared on three diets with an increasing con-

centrate and reducing roughage amount in three consecutive 10-day periods. After each

period, individual rumen liquor and fecal samples were collected and analyzed through shot-

gun metagenomic sequencing. Average relative abundance of identified Operational Taxo-

nomic Units (OTU) and microbial functional roles from all animals were compared between

diets and sample types (fecal and rumen liquor). Results indicated that dietary modifications

significantly affected several rumen and fecal microbial OTUs. In the rumen, an increase in

dietary concentrate resulted in an upsurge in the abundance of Proteobacteria, while reduc-

ing the proportions of Bacteroidetes and Firmicutes. Conversely, changes in microbial com-

position in fecal samples were not consistent with dietary modification patterns. Microbial

functional pathway classification identified that carbohydrate metabolism and protein metab-

olism pathways dominated microbial roles. Assessment of dietary effects on the predicted

functional roles of these microbiota revealed that a high amount of dietary concentrate

resulted in an increase in central carbohydrate metabolism and a corresponding reduction

in protein synthesis. Moreover, we identified several microbial stress-related responses

linked to dietary changes. Bacteroides and Clostridium genera were the principal hosts of

these microbial functions. Therefore, the roughage to concentrate proportion has more influ-

ence on the microbial composition and microbial functional genes in rumen samples than

fecal samples. As such, we did not establish a significant relationship between the rumen

and fecal metagenome profiles, and the rumen and fecal microbiota from one animal did not

correlate more than those from different animals.
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Introduction

Demand for animal source foods is rapidly steadily rising: for example, milk demand in low-

income countries is expected to increase by 136% by 2030 compared to 2000 [1]. This increase

in demand has mostly been ascribed to population expansion, increased urbanization, and

income growth [2]. To meet this huge demand, developing countries must significantly

increase livestock production [2, 3], through simultaneous interventions in animal feeds,

genetics, and health [4]. In East Africa, many interventions to improve milk production have

had minimal gains because farmers depend mainly on rain-fed forage, pastures/cultivated fod-

der and crop by-products. Additionally, the high cost of conventional feed resources, such as

cereals and grain legumes, the food-feed competition between man and livestock, and the

absence of suitable technology to optimize the use of these feeds in animal husbandry prohibit

their wide-scale use [5]. On the other hand, despite continuous improvement of the cattle

genotypes through cross-breeding and upgrading, the proportion of improvement in milk

production attributable to this genetic improvement remains relatively low [6]. There is there-

fore a need for a paradigm shift that incorporates use of new technologies or customization of

existing technologies to improve milk production while using the available feed resources and

cattle genotypes. Previous studies have reported that animal’s diet (quantity and quality) is

closely related to animal production and rumen microbial composition [7, 8]. This is because

the rumen microbiota symbiotically degrades forages into nutrients, such as volatile fatty acids

and microbial proteins, which are utilized by the host animal [9, 10]. However, few studies

have been conducted to evaluate the microbial composition in crossbred cattle reared by dairy

farmers in the East African tropics and subjected to constant fluctuations in diet composition.

To facilitate rumen microbial composition evaluation, the standard sample collection

method is rumen cannulation of cattle [11]. However, only a small number of ruminally can-

nulated cattle are accessible to any investigator in a single study, thus restricting the number of

cattle that can be used to assess the ruminal microbiome, if only rumen cannulated cows are

used. A more conventionally accepted method of collecting rumen contents from non-cannu-

lated cattle is using stomach tubing. A study by Paz et al. [11] showed that samples collected

from the same rumen cannulated animals and stomach tubing did not result in a significant

difference in the composition of ruminal microbiome. However, this approach cannot be used

to repeatedly collect rumen samples from the same cattle within a short period because the cat-

tle are stressed during the sampling [12]. Additionally, the sampling technique requires the use

of expensive equipment and well-trained personnel. It is therefore important to explore other

potential non-invasive alternative samples/sampling techniques that can act as proxies for

assessing the composition of the rumen microbial community. Previously, buccal swab, regur-

gitated digesta collected from the cow’s mouth (bolus), salivary content and feces have been

tried as potential non-invasive sampling techniques for rumen microbial analysis [13–15].

However, results from these studies have been inconclusive, leaving this question open for fur-

ther investigation.

For many years, the structure of rumen microbial community has been evaluated by the

culturing of samples using selective media [16, 17]. However, this method is time-consuming

and heavily biased by the selected isolation media and methods employed, thus providing an

incomplete depiction of the microbial community structure [8, 18]. The advent of next-gener-

ation sequencing (NGS) has overcome the limitations of microbial culturing through direct

genetic analysis of genomes within an environmental sample, in a field called metagenomics

[19]. Metagenomics can be characterized as targeted or unselective (shotgun) metagenomics,

based on their directed or random sequencing strategies respectively [20]. Targeted metage-

nomics focuses on the isolation, extraction and sequencing of amplicons corresponding to
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entire (or specific portions of) phylogenetic marker genes (e.g., 16S rRNA) or specific genomic

regions such as the Internal Transcribed Spacer (ITS) regions (for fungal species) [21]. On the

other hand, shotgun metagenomics allows for universal microbe detection regardless of the

type (viruses, bacteria, fungi, and parasites) [22]. It provides more detailed information about

the microbial taxonomic composition, microbial interaction, and recovery of whole genome

sequences. It further provides unlimited access to functional gene composition information

derived from microbial communities inhabiting ecosystems [19]. However, shotgun metage-

nomics is costlier, requires significantly more efforts in sequencing, data processing, and anal-

ysis compared with targeted metagenomics [23]. This restricts the number of samples

sequenced in most studies [24–26]. Accordingly, we hypothesized that given the advancements

in shotgun metagenomics, it would be possible to detect even the slightest changes in microbial

composition and microbial functional genes across different sections of the cattle gastrointesti-

nal (GI) tract. Therefore, the objective of this study was to determine the effect of varying

roughage and concentrate proportions, in diet of crossbreed dairy cattle, on the composition

and associated functional genes of rumen and fecal microbiota. Additionally, rumen liquor

and fecal metagenome profiles were contrasted to determine if the fecal metagenome was pre-

dictive of rumen metagenome.

Materials and methods

Animals and diets

This study was approved and performed in accordance with the guidelines of University of

Nairobi’s Faculty of Veterinary Medicine Animal care and use committee (ACUC). Experi-

enced animal health professionals handled animals to minimize discomfort and injury.

Experimental animals were chosen from the dairy herd of the Faculty of Veterinary Medi-

cine Farm at the University of Nairobi (latitude 1˚ 14’33.4"S, 36˚ 42’36.3"E). The experimental

design was discussed in our previous study [27]. This research used six crossbred lactating

cows (300 ± 50 kg body weight; 174 ± 15 days in milk) in first-parity. The animals were cross-

breeds resulting from two successive crossing of indigenous Zebu female cattle with pure

breed Friesian bulls. Before recruitment into the experiment, the animals were reared in differ-

ent herds, and grazed on mixed perennial grasses until being transferred to individual cages

for the experiment. Given the animal’s diverse dietary background and the need for adaptation

to confinement, selected animals were put on a 10-day acclimatization period. During the

acclimatization period, all the animals were fed ad libitum mixed diet of Pennisetum clandesti-
num (Kikuyu grass) and Chloris gayana (Rhodes grass) hay, supplemented with dairy meal (a

commercial concentrate), at 0.01/kg body weight. The feeds were divided into two and offered

during morning and evening milking. The animals were then fed on three distinct diets in

three successive 10-day periods after this 10-day acclimatization period. The experimental

diets contained an increased amount of concentrate and a reduced amount of roughage. The

roughage ratios to concentrate in the diets were 90:10 (Diet 1), 75:25 (Diet 2), and 60:40 (Diet

3). The three diets were developed using the NRC-Nutrient Requirements of Dairy Cattle Soft-

ware v 1.9 [28] to meet the energy demands of dairy cows producing 20 kg of milk/day with

4.0% milk fat and 3.5% true protein. For the roughage, the dietary components were Chloris
gayana (Rhodes grass), hay, Pennisetum purpureum (Napier grass), Pennisetum clandestinum
(Kikuyu grass), and dry Zea mays (maize) Stover. These were mixed with dairy meal and urea

in different proportions to make total mixed rations of the three diets, as shown in Table A in

S1 Text, and offered to the animals at 8 am and 6 pm. The chemical composition of the dietary

ingredients was evaluated according to the Association of Official Analytic Chemist (AOAC)

methods [29], while dietary fiber was determined according to a previously described method
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[30] (Table B in S1 Text). The cattle were housed in individual stalls and had free access to

fresh water and mineral lick supplements throughout the 30 days of the experiment.

