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Summary

Dietary changes are known to affect gut community

structure, but questions remain about the mecha-

nisms by which diet induces shifts in microbiome

membership. Here, we addressed these questions in

the rumen microbiome ecosystem – a complex micro-

bial community that resides in the upper digestive

tract of ruminant animals and is responsible for the

degradation of the ingested plant material. Our die-

tary intervention experiments revealed that diet

affects the most abundant taxa within the microbiome

and that a specific group of methanogenic archaea of

the order Methanomicrobiales is highly sensitive to

its changes. Using metabolomic analyses together

with in vitro microbiology approaches and whole-

genome sequencing of Methanomicrobium mobile, a

key species within this group, we identified that

redox potential changes with diet and is the main

factor that causes these dietary induced alternations in

this taxa’s abundance. Our genomic analysis suggests

that the redox potential effect stems from a reduced

number of anti-reactive oxygen species proteins coded

in this taxon’s genome. Our study highlights redox

potential as a pivotal factor that could serve as a sculp-

turing force of community assembly within anaerobic

gut microbial communities.

Introduction

The mammalian gut microbiome is now well recognized to

play a central role in its host’s physiology (Ley et al., 2008).

Nevertheless, the forces that shape these cardinal microbi-

al communities are still not fully understood. Diet and

eating behavior have been shown to play a major role in

shaping the gut microbiome of mammals (Muegge et al.,

2011). Studies in monogastric mammals, such as mice

and humans, have shown that dietary changes have a

major effect on the gut microbiome, even within a single

day after the shift (Faith et al., 2011; Walker et al., 2011;

David et al., 2014). In addition, several studies have shown

that different dietary regimes have an extensive impact on

rumen microbiome composition (Zhou et al., 2011; Dan-

ielsson et al., 2012; Mao et al., 2016).

In general, the main sculpting force in diets is thought to

be nutrient composition, such as protein versus carbohy-

drates (Muegge et al., 2011; David et al., 2014). However,

these direct effects do not explain all diet-induced shifts in

microbiomes (Davis et al., 2011). Therefore, alternative

mechanisms are likely to account for some of the changes.

Effect of pH has been discussed (Walker et al., 2005), but

it is likely that this is not the only abiotic factor responsible.

Hence, there is a gap in knowledge on the mechanisms

that underlie diet-induced changes in microbiomes.

In this study, our aim was to characterize the influence

of dietary shift on the rumen microbiome structure as well

as to evaluate the parameters generated by microbiome

processing of the diet and their effect on microbiome struc-

ture and composition. To this end, we monitored individual

animals’ rumen microbiomes with dietary shifts; we exam-

ined the taxonomic and metabolomic composition, as well

as the physical parameters of the rumen fluids resulting

from the processing of different diets by the microbiome.
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We then measured the causal role of these parameters in

inducing shifts of specific organisms that were responsive

to diet, as well as on their gene composition.

We show that the dietary effect on the rumen micro-

biome affects mainly the most abundant members of the

microbiome. Combining metabolomic analysis of the

rumen fluids with in vitro microbiology experiments, we

found that out of the many parameters that change with

dietary shift, redox potential, a physical factor of the rumen

fluids, has a marked effect on a specific, highly diet-

responsive methanogenic order. Using genome analysis,

we discovered genomic features that can explain the

examined methanogen diet related shift. Our findings iden-

tify redox potential as a mechanism by which diet could

impact gut microbiome composition.

Results

Diet impacts the most abundant organisms of the rumen

microbiome

We first explored the effect of diet on the rumen micro-

biome structure. To this end, we introduced two diets

consisting of different grain ratios (Supporting Information

Table S1) – 65% grain (high-grain) and 0% grain (non-

grain). In order to isolate microbiome components that are

consistent with dietary change and not influenced by time

related factors, we conducted two independent experi-

ments 6 months apart from each other. To eliminate other

environmental factors, the introduction order of the diets

was changed in the two experiments: in the first, the high-

grain diet was introduced first and in the second, the non-

grain diet was first. Each group of animals was fed both

diets for approximately 1 month (Supporting Information

Fig. S1). In addition, in the second experiment, two ani-

mals were kept on the same diet throughout the

experiment as a control (Supporting Information Fig. S1).

In order to understand the effect of dietary shift on

microbiome structure, we identified sensitive taxa that

were present in all samples coming from one diet and

decreased to undetectable amounts in all samples with the

diet shift. These ‘diet-unique operational taxonomic units

(OTUs)’, were then plotted on a rank abundance curve

(Whittaker plot) in order to localize them on the overall

microbiome structure (Fig. 1A). Interestingly, these diet-

unique OTUs belonged to the most abundant members of

the microbiome within the applied diet (Fig. 1A). We further

explored the identity of the diet-responsive taxa to deter-

mine whether the dietary effect is limited to a defined

phylogenetic group or has a broader effect on a wide range

of taxonomic groups. Our analysis showed that diet

change affects a broad spectrum of OTUs belonging to a

wide range of phylogenetic groups – 11 phyla for the non-

grain diet and 8 for the high-grain diet (Fig. 1B).