Sample collection and DNA extraction

A total of 36 (18 fecal and 18 rumen liquor) samples were collected in this study. The samples

were obtained from individual animals on the final day of each experimental diet, i.e., day 10 (for

diet D1), day 20 (for diet D2), and day 30 (for diet D3). Roughly, 200 g of fecal samples were

obtained by rectal grab, and a sub-sample was placed into a sterile 50 mL falcon tube. Rumen

liquor samples were collected by a suction pump and a flexible stomach tube as previously

described [31]. Approximately 250 mL of total (i.e., solid and liquid) rumen contents were col-

lected, 50 mL of the rumen liquor was placed in sterile 50 mL falcon tubes after discarding the

first 200 mL of sample to reduce saliva contamination. The samples were transported to the Bio-

sciences eastern and central Africa—International Livestock Research Institute, (BecA ILRI) Hub

laboratory in Nairobi, and stored at -20˚C awaiting further analysis. The samples were kept in a

cooler box with dry ice immediately after collection and during transportation to the laboratory.

Before DNA extraction, samples were thawed at room temperature (~22˚C) and thoroughly

mixed with vortexing at maximum speed for 30 seconds. Total DNA was extracted from a repre-

sentative subsample of fecal and rumen liquor samples using a QIAamp1DNA Stool Mini Kit

(Qiagen, Valencia, CA, USA), following the manufacturer’s guidelines with a few changes. The

modifications were made to increase the DNA yield while reducing the amount of RNA obtained.

The modifications included (i) doubling the recommended amount of the sample and (ii) adding

2 μl of RNAse A to the sample and proteinase K mixture. After elution, the DNA was visualized

with UV light on 1% agarose gel electrophoresis. The DNA quantity and quality were assessed by

using the NanoDrop spectrophotometer (ThermoScientific, USA) and Qubit 2.0 Fluorometer

(Thermo Fisher Scientific, USA), following the manufacturer’s recommendations.

Preparation of DNA library and Illumina MiSeq sequencing

The Nextera DNA Preparation Kit and the Nextera Index Kit (Illumina, San Diego, CA, USA)

were used to prepare the DNA Libraries following the manufacturer’s instructions with a few

modifications. About 50 ng of total genomic DNA per sample underwent simultaneous tag-

mentation and the addition of adapter sequences at 55˚C for 10 min. The resulting tagmented

mixture was purified using the Zymo DNA Kit (Zymo Research Corporation, Irvine, CA,

USA). The Zymo IIC spin columns were used, and all the centrifugation steps were performed

at 10,000 ×g. This contrasted with the manufacturers’ recommendation of using a Zymo-Spin

I-96 Plate centrifuged at 1300×g. A limited-cycle (5 cycles) polymerase chain reaction (PCR)

was then conducted to amplify the insert DNA using a unique combination of barcode prim-

ers. This PCR reaction also added index sequences on both ends of the DNA. Finally, PCR

products were cleaned up, and short library fragments, including indexes, were removed using

AMPure XP beads (A63881, Beckman Coulter, Brea, CA, USA). The final library concentra-

tion was measured using the Qubit dsDNA HS Assay Kit (Thermo Fischer Scientific, USA)

and the average library size was estimated using the Bioanalyzer TapeStation 2200 (Agilent

Technologies, Santa Clara, USA). The libraries were diluted to 4 nM stocks, pooled in equimo-

lar ratios, spiked with 1% PhiX, and paired-end (200 cycles) sequenced on the MiSeq1 (Illu-

mina, USA) platform at the BecA-ILRI Hub, Nairobi, Kenya.

Analysis and processing of sequence reads

The quality of all paired-end raw fastq sequencing reads were evaluated using FastQC (version

0.11.5) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Before further sequence
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analysis, filters were used to remove reads with poor quality from all the samples. SolexaQA

v3.1.5 [32] was used to calculate sequence quality statistics and perform quality filtering of the

raw reads. Reads were then trimmed at a threshold of Q20 using DynamicTrim in SolexaQA+

+. Filtered reads were re-assessed for quality using FastQC, and any samples that still had a

poor quality were further processed by truncating at any site having an average quality

score < 20 using the FASTX-trimmer in the FASTX-toolkit v0.0.14 (http://hannonlab.cshl.

edu/fastx_toolkit/). The cleaned fastq sequences were uploaded onto the publicly available

Meta Genome Rapid Annotation using the Subsystem Technology server (MG RAST, v3.3)

[33]. The taxonomic domain groups were allotted using MG RAST against the M5NR data-

base. The data were also analyzed using the SEED Subsystems platform in MG RAST to iden-

tify putative protein-encoding sequences. This functional classification in SEED hierarchical

classification had a percentage identity cut-off of 60%, an expected value (E) cutoff of 10−5,

and a minimum alignment cut-off of 15 bp [34].

Statistical analysis

All the operational taxonomic unit (OTU) counts were normalized by relative abundance

and log transformation, [log(x + 1)], before quantitative characterization using the Paleonto-

logical STatistics software package (PAST v3.13), [35]. Alpha diversity analysis was con-

ducted in PAST v3.13 to evaluate the taxonomic richness and diversity using Chao1 minimal

richness index [36], inverse Simpson diversity index [37], and Shannon diversity index [38].

Statistical differences per diet within each sample type were determined by a non-parametric

Friedman test, using Genstat version 14 [39], and correction for multiple testing was per-

formed using the Bonferroni adjustment. To group diets within sample types according to

their characteristics, cluster analysis of the metagenomes was performed on all taxa using

principal coordinate analysis (PCOA). The effect of diet and sample type were then calcu-

lated using a two-way PERMANOVA on 9,999 permutations (p < 0.01). For comparisons of

microbial taxa between sample types and within diets for each sample type, a general linear

model was fitted with diet and samples as the main effect and their interaction using Genstat

software. Linear discriminant analysis Effect Size (LEfSe) [40], was used in the specific iden-

tification of OTUs that differed within diets in each sample type and diets and between the

two sample types (fecal and rumen liquor). Relative abundances of all fecal and rumen liquor

samples from all animals across all diets were compared to determine a core microbe. Any

taxa found to have a relative abundance of� 0.01% across all samples were then defined to

be part of the core microbe. The core OTUs relative abundances were used as an input for

LEfSe. The analysis conditions were set as follows: i) alpha value for the factorial Kruskal-

Wallis test among classes at < 0.05; ii) alpha value for the pairwise Wilcoxon test among sub-

classes at < 0.05; iii) the threshold on the logarithmic LDA score for discriminative features

at < 2.0; and iv) multi-class analysis was set as all-against-all. Additionally, two-group analy-

sis was performed, applying a Fisher’s exact t-test with a 95% confidence interval to assess

the differences in the abundance of microbes between fecal and rumen liquor samples. Pear-

son correlation analysis was performed with Genstat (version 14) to evaluate the relationship

between fecal and rumen liquor samples within and between animals. Next, a t-test was per-

formed on the correlation values to weigh if the correlation between the rumen and fecal

profiles of a cow was more significant than the correlation between samples from different

cows. These correlations were visualized as a heatmap using the R library corrplot. To esti-

mate the differences in functional pathways, SEED Level 1 and 2 functional classification,

one-way ANOVA to assess dietary effects, and a t-test to evaluate sample type effects were

conducted using Genstat.
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Results

Sequence assessment

Metagenomic sequencing of the samples resulted in a total of 9.6 and 11.9 million raw reads for

fecal and rumen liquor samples, respectively. After quality control, the total number of reads

was reduced by 27.63% for fecal samples and 26.39% for rumen liquor samples. Upon

MG-RAST annotation, less than 1% of reads per diet for both fecal and rumen liquor sample

types were classified as rRNA based on hits against 16S rRNA gene sequence databases. About

73.56–81.22% and 74.54–78.32% of the reads from fecal and rumen liquor samples, respectively,

were classified into various functional subsystems (Table C in S1 Text). The shotgun metage-

nomic approach applied in this study allowed us to infer the actual proportions of all domains

of life and thus an overall identification of the rumen microbial community. The Bacteria
domain was dominant irrespective of sample type and diet, consisting over 98% of all identified

sequences. The domains of Archaea, Eukaryota, and Virus comprised remaining, less than 2%,

of all the sequences found in both fecal and rumen metagenomes (Fig 1). Moreover, roughly 1%

of the reads could not be categorized into any recognized OTU. The classification of individual

OTUs identified 55 phyla, 131 classes, 253 orders, 443 families, 901 genera and 2357 species in

four domains. Given the large number of classified groups and to facilitate the interpretation of

results, our investigation focused on the most abundant taxonomic groups within each domain.

Diversity indices

The alpha diversity indices for describing richness, diversity and evenness within each diet in

fecal and rumen liquor sample types are shown in Fig 2A and Table D in S1 Text. ANOVA

Fig 1. Phylogenetic classification of the rumen microbiome as revealed by metagenomic analysis. a. Pie chart for microbial classification at the domain

level. Averages are from all fecal and rumen liquor samples. b. Stacked bar plot of relative abundance of the top 10 bacterial phyla in the three diets for fecal and

rumen liquor samples. c. Stacked bar plot of relative abundance of the dominant phyla in Archaeal domain. d. Stacked bar plot of relative abundance of one

dominant phylum in viral domain, and e. Stacked bar plot of relative abundance of the dominant phyla in the Eukaryota domain.

https://doi.org/10.1371/journal.pone.0274371.g001
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revealed no significant differences, in all diversity and evenness indices, between diets within

fecal sample type. On the contrary within rumen liquor samples, richness estimator (Chao1)

and diversity indices (Simpson and Shannon) showed significant differences between diets.

When a general linear model was fitted with sample type and diet as the main effects and their

interaction, all the indices showed significant differences between rumen liquor and fecal sam-

ple types whereas diet and sample type by diet interaction did not show differences among

Fig 2. Alpha and beta diversity analysis. a. Box-and-whiskers plot for estimated alpha diversity indices in the fecal

and rumen liquor microbiota. NS = Not Significant, � = Significant at p = 0.05, �� = Significant at p = 0.01, ��� =

Significant at p = 0.001. b. principal coordinate analysis (PCOA) of fecal and rumen liquor microbial communities.

The axis of principal component 1 (PC1) described 51.8% and principal component 2 (PC2) described 25.64% of total

data variability. PCOA was performed using PAST v3.13 [35]. S = sample type, D = diet and SXD = sample type X diet

interaction.

https://doi.org/10.1371/journal.pone.0274371.g002
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groups. Moreover, Bray-Curtis dissimilarity index was estimated from OTU counts to measure

diversity across samples (beta diversity). The first two dimensions from the Bray-Curtis dis-

similarity matrix (Fig 2B) revealed a significant different distance between fecal and rumen

liquor sample types. PERMANOVA analysis indicated that sample type (p = 0.001), diet

(p = 0.003) and their interaction (p = 0.001) contributed significantly to the differences. PCOA

undertaken on diets within each sample type indicated significant differences between diets

(S1 Fig). These differences were more pronounced in rumen liquor samples compared to fecal

samples.

Effect of diet on the diversity and relative abundance of fecal and rumen

microbiota

When the relative abundance of each taxon was compared across all samples, diet had a signifi-

cant effect on several phyla, genera and species (Fig 3). Phylum level analysis within fecal sam-

ples revealed that Firmicutes (p = 0.01), Proteobacteria (p = 0.01), Actinobacteria (p = 0.02),

Cyanobacteria (p = 0.01), Fibrobacteres (p = 0.01), Streptophyta (p = 0.03), and unclassified

derivatives of Viruses (p = 0.01) were significantly different among the diets (Table E in S1

Text). Of these, Firmicutes, Actinobacteria, Fibrobacteria, Streptophyta, and unclassified deriv-

atives of Viruses had the highest abundance in Diet 1, while Proteobacteria had the highest

abundance in Diet 3, compared with the other diets. The rest of the phyla had the highest

Fig 3. Comparison of relative abundance of most abundant taxa within diets in each sample type and between fecal and rumen liquor sample types. a.

heatmap hierarchical clustering of most abundant phyla. In the heatmap, F = fecal, RL = rumen liquor, S = sample type, D = diet and SXD = sample type X diet

interaction. Phyla color correspond to domain, blue = Bacteria, red = Archaea, green = Eucharyota and brown = Virus. NS = Not Significant, � = Significant at

p = 0.05, �� = Significant at p = 0.01, ��� = Significant at p = 0.001. b. scatter plot of 20 most abundant genera, and c. bar chart of 15 most abundant species. In

fig b and c, a log transformed scale of the relative abundances is used for beater visualization of low abundance taxa.

https://doi.org/10.1371/journal.pone.0274371.g003
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abundance with Diet 2. Within rumen liquor samples, all phyla, except Chordata (p = 0.18),

significantly differed with changes in diet. Diet 1 was associated with higher proportions of all

the phyla in the Archaea domain, Firmicutes (p = 0.01), Bacteroidetes (p< 0.01), Actinobac-
teria (p< 0.01), Spirochaetes (p = 0.04), Fusobacteria (p< 0.01), Lentisphaerae (p = 0.03), Cya-
nobacteria (p = 0.01), Fibrobacteres (p< 0.01), unclassified derivatives from Eukaryota
(p< 0.01), Ascomycota (p = 0.01), and Streptophyta (p = 0.03), whereas Diet 3 had the lowest

proportions in the same phyla. Conversely, Proteobacteria (p< 0.01) and unclassified deriva-

tives of Viruses (p = 0.01) had the highest and lowest abundance in Diet 3 and Diet 1, respec-

tively. Notably, Firmicutes and Bacteroidetes showed a consistent decrease in abundance,

whereas Proteobacteria consistently increased when animals were transitioned from a high-

fiber diet (Diet 1) to a high-concentrate diet (Diet 3) (Table E in S1 Text). A comparison of the

core OTUs by linear discriminant analysis effect size (LEfSe) identified 19 in and 26 features to

be significantly discriminative, with an absolute LDA score > 4.0, between diets in fecal and

rumen liquor samples respectively. Of these features, Proteobacteria was differentially higher

in Diet 1, Bacteroidetes in diet 2 and Firmicutes in diet 3 in fecal samples (Fig 4A). Within

rumen liquor samples, Bacteroidetes and Firmicutes were higher in Diet 3 while Proteobacteria
was enriched in Diet 1 (Fig 4B).

At the genus level, the most abundant genera, Bacteroides, Prevotella, Clostridium, Pseudo-
monas, Acinetobacter, and Ruminococcus, were from bacteria domain (Fig 3B). Further analy-

sis on genera within the dominant phyla revealed that diet influenced several OTUs

Fig 4. Cladograms and histograms illustrating significantly different microbial taxa in LEfSe analysis. a. Diets within fecal sample type, b. Diets within

rumen liquor sample type, c. Fecal and rumen liquor sample types. The cladogram illustrates the presence of microbial phyla and genera that are significantly

different based on linear discriminant analysis (LDA) scores in the histogram. The LDA score at log 10> 4 is set as threshold and the length of each bin, i.e.,

LDA score represents the extent to which the microbial taxa differ among the groups.

https://doi.org/10.1371/journal.pone.0274371.g004
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irrespective of the sample type (Table E in S1 Text). Of these, the abundance of six genera,

Methanococcus, Methanosarcina, Clostridium, Eubacterium, Ethanoligenens, and Ruminococ-
cus, was significantly different with diet changes in fecal samples. All these genera, except

Methanosarcina, had the highest abundance with Diet 1 and lowest abundance with Diet 3. In

rumen liquor samples, all the featured genera showed a similar abundance distribution at the

genus level as that of the phyla that they hailed from, with different diets.