Dietary change has been previously reported to affect

rumen microbial communities, but information on how this

effect stands with regard to individual variability is still

lacking.

Nonmetric multidimensional scaling (NMDS) and cluster

analyses of the sequenced 16S rRNA amplicons from the

two diets revealed that the dietary effect on the rumen

microbiome is stronger than individual variability as the

samples clustered together according to diet and not

according to the animals from which they were collected.

This was also true even when animals from the two experi-

ments were plotted on the same ordination (Fig. 1C and

D). Moreover, the order in which the diets were introduced

did not alter the dietary effect on the microbiome, further

stressing the strength of this effect on the rumen

microbiome.

The methanogenic archaeal community is highly
responsive to diet change

Interestingly, out of the four methanogenic archaeal orders

detected in our samples, two – the Methanomicrobiales

and Methanosarcinales, included identified diet-unique

OTUs (Fig. 2A, upper blue panel). Each order was repre-

sented by a single genus: Methanomicrobium for the

Methanomicrobiales and Methanomicrococcus for the

Methanosarcinales (Fig. 2A, lower green panel). These

orders exhibited the pattern of the diet-unique OTUs as

they were completely absent from all high-grain diet sam-

ples and were detected in all non-grain diet samples (Fig.

2). Taxonomic assignments of these OTUs revealed that

the Methanomicrobium related species was 99% identical

to Methanomicrobium mobile strain BP. No further annota-

tion for the Methanomicrococcus OTU was found. Two

more bacterial orders showed the same pattern of com-

plete absence from high-grain diet and exclusively present

in non-grain diet, nevertheless these could be only anno-

tated at the phylum level as members of Elusimicrobia.

Although our sequencing results showed a clear differ-

ence in methanogenic community compositions between

the two diets, they provided little insight into the kinetics of

these changes during the experiment. Hence, we moni-

tored the kinetics of these orders’ abundance over time

using a quantitative real-time PCR (qRT-PCR) analysis

specifically targeting these methanogenic orders as well as

two other methanogenic orders and the overall archaeal

domain (Yu et al., 2005). The total archaeal domain did not

show any significant changes between the two diets during

the experiment. However, we observed a sharp increase in

the abundance of Methanomicrobiales and a moderate

decrease in the abundance of Methanobacteriales coincid-

ing with the dietary switch, regardless of the applied order

of the diets (Fig. 2B and Supporting Information Fig. S2),

further supporting our previous finding regarding the
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Fig. 1. Diet affects structure and composition of the rumen microbiome at the most prevalent members.

Amplicon 16S rRNA sequencing analysis of two independent diet-shift experiments. Samples extracted from the rumen microbiome under the

non-grain diet are denoted in blue and those from the microbiome under the high-grain diet are denoted in green.

A. Principal component analysis of OTUs from the two diets.

B. Hierarchical clustering analysis using Bray Curtis similarity metric of OTUs from the two diets.

C. Rank abundance curve (Whittaker plot) of all OTUs divided into percentiles was created for the two dietary regimes in each experiment.

Unique OTUs that are present in all animals in one diet and completely absent from all animals after the diet shift were plotted as a heat map

corresponding to relevant percentiles, where darker purple colors denote more OTUs in a given percentile. The Y axis represents the average

relative abundance of each percentile and the X axis represents the percentiles.

D. Heat map representation of phylum association of diet-unique OTUs according to their relative abundance. Along the upper bar, shades of red represent

the average relative abundance of each specific phylum of the rumen microbiome. On the heat map, phyla in which diet-unique OTUs are included are

denoted in purple and phyla that do not include diet-unique OTUs (general OTUs) are in light blue. [Colour figure can be viewed at wileyonlinelibrary.com]
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deterministic effects of diet. These reciprocal changes of

the Methanomicrobiales and Methanobacteriales orders

were highly correlated (Spearman’s rank correlation coeffi-

cient; experiment 1: R 5 20.86, p< 0.001; experiment 2:

R 5 20.67, p < 0.001). In this analysis the order Methano-

sarcinales did not show any change in abundance as a

function of diet change which was inconsistent with the

16S rRNA amplicon sequencing analysis. This inconsis-

tency could potentially result from different specificity of

the primer sets used in the qRT-PCR and the16S rRNA

amplicon sequencing. We therefore focused on under-

standing diet-related changes in the Methanomicrobiales

and Methanobacteriales in which agreement between the

two methods was observed.

A negative correlation between these two orders as a

function of diet change suggested that they may compete

for the same ecological niche, and that the diet change

affects the fitness of one or both of them in an opposite

manner, thereby enabling occupation of the niche when

the diet shift is applied. To test this hypothesis, we set out

to examine it in vitro with previously isolated methanogens.

This enabled us to experimentally examine the effect of

diet on these organisms, answering our questions regard-

ing niche partitioning between the different methanogenic

orders as a function of diet.