Species level composition identified 201 species having a relative abundance of� 0.01% in

all the samples (S1 Table). A statistical comparison of these species revealed that dietary

changes had a significant effect on 53 species in fecal samples. However, these variations did

not display specific trends as the concentrate content in diet was increased from Diet 1 to Diet

3. The top five species in fecal samples were Alistipes putredinis, Bacteroides capillosus, Bacter-
oides fragilis, Bacteroides vulgatus and Ruminococcus albus, with abundances ranging from

2.18 to 2.71%, 2.18 to 2.50%, 1.78 to 2.15%, 1.72 to 1.98 and 1.68 to 2.02% respectively (Fig

3C). In rumen liquor samples, dietary changes affected 154 species. The most abundant micro-

bial species was Prevotella ruminicola, with relative abundances ranging from 9.72% to

17.77%. Other abundant species were Acinetobacter baumannii (0.11% to 5.78%), Pseudomo-
nas putida (0.09% to 3.12%), Prevotella melaninogenica (1.2% to 2.61%) and Bacteroides vulga-
tus (1.17% to 2.31%). The abundance of Prevotella ruminicola, Prevotella melaninogenica and

Bacteroides vulgatus decreased as the diet transitioned from the high-forage diet to the high-

concentrate diet. Conversely, Acinetobacter baumannii and Pseudomonas putida increased in

abundance as concentrate content in diet increased from Diet 1 to Diet 3 (Fig 3C and S1

Table). Despite their low abundance, other species identified in the rumen samples were Fibro-
bacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus.

Variation in microbial taxa in fecal and rumen liquor sample types

Given that obtaining rumen liquor samples is more tedious and invasive than collecting fecal

samples, we investigated the theory that the fecal metagenome of a cow could be used as a pre-

dictor of its rumen metagenome. For further analysis, we compared the relative abundance of

the most common phyla (relative abundance > 0.1%) and genera (relative

abundance > 0.05%) between fecal and rumen liquor samples (Table E in S1 Text). The rela-

tive abundance values were the mean of all the treatments and animals within each sample

type. Relative abundance revealed that Firmicutes (p< 0.01), Actinobacteria (p< 0.01), Eur-
yarchaeota (p = 0.03), and Fusobacteria (p = 0.01) phyla had significant differences between

fecal and rumen liquor samples, while five genera showed significant differences between fecal

and rumen liquor sample types (Fig 3A, Table E in S1 Text). Furthermore, a comparison of the

core OTUs by linear discriminant analysis effect size (LEfSe) identified 847 features to be sig-

nificantly discriminative between fecal and rumen liquor samples. Of these significantly dis-

criminative features, 30 had an absolute LDA score > 4.0. One phylum, Firmicutes, was

differentially abundant for fecal samples, while Bacteroidetes and Proteobacteria were much

more enriched in rumen liquor samples. The genera, Prevotella and Clostridium, were the

highest sources of variation between the communities, with an absolute LDA score factor of

roughly 4.8 (Fig 4C). To test if the fecal microbial profile of a cow could predict the rumen

liquor metagenome profile, the correlation between each fecal and rumen liquor metagenome

profile was determined. These correlations were then evaluated to determine if they were

greater for samples from the same animal than between animals. The correlations between

fecal samples and rumen liquor samples in the same animal ranged from 0.4 to 0.66. Further,

we observed no significant differences between correlations from the same animal and those

from between animal samples (t-test; p = 0.914) (Fig 5).
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Fig 5. Correlation heatmap representing correlations. Correlation heatmap between fecal and rumen liquor microbial abundance in all the animals.

F = fecal, RL = rumen liquor, D = Diet and numbers 1 to 6 represent the individual animals. Fecal -rumen liquor pairs from the same animal are highlighted by

a black square. Overall comparison between fecal and rumen liquor sample types was not significant p = 0.91.

https://doi.org/10.1371/journal.pone.0274371.g005
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Functional capacity of ruminal and fecal microbiota

Normalization was carried out before the metabolic potential among the samples was under-

taken. Normalization was done to account for differences in community structure, library size

and to compare functional categories with low abundance [41]. The normalization was per-

formed together for all pathways at Level 1 and within each specific pathway at level 2 classifi-

cation. Table 1 illustrates the 28 most abundant predicted functional pathways found at level 1

classification. The most abundant level 1 pathway was carbohydrate metabolism ranging from

14.08% to 14.19% and 12% to 14.62% in fecal and rumen liquor samples, respectively, followed

by clustering-based subsystems (functional coupling evidence but unknown function; fecal:

13.97% to 14.28%, rumen liquor: 11.99% to 13.21%), and then protein metabolism (12.5% to

13.37% in fecal and 8.67% to 11.67% in rumen liquor samples). Other dominant pathways

Table 1. Relative abundance (%) of level 1 subsystems classification of microbial functional pathways.

Functional Pathway Fecal1 Rumen Liquor1 Sample Type P value

Diet 1 Diet 2 Diet 3 P value Diet 1 Diet 2 Diet 3 P value

Amino Acids and Derivatives 9.018 8.89 8.776 0.135 9.233 10.13 9.956 0.001 ���

Carbohydrates 14.111 14.191 14.079 0.878 14.621 12.27 12 <0.001 �

Cell Division and Cell Cycle 1.328 1.444 1.539 0.008 1.101 0.924 0.997 0.013 ���

Cell Wall and Capsule 4.245 4.329 4.287 0.779 5.846 5.555 5.17 0.001 ���

Clustering-based subsystems 13.971 14.191 14.286 0.395 13.211 12.527 11.988 <0.001 ���

Cofactors, Vitamins, Prosthetic Groups, Pigments 3.874 3.759 3.571 0.008 4.274 4.499 4.868 <0.001 ���

DNA Metabolism 6.1 6.775 6.653 0.002 6.973 5.81 5.327 <0.001 NS

Dormancy and Sporulation 0.764 0.833 0.926 0.059 0.309 0.245 0.197 0.004 ���

Fatty Acids, Lipids, and Isoprenoids 1.636 1.592 1.567 0.615 1.596 2.081 2.3 <0.001 ���

Iron acquisition and metabolism 0.609 0.43 0.429 0.001 0.683 2.093 1.491 <0.001 ���

Membrane Transport 3.133 2.623 2.727 <0.001 2.571 3.876 3.879 <0.001 ��

Metabolism of Aromatic Compounds 0.458 0.289 0.261 0.002 0.353 0.892 1.332 <0.001 ���

Miscellaneous 5.52 5.61 5.531 0.616 5.92 6.138 6.052 0.152 ���

Motility and Chemotaxis 0.388 0.24 0.313 0.021 0.387 1.017 1.221 <0.001 ���

Nitrogen Metabolism 0.43 0.29 0.276 0.001 0.839 0.859 1.125 <0.001 ���

Nucleosides and Nucleotides 4.607 4.526 4.393 0.225 3.905 3.492 3.613 0.007 ���

Phages, Prophages, Transposable elements, Plasmids 2.157 1.919 2.28 0.069 2.437 3.004 2.932 0.271 ���

Phosphorus Metabolism 0.668 0.541 0.603 0.006 0.601 0.77 0.965 <0.001 ���

Photosynthesis 0.02 0.019 0.016 0.792 0.014 0.011 0.02 0.086 NS

Potassium metabolism 0.288 0.213 0.24 0.072 0.339 0.53 0.572 <0.001 ���

Protein Metabolism 12.497 13.425 13.365 0.109 11.671 9.114 8.662 <0.001 ���

RNA Metabolism 5.387 5.838 5.893 0.003 5.121 4.481 4.411 <0.001 ���

Regulation and Cell signaling 0.827 0.645 0.655 <0.001 0.747 1.136 1.184 0.001 ���

Respiration 3.279 3.151 3.07 0.219 2.662 2.671 3.268 <0.001 ��

Secondary Metabolism 0.085 0.04 0.044 0.015 0.114 0.121 0.201 <0.001 ����

Stress Response 1.814 1.643 1.667 0.031 1.616 2.085 2.368 <0.001 ��

Sulfur Metabolism 0.569 0.439 0.462 0.017 0.595 0.971 1.006 <0.001 ���

Virulence, Disease and Defense 2.216 2.115 2.092 0.248 2.265 2.698 2.896 0.005 ���

NS = Not Significant

� = Significant at 0.05

�� = Significant at 0.01

��� = Significant at 0.001
1Means are based on 6 cows.

https://doi.org/10.1371/journal.pone.0274371.t001
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were amino acids and derivatives (8.78–10.13%) and miscellaneous (5.52–6.14%), suggesting

the dominant role of these functional pathways in all the samples. ANOVA revealed that die-

tary changes caused significant variation in only two pathways changes within fecal samples,

whereas changes in diet resulted in significant variations in all the functional pathways, except

miscellaneous (p = 0.152), in rumen liquor samples. All pathways were significantly varied

between fecal and rumen sample types except DNA metabolism (p = 0.057) and photosynthe-

sis (p = 0.279) (Table 1).

A total of 168 level 2 pathways were identified in the rumen and feces samples. Further

detailed, level 2 analysis was undertaken on carbohydrates and protein metabolism pathways

as they were the most abundant functional pathways at level 1 classification. The carbohydrate

metabolism included eleven level 2 pathways. Amino sugars, central carbohydrate metabolism,

fermentation, one-carbon metabolism, and organic acids significantly changed in fecal sam-

ples when the diet was varied. Conversely, only one pathway, CO2 fixation (p = 0.295), did not

vary across diets in rumen liquor samples. Central carbohydrate metabolism, fermentation,

organic acids, and sugar alcohols pathways increased with an increase in concentrate, whereas

monosaccharides, disaccharides, oligosaccharides, and polysaccharides decreased with a

greater proportion of dietary concentrate (S2 Table). Five different pathways, protein biosyn-

thesis, protein degradation, protein folding, protein processing and modification, and seleno-

proteins were identified at level 2 classification of protein metabolism pathway. The maximum

sequences were attributed to protein biosynthesis, followed by protein degradation. Protein

degradation (p = 0.01) and selenoproteins (p = 0.001) were the only categories that varied in

fecal samples. The variation in protein degradation did not follow any specific dietary pattern,

whereas selenoproteins increased with increased concentration in the diet. Within the rumen

liquor samples, the abundance of all the categories varied across the diets. With an increase in

concentrate level, all the categories except protein biosynthesis increased (S2 Table).

MG-RAST-BLAT integration revealed that carbohydrate metabolism pathways were spread

across 41, 333 and 28 genera from Archaea, bacteria, and Eukaryota domains, respectively.

Protein metabolism pathways were generally scattered across 43 Archaea, 341 Bacteria, and 38

Eukaryota microbial genera. An assessment of the microbes responsible for the most abundant

level 2 pathways (protein biosynthesis and central carbohydrate metabolism) revealed that

within these two pathways, and irrespective of the diet, the prominent genera were Bacteroides
and Clostridium in fecal samples. However, in rumen liquor samples, Diet 1 was dominated by

Bacteroides and Clostridium; Diet 2 was dominated by Bacteroides and Pseudomonas; and Diet

3 was dominated by Acinetobacter, Bacteroides, and Pseudomonas (Fig 6).

Despite their low normalized abundance at level 1 classification, a detailed assessment was

carried out on sulfur metabolism, stress response, cell wall and capsule, and dormancy and

sporulation functional pathways. This assessment was because previous studies have shown

the importance of sulphur in rumen microbial synthesis. Moreover, the rumen microbiome

goes through an array of dietary stresses. To adapt to these constraints, rumen microbes have

developed several stress responses like the capacity to enter dormant states (spores) or a cell

wall/capsule development. For the fecal samples, only stress response (p = 0.031) and sulfur

metabolism (p = 0.017) were significantly affected by dietary changes; however, all the path-

ways were significantly influenced by dietary variations for rumen liquor samples. Changes in

pathways did not follow any variation in the diet for fecal samples, while in the rumen liquor

samples, all the pathways except cell wall and capsule decreased with an increase in concen-

trate proportion in the diet.

In the sulfur metabolism pathway, the relative abundance of the level 2 functional category

of inorganic sulfur assimilation reduced with increased concentration in the diet. However,

organic sulfur assimilation increased with increased concentrations in the diet (S2 Table). The
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OTUs involved in sulfur metabolism belonged to several genera, as shown in (Fig 6). The stress

response pathway contained seven categories at level 2 classification. The most abundant path-

ways in the rumen and feces were oxidative stress, osmotic stress, and heat shock, whereas acid

stress, periplasmic stress, cold shock, and desiccation stress had the least abundance. The diet

had significant effects in all the pathways within fecal samples except desiccation stress

(p = 0.035) and periplasmic stress (p = 0.063). Acid stress (p = 0.798) and desiccation stress

(p = 0.155) were the only two pathways that were not significantly affected by diet in rumen

liquor samples.

The pathways that were significantly affected by dietary changes did not follow any dietary

trend in fecal samples. Conversely, in rumen liquor samples, osmotic stress, oxidative stress,

and cold shock increased with increased concentration. This contrasted with heat shock,

which decreased with an increase in concentrate proportion (S2 Table). A total of 31 phyla and

Fig 6. Stacked bar charts of relative abundance (%) of predominant microbiota associated with various functional pathways. a. protein biosynthesis, b.

central carbohydrate metabolism, c. sulfur metabolism, d. oxidative stress, e. cell wall and capsule and f. dormancy and sporulation pathways.

https://doi.org/10.1371/journal.pone.0274371.g006
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372 genera spread across Archaea, Bacteria, and Eukaryota domains were affiliated with the

stress response pathways. The results further showed that for oxidative stress response, Bacter-
oides and Clostridium were the most prominent genera, irrespective of the diet, in the fecal

samples. In contrast, Bacteroides dominated Diet 1, Bacteroides and Pseudomonas were the

highest genera with Diet 2, and genera Acidovorax, Acinetobacter, and Pseudomonas were the

highest dominant with Diet 3 (Fig 6).

Four pathways were identified in level 2 classification of the cell wall and capsule in all the

samples. These pathways were capsular and extracellular polysaccharides, the cell wall of

mycobacteria, gram-negative cell wall components, and gram-positive cell wall components.

The gram-negative cell wall components increased with an increasing amount of dietary con-

centrate, whereas the capsular and extracellular polysaccharides reduced. Genus-wise affilia-

tion of the most abundant genera associated with the cell wall and capsule pathways were like

those observed for the sulfur metabolism category, as shown in (Fig 6). Level 2 pathways were

associated with spore DNA protection and unknown (null) function within the dormancy and

sporulation pathway. Changes in diet did not exert significant changes in these pathways for

both fecal and rumen liquor samples (S2 Table). Clostridium was the dominant genus involved

in dormancy and sporulation for all fecal samples, while several diverse genera were associated

with different diets in rumen liquor samples (Fig 6).

Discussion

Inadequate feed resources are one of the greatest challenges facing dairy farmers in the East

African tropics. This problem is aggravated by the high cost of commercially formulated feeds.

For these reasons, dairy farmers subject their animals to constant changes in the quality and

quantity of feeds [42]. These feed resources, which consist mainly of indigestible plant cell wall

components, are degraded by rumen microbes into volatile fatty acids and microbial proteins

that are critical for the hosts’ survival and production [43]. Among other factors, diet is a

major driver of shifts in cattle GI tract microbial communities [8, 44]; however, information

on the shifts in rumen GI tract microbiota of crossbred cattle reared by dairy farmers in the

East African tropics is limited. Additionally, given the difficulty in collecting rumen liquor

samples from cattle, it would be expedient if there was a relationship between the microbial

structure of rumen fluid and other samples that are easy to obtain, like feces. In this study, we

characterized shifts in ruminal and fecal microbiota and associated microbial functional roles

occurring due to increasing dietary concentrate proportion. Additionally, we assessed the suit-

ability of using fecal metagenome as a proxy for rumen metagenome in crossbred dairy cattle.

Microbial diversity and taxonomic assessment

Our results indicated that dietary changes influenced the community composition and abun-

dance of several rumen microbial taxa, while very few OTUs were varied in the feces. Similar

to previous studies [45, 46], in rumen liquor samples, the microbial richness decreased with an

increase in concentrate proportion in the diet. This observation could have been due to exten-

sive fermentation activities and a low rumen pH due to increased easily fermentable nutrients

from the higher dietary concentrate proportion [47]. Thus, this environment was perhaps less

favorable for some members of rumen microbiota, and as such, microbial richness declined.