Methanomicrobiales order represented by

Methanomicrobium mobile is specifically affected by

redox potential of the rumen fluids

Representation of the Methanomicrobiales by a single

OTU closely related to M. mobile presented the opportunity

to explore the diet effect on this organism. First, we set out

to understand the absence of M. mobile from the high-

grain diet and its growth in the non-grain diet. We specifi-

cally aimed to distinguish between two possible scenarios:

the first involving the effect of the host animal and direct

interactions with other members of the microbiome and the

Fig. 2. Diet strongly impacts archaeal methanogenic community composition.

A. Heat map analysis of OTUs corresponding to methanogenic archaea under non-grain and high-grain diets. Community composition at the

order level is represented in the upper panel in blue shades and at the species level in the lower panel in green shades. The order-level

association of methanogenic species is denoted by the color coding of the taxonomic annotation on the right, corresponding to the same color

at the order level. The sample associations are presented below the heat map.

B. Real-time qPCR of the three major methanogenic orders—Methanobacteriales, Methanomicrobiales, Methanosarcinales—and of total

archaea. DNA from rumen samples was extracted and subjected to qRT-PCR analysis. Days 1–31 represent the high-grain diet (light green

background), days 32–34 represent the 3-day habituation period to the new diet (dark gray background) and days 35–56 represent the non-

grain diet (light purple background). Each day represents the average of four cows. The X axis represents the days of the experiment. The Y

axis of the upper panel represents the proportion of each methanogen order out of total archaea. The Y axis in the lower panel represents the

absolute copy number of archaeal 16S rRNA. Mean for each time point is plotted 6 SEM. [Colour figure can be viewed at wileyonlinelibrary.com]
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second involving the composition of the rumen fluids

resulting from microbiome processing of the high-grain

diet. To this end, we grew M. mobile in vitro in sterile rumen

fluids originating from animals fed on each of these diets.

M. mobile could only grow with the non-grain diet, as

observed in our qRT-PCR analysis and methane measure-

ments (Fig. 3A). These findings highlighted rumen fluids

composition as the more feasible explanation for the in

vivo observations.

As our results suggested that physical or chemical fac-

tors within the rumen fluids affect M. mobile growth, we

analyzed the physical characteristics and metabolomic

content of the rumen fluids derived from the two different

diets. Whereas the rumen fluids derived from the non-grain

diet contained more amino acids, the rumen fluids from the

high-grain diet contained more carbohydrates in the form

of simple sugars. Furthermore, significantly lower redox

potential and higher pH were observed in the non-grain

diet rumen fluids (Fig. 3B–D).

To further decipher which components of the rumen flu-

ids affect M. mobile growth, we equilibrated each of the

differentiating factors separately in the high-grain diet and

non-grain diet rumen fluids. The strongest effect on M.

mobile growth occurred when the redox potential was

decreased. Increasing pH levels (6.8–7) and thus imitating

the pH levels observed in non-grain diet, also promoted M.

mobile growth, but to a much lesser extent, and amino acid

and vitamin additions had even weaker effects (Fig. 4A).

The strong response of the Methanomicrobiales, repre-

sented by M. mobile, to redox potential led us to ask

whether this could explain the negative correlation

observed in vivo between the Methanomicrobiales and

Methanobacteriales. Specifically, we explored whether this

phenomenon is due to an opposite effect of diet on these

orders or whether only the Methanomicrobiales are nega-

tively affected by the diet change, while members of the

Methanobacteriales occupy this ecological niche. Our

results suggested the latter. Members of the Methanobac-

teriales did not exhibit differential growth in the high-grain

rumen fluids, with or without the addition of a reducing

agent under controlled pH conditions, whereas the Metha-

nomicrobiales, represented by M. mobile, showed an up to

3000-fold increase in growth with supplementation of a

reducing agent (Fig. 4B).

Redox sensitivity is explained by a reduced repertoire of
anti-reactive oxygen species genes in M. mobile

We sequenced and analyzed the genome of M. mobile

(DSM 1539) to explore whether its genetic repertoire could

explain its unique redox sensitivity. The draft genome was

assembled into six contigs with a total of 1 690 000 bp con-

taining 1650 predicted open reading frames (ORFs).

When we performed a genome comparison of M. mobile

and 12 other methanogens that belong to the three main

orders present in the rumen we found that M. mobile had

the lowest number of anti-reactive oxygen species (ROS)

proteins of all of the methanogens examined (Fig. 5).

Discussion

Our aim in this study was to understand the effects of die-

tary shift on rumen microbial community structure, as well

as the forces that drive these effects. We used two diets

with extreme differences in grain content and introduced

them in a changing order (Supporting Information Fig. S1).

We found that community assembly with respect to diet

change is a superior force to individual variability and time

effect, giving rise to very similar microbial communities

regardless of the sequence in which the diets are applied.

This was observed when the overall community was exam-

ined using 16S rRNA amplicon sequencing data (Fig. 1A),

as well as when we examined specific methanogenic

orders using qRT-PCR (Fig. 2B). In ruminants, the rumen

is the first gastrointestinal compartment to be exposed to

diet after ingestion. This is in contrast to the colon