PCOA-based clustering analysis showed differences in treatments within rumen liquor sam-

ples with Diet 1 being significantly separated from Diet 2 and Diet 3. We hypothesize that this

observation may have resulted from the relatively higher abundance of OTUs, especially from

Bacteroidetes phylum, recovered when the animals were fed on a diet with high roughage pro-

portion (Diet 1).
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As reported in previous studies of cattle [18, 48], the most abundant phyla were Bacteroi-
detes, Firmicutes, and Proteobacteria, irrespective of sample type and diet. Similar to findings

reported by Fernando et al. [49], changes from a high-roughage diet (Diet 1) to a high-concen-

trate diet (Diet 3) caused a consistent rise in the abundance of Proteobacteria and a decrease in

the abundance of Bacteroidetes and Firmicutes in rumen liquor samples. Previous studies have

demonstrated that members of the Bacteroidetes phylum can utilize starch, xylan, pectin, galac-

tomannan, and arabinogalactan [50], because they have higher mean polysaccharide lyases

(PLs) and glycoside hydrolases (GHs) genes per genome, as well as signal peptide-containing

PLs and GHs, compared to members of any other bacterial phyla in the GI tract [51]. As such,

members of the Bacteroidetes phylum are among the primary degraders of the many complex

polysaccharides in the plant cell wall resulting in production of butyrate, a significant player in

energy metabolism in the rumen [52]. The Firmicutes, on the other hand, can utilize carbohy-

drates such as xylan, cellulose, hemicellulose, and galactomannan as energy sources [53, 54].

This explained their higher abundance when animals were fed on Diet 1 and subsequently

decreased as the concentration increased. Conversely, increased Proteobacteria abundance

with an increase in concentrate proportion in the diet suggests a greater need for bacteria to

digest the newly available fermentable carbohydrates [45, 49]. Moreover, when animals are fed

higher amounts of starchy feed, the rumen pH decreases which in turn reduces the competi-

tiveness of members of Bacteroidetes phyla, leading to their decrease. This allows opportunistic

phyla, such as Proteobacteria, to proliferate faster per unit of time, resulting in an increase in

the proportions of Proteobacteria [55]. Moreover, Acinetobacter was identified among the

most abundant phyla in this microbial communities. This phylum is involved in enhancing

the intestinal digestive activities and improving feed utilization [56]. The most abundant gen-

era were Prevotella, Bacteroides, and Clostridium. While the abundance of these genera was rel-

atively stable in fecal samples, their abundance decreased with an increase in concentrate

proportion in rumen liquor samples. The predominance of these genera can be explained in

part because i) Prevotella genus is comprised of genetically and metabolically diverse members

[57] that are numerically high in animals fed on both high-grain and high-forage diets [58].

Prevotella species can use starches, simple sugars, and other non-cellulosic polysaccharides as

energy sources [58]. Furthermore, Prevotella species, including members with hemicellulolytic

and proteolytic activity [59], are involved in hemicellulose and pectin digestion [60] and pro-

tein or peptide metabolism [61] in the rumen. ii) The genus Bacteroides has been shown to

extensively contribute to carbohydrate, small molecule, and organic acid metabolisms and

plays a significant role in other Bacteria-linked metabolic processes [62]. iii) Clostridia con-

tains cellulolytic strains that are mainly commensals in the GI tract. Clostridia members make

up a substantial part (10–40%) of the total bacteria in the gut microbiota [63]. As such, Clos-

tridia likely plays a crucial role in gut homeostasis by interacting with the other resident

microbe populations and providing specific and essential functions [64].

Despite their lower abundance, other important microbial genera identified in this study

include Ruminococcus, Bifidobacterium, Methanobrevibacter. Ruminococcus genus, one of the

important fibrolytic microorganisms in Firmicutes phylum, displayed a decrease with adapta-

tion to a grain diet. Fernando et al. [49] and Tajima et al. [65] have reported a gradual decrease

in abundance of this genus. Ruminococcus degrades hemicellulose, pectin, and cellulose pres-

ent in the plant cell wall by producing several types of cellulolytic and hemicellulolytic enzymes

[66]. The abundance of lactic acid-producing genus Bifidobacterium reduced as the animals

were shifted to a more starch-based diet. This could be because of reduction in the substrates;

amylopectin, maltotriose, and maltodextrin, that the genus digests to produce lactic acid [67].

The genus is also a beneficial enteric bacterium that provides protection against enteric infec-

tion due to synergistic adhesion effect [68]. In Archaea, Methanobrevibacter was the main
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genus, confirming what previously reported in studies on rumen liquor from cattle [69].

Methanobrevibacter is an obligate anaerobe distinctly differentiated from other organisms,

that produces methane as a major catabolic product. The variation in community composition

observed in this study may be due to the rumen environment and the diet [70].

At the species level, the most abundant species, Prevotella ruminicola, decreased in abun-

dance as animals were fed on diets with a high concentrate diet affirms their high polysaccha-

ride degradation potential [71]. Similarly, other dominant fibrolytic bacterial species

(Fibrobacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus) exhibited a

decreasing trend as the fiber contents decreased in the diet. Previous studies have reported

that ruminal fibrolytic bacterial populations were positively related to dietary fiber contents

and negatively related to dietary starch contents [65]. Therefore, these results suggest that

rumen bacterial composition was mainly affected by the proportions of structured and

unstructured carbohydrates in the different diets.

Dietary variations significantly affected very few OTUs in fecal samples at the phylum and

genus level. This was further supported by a distinct clustering trend in all fecal microbiota sam-

ples in PCOA. This was in congruence with a previous study that characterized rumen and fecal

microbiome in bloated and non-bloated cattle [72]. The few OTUs that were significantly affected

by diet did not follow any pattern corresponding with the diets as previously shown by [8, 44, 49].

The stability of the fecal metagenome with changes in diet observed in this study could be attrib-

uted to the stability of the hindgut, especially in its pH, thus promoting greater substrate availabil-

ity and consequently microbial stability [73]. Most species identified were normal commensals in

the feces and were not affected by dietary changes. For example,Alistipes putredinis has been iden-

tified in cattle feces [74]. More research is required on these species roles in digestion.

It is challenging to obtain rumen liquor samples; hence, it would be advantageous if the

microbe profiles of the rumen and other samples, such as fecal samples, which can be easily col-

lected, are considerably overlapped. Given the depth and precision of NGS technology in assess-

ment of microbial populations, we hypothesized that any relationship, however small, between

rumen and fecal microbiota would be identified. Moreover, diet composition can affect fecal

bacterial concentration with highest values associated with high energy diets due to a higher

microbial growth in the rumen [75]. Similarly, increasing the maize silage proportion in the

diet reduced the ruminal richness and diversity of the bacterial community but increased the

number of total bacteria, which in turn should be reflected in the fecal bacteria [76]. However,

we could not find proof of a significant link between rumen liquor and fecal profiles. This find-

ing was in line with previous studies using 18 Angus calves [77], seven cows [9] and 22 Holstein

dairy cows [78]. The dissimilarity in fecal and rumen liquor samples was further shown by

diversity indices, PCOA and LEfSe analysis. The differences between fecal and rumen liquor

metagenomes may be largely related to the role of the two environments; the rumen microbiota

may be intensely selected to remain functional as the host relies on them for digestion, while the

fecal metagenome may be less restricted [9]. Additionally, luminal pH, differences in gut motil-

ity, host secretions, and nutrients are other factors that affect the microbial structure in various

sections of the gut [79]. We also found no indication to support our hypothesis that the fecal

microbial profile of a cow correlated more closely with that of its rumen liquor than that of any

other cow. Although this observation agreed with an earlier study [9], more advanced analysis

and additional sample types may be needed to explore this theory.

Functional metagenomic classification

In the present study, fecal and rumen liquor sample types showed a significant variation in

functional classification between the various diets. The largest percentage of gene functions

PLOS ONE Dietary effects on rumen and fecal microbial communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0274371 January 13, 2023 17 / 24

https://doi.org/10.1371/journal.pone.0274371


were linked to protein and carbohydrate metabolism which are vital for microbial survival and

proliferation [80]. The high abundance of carbohydrate and protein metabolism functional

pathways was consistent with the findings of previous studies on cattle [81], humans [82], and

mice [83]. The decreased carbohydrate pathway may be because when ruminants are fed fiber

deficient rations, ruminal pH declines and microbial ecology is altered. Specifically, fibrolytic

bacterial numbers are very sensitive to the pH change [66]. Therefore, a decrease in the num-

ber of these species may have had a corresponding decrease in this metabolic pathway. This

was further supported by Bacteroides being the main genus responsible for this pathway.

Level 2 classification of protein metabolism pathway revealed that most ontologies were

associated with protein biosynthesis. This high abundance of protein biosynthesis pathway

could be explained in part by 19 different tRNA aminoacylation categories for different amino

acids identified on further (level 3) analysis of this category. When the effect of diet was tested

on level 2 pathways in protein metabolism, differences in metabolic potential were observed,

indicating a selective pressure exerted on the microbes with metabolic capabilities. For exam-

ple, the selenoproteins metabolism pathway increased with an increased amount of concen-

trate in the diet. Selenoproteins are involved in combating oxidative stress [84]. As seen in this

study, an increase in concentrate concentration caused an increase in oxidative stress [85].

Consequently, selenoproteins pathway increased to counter this increase in oxidative stress. In

carbohydrate metabolism, the increasing levels of central carbohydrate metabolism and fer-

mentation pathways with the expected higher content of easily available carbohydrates in a

high-concentrate, low-roughage diet.

Our results reported an increase in sulphur metabolism as the animals were transitioned

from a high-fiber to a high-concentrate diet. We theorize that the high amount of concentrate

led to a reduction of members of rumen microbiota due to a less favorable environment

because of lactate accumulation. To cater for this, sulphur metabolism was increased to

improve microbial growth and consequently utilization of lactate by the rumen bacteria by

contributing to the synthesis of amino acids, especially methionine and cysteine [86]. This the-

ory was supported by an apparent increase, although not significant, of the level 2 Lysine, thre-

onine, methionine, and cysteine pathway within the Amino Acids and Derivatives metabolism

pathway.

Microbes survive in the rumen under different stresses, which may be natural or associated

with the feed. Some of the feed-associated stresses, such as anti-nutritional factors, act as natu-

ral antimicrobial agents by limiting the growth of some microbes [34]. To adapt to these con-

straints, rumen microbes, especially bacteria, can enter dormant states (spores) or develop a

cell wall/capsule [87]. Spores serve to protect the bacterium from harmful environmental con-

ditions by reducing it into a desiccated, cryptobiotic and highly defensive state which conveys

resistance to many environmental assaults that would otherwise harm and kill the vegetative

form of the bacterium [34]. We theorize that the increase in the relative abundance of stress

response and gram-negative cell wall component pathways with an increase in the amount of

concentrate diet was a counter mechanism by the gut microbiota to avoid cellular lysis and

death because of lowered pH due to dietary changes. Further, the identification of spore DNA

protection suggests the potential for long-term dormancy of cells through DNA protection.

Conclusion

This study compared the diversity and functional roles of fecal and rumen liquor microbial

communities in crossbred cows under different diets. Our findings indicate that dietary modi-

fications had a significant effect on several rumen and fecal microbial OTUs. In the rumen, an

increase in dietary concentrate amount resulted in an upsurge in the abundance of
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Proteobacteria, while reducing the abundance of Bacteroidetes and Firmicutes. Conversely, the

changes in microbial composition in fecal samples were not consistent with the dietary modifi-

cation patterns. Thus, there was no significant relationship between the rumen and fecal meta-

genome. Moreover, fecal microbiota from one animal did not correlate more than that from

different animals. Functional classification identified that microbial genes were dominated by

those associated with carbohydrate metabolism and protein metabolism. The assessment of

dietary effects on microbial functions revealed that an increased roughage level in the diet

boosted protein synthesis while decreasing central carbohydrate metabolism. This study iden-

tified that Bacteroides, Clostridium, and Pseudomonas genera were the principal hosts of these

microbial functions. Our current study suggests a connection between the feed of the host

dairy cattle and their resident rumen microbiota. The study also reveals potential candidate

taxa that may prove useful for future inoculation studies given their association with either

roughage or concentrate based diets. However, given that little is known about the possible

causes of the negative and positive correlations noted among the microbial and functional

pathways analyzed here, additional work is needed to evaluate potential roles of enteric

microbes responsible for feed digestion in the rumen, as well as other potential sample types

that can serve as proxies for rumen microbial composition in crossbred dairy cattle.
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31. Muizelaar W, Bani P, Kuhla B, Tapio I, Yáñez-Ruiz D, van Gastelen S. Rumen fluid sampling via oral

stomach tubing method. In Methods in cattle physiology and behaviour research 2020. Publisso.

32. Cox MP, Peterson DA, Biggs PJ. SolexaQA: At-a-glance quality assessment of Illumina second-gener-

ation sequencing data. BMC Bioinformatics. 2010 Dec 27; 11(1):1–6. https://doi.org/10.1186/1471-

2105-11-485 PMID: 20875133

33. Glass EM, Wilkening J, Wilke A, Antonopoulos D, Meyer F. Using the Metagenomics RAST Server

(MG-RAST) for Analyzing Shotgun Metagenomes. Cold Spring Harb Protoc. 2010 Jan 1; 2010(1):pdb-

rot5368. https://doi.org/10.1101/pdb.prot5368 PMID: 20150127

34. Singh KM, Reddy B, Patel AK, Panchasara H, Parmar N, Patel AB, et al. Metagenomic analysis of buf-

falo rumen microbiome: Effect of roughage diet on Dormancy and Sporulation genes. Meta Gene 2014

Dec 1; 2:252–68. https://doi.org/10.1016/j.mgene.2014.01.005 PMID: 25606408

35. HammerØ, Harper DAT, Ryan PD. PAST: paleontological statistics software package for education

and data analysis, ver. 1.89. Palaeontol Electron 2001 Jun 22; 4(1)1–31.

PLOS ONE Dietary effects on rumen and fecal microbial communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0274371 January 13, 2023 21 / 24

https://doi.org/10.1371/journal.pone.0151220
http://www.ncbi.nlm.nih.gov/pubmed/26986467
https://doi.org/10.1371/journal.pone.0033306
http://www.ncbi.nlm.nih.gov/pubmed/22432013
https://doi.org/10.4137/BBI.S12462
http://www.ncbi.nlm.nih.gov/pubmed/25983555
https://doi.org/10.1111/j.1462-2920.2011.02438.x
https://doi.org/10.1111/j.1462-2920.2011.02438.x
http://www.ncbi.nlm.nih.gov/pubmed/21366818
https://doi.org/10.1093/bib/bbs036
https://doi.org/10.1093/bib/bbs036
http://www.ncbi.nlm.nih.gov/pubmed/22786784
https://doi.org/10.1111/j.1472-765X.2008.02444.x
https://doi.org/10.1111/j.1472-765X.2008.02444.x
http://www.ncbi.nlm.nih.gov/pubmed/19146522
https://doi.org/10.1155/2020/2348560
http://www.ncbi.nlm.nih.gov/pubmed/32382536
https://doi.org/10.1038/s41396-019-0529-2
http://www.ncbi.nlm.nih.gov/pubmed/31624342
https://doi.org/10.4137/BBI.S15389
https://doi.org/10.4137/BBI.S15389
http://www.ncbi.nlm.nih.gov/pubmed/24940050
https://doi.org/10.1186/1471-2105-11-485
https://doi.org/10.1186/1471-2105-11-485
http://www.ncbi.nlm.nih.gov/pubmed/20875133
https://doi.org/10.1101/pdb.prot5368
http://www.ncbi.nlm.nih.gov/pubmed/20150127
https://doi.org/10.1016/j.mgene.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25606408
https://doi.org/10.1371/journal.pone.0274371


36. Chao A, Shen TJ. Nonparametric estimation of Sannon’s index of diversity when there are unseen spe-

cies in sample. Environ Ecol Stat 2003 Dec; 10(4):429–43.

37. Simpson EH. Measurement of Diversity. Nature 1949 Apr 30; 163(4148):688.

38. Shannon CE. The Mathematical Theory of Communication. The Bell system technical journal 1948 Jul;

27(3):379–423.

39. Payne RW. Genstat Release 14 Reference Manual. Part 3: Procedure library PL21. VSN International:

Oxford 2011

40. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker dis-

covery and explanation. Genome Biol 2011 Jun; 12(6):1–8. https://doi.org/10.1186/gb-2011-12-6-r60

PMID: 21702898

41. Shi Y, Tyson GW, Eppley JM, Delong EF. Integrated metatranscriptomic and metagenomic analyses of

stratified microbial assemblages in the open ocean. ISME Journal 2011 Jun 9; 5(6):999–1013. https://

doi.org/10.1038/ismej.2010.189 PMID: 21151004

42. Whitaker DA, Smith EJ, da Rosa GO, Kelly JM. Some effects of nutrition and management on the fertil-

ity of dairy cattle. Veterinary Record 1993 Jul 1; 133(3):61–4. https://doi.org/10.1136/vr.133.3.61 PMID:

8212484

43. Khiaosa-ard R, Zebeli Q. Cattle’s variation in rumen ecology and metabolism and its contributions to

feed efficiency. Livest Sci 2014 Apr 1; 162:66–75.

44. Pitta DW, Pinchak WE, Dowd SE, Osterstock J, Gontcharova V, Youn E, et al. Rumen Bacterial Diver-

sity Dynamics Associated with Changing from Bermudagrass Hay to Grazed Winter Wheat Diets.

Microb Ecol Apr 29; 59(3):511–22. https://doi.org/10.1007/s00248-009-9609-6 PMID: 20037795

45. Petri RM, Schwaiger T, Penner GB, Beauchemin KA, Forster RJ, McKinnon JJ, et al. Characterization

of the Core Rumen Microbiome in Cattle during Transition from Forage to Concentrate as Well as during

and after an Acidotic Challenge. Ren X, editor. PLoS One 2013 Dec 31; 8(12):e83424 https://doi.org/

10.1371/journal.pone.0083424 PMID: 24391765

46. 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 Aug; 74(2):485–95. https://doi.org/10.1007/s00248-017-0940-z PMID: 28175972

47. Faniyi TO, Adegbeye MJ, Elghandour MMMY, Pilego AB, Salem AZM, Olaniyi TA, et al. Role of diverse

fermentative factors towards microbial community shift in ruminants. J Appl Microbiol 2019 Jul 1; 127

(1):2–11. https://doi.org/10.1111/jam.14212 PMID: 30694580

48. Brulc JM, Antonopoulos DA, Berg Miller ME, Wilson MK, Yannarell AC, Dinsdale EA, et al. Gene-centric

metagenomics of the fiber-adherent bovine rumen microbiome reveals forage specific glycoside hydro-

lases. Proc Natl Acad Sci 2009 Feb 10; 106(6):1948–53. https://doi.org/10.1073/pnas.0806191105

PMID: 19181843

49. Fernando SC, Purvis HT, Najar FZ, Sukharnikov LO, Krehbiel CR, Nagaraja TG, et al. Rumen microbial

population dynamics during adaptation to a high-grain diet. Appl Environ Microbiol 2010 Nov 15; 76

(22):7482–90. https://doi.org/10.1128/AEM.00388-10 PMID: 20851965

50. Martens EC, Lowe EC, Chiang H, Pudlo NA, Wu M, McNulty NP, et al. Recognition and degradation of

plant cell wall polysaccharides by two human gut symbionts. PLoS Biol 2011 Dec 20; 9(12):e1001221.

https://doi.org/10.1371/journal.pbio.1001221 PMID: 22205877

51. El Kaoutari A, Armougom F, Leroy Q, Vialettes B, Million M, Raoult D, et al. Development and validation

of a microarray for the investigation of the CAZymes encoded by the human gut microbiome. PLoS One

2013 Dec 31; 8(12):e84033. https://doi.org/10.1371/journal.pone.0084033 PMID: 24391873

52. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Janssen PH. Rumen microbial community com-

position varies with diet and host, but a core microbiome is found across a wide geographical range. Sci

Rep. 2015; 5(April):14567. https://doi.org/10.1038/srep14567 PMID: 26449758

53. Morrison M, Miron J. Adhesion to cellulose by Ruminococcus albus: a combination of cellulosomes and

Pil-proteins? FEMS Microbiol Lett 2000 Apr 1; 185(2):109–15. https://doi.org/10.1111/j.1574-6968.

2000.tb09047.x PMID: 10754233

54. Dassa B, Borovok I, Ruimy-Israeli V, Lamed R, Flint HJ, Duncan SH, et al. Rumen cellulosomics: diver-

gent fiber-degrading strategies revealed by comparative genome-wide analysis of six ruminococcal

strains. PLoS One 2014 Jul 3; 9(7):e99221. https://doi.org/10.1371/journal.pone.0099221 PMID:

24992679

55. Khafipour E, Li S, Plaizier JC, Krause DO. Rumen microbiome composition determined using two nutri-

tional models of subacute ruminal acidosis. Appl Environ Microbiol 2009 Nov 15; 75(22):7115–24.

https://doi.org/10.1128/AEM.00739-09 PMID: 19783747

PLOS ONE Dietary effects on rumen and fecal microbial communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0274371 January 13, 2023 22 / 24

https://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
https://doi.org/10.1038/ismej.2010.189
https://doi.org/10.1038/ismej.2010.189
http://www.ncbi.nlm.nih.gov/pubmed/21151004
https://doi.org/10.1136/vr.133.3.61
http://www.ncbi.nlm.nih.gov/pubmed/8212484
https://doi.org/10.1007/s00248-009-9609-6
http://www.ncbi.nlm.nih.gov/pubmed/20037795
https://doi.org/10.1371/journal.pone.0083424
https://doi.org/10.1371/journal.pone.0083424
http://www.ncbi.nlm.nih.gov/pubmed/24391765
https://doi.org/10.1007/s00248-017-0940-z
http://www.ncbi.nlm.nih.gov/pubmed/28175972
https://doi.org/10.1111/jam.14212
http://www.ncbi.nlm.nih.gov/pubmed/30694580
https://doi.org/10.1073/pnas.0806191105
http://www.ncbi.nlm.nih.gov/pubmed/19181843
https://doi.org/10.1128/AEM.00388-10
http://www.ncbi.nlm.nih.gov/pubmed/20851965
https://doi.org/10.1371/journal.pbio.1001221
http://www.ncbi.nlm.nih.gov/pubmed/22205877
https://doi.org/10.1371/journal.pone.0084033
http://www.ncbi.nlm.nih.gov/pubmed/24391873
https://doi.org/10.1038/srep14567
http://www.ncbi.nlm.nih.gov/pubmed/26449758
https://doi.org/10.1111/j.1574-6968.2000.tb09047.x
https://doi.org/10.1111/j.1574-6968.2000.tb09047.x
http://www.ncbi.nlm.nih.gov/pubmed/10754233
https://doi.org/10.1371/journal.pone.0099221
http://www.ncbi.nlm.nih.gov/pubmed/24992679
https://doi.org/10.1128/AEM.00739-09
http://www.ncbi.nlm.nih.gov/pubmed/19783747
https://doi.org/10.1371/journal.pone.0274371


56. Mao SY, Zhang RY, Wang DS, Zhu WY. Impact of subacute ruminal acidosis (SARA) adaptation on

rumen microbiota in dairy cattle using pyrosequencing. Anaerobe 2013 Dec; 24:12–9. https://doi.org/

10.1016/j.anaerobe.2013.08.003 PMID: 23994204

57. Stevenson DM, Weimer PJ. Dominance of Prevotella and low abundance of classical ruminal bacterial

species in the bovine rumen revealed by relative quantification real-time PCR. Appl Microbiol Biotechnol

2007 May; 75(1):165–74. https://doi.org/10.1007/s00253-006-0802-y PMID: 17235560

58. Purushe J, Fouts DE, Morrison M, White BA, Mackie RI, Coutinho PM, et al. Comparative Genome

Analysis of Prevotella ruminicola and Prevotella bryantii: Insights into Their Environmental Niche.

Microb Ecol 2010; 60(4):721–9. https://doi.org/10.1007/s00248-010-9692-8 PMID: 20585943

59. Matsui H, Ogata K, Tajima K, Nakamura M, Nagamine T, Aminov RI, et al. Phenotypic characterization

of polysaccharidases produced by four Prevotella type strains. Curr Microbiol 2000 Jul; 41(1):45–9.

https://doi.org/10.1007/s002840010089 PMID: 10919398

60. Matsui H, Ushida K, Miyazaki K, Kojima Y. Use of ratio of digested xylan to digested cellulose (X/C) as

an index of fiber digestion in plant cell-wall material by ruminal microorganisms. Anim Feed Sci Technol

1998 Apr 1; 71(3–4):207–15.

61. Wallace R. The proteolytic systems of ruminal microorganisms. Annales de Zootechnie. 1996; 45

(Suppl. 1):301–8.
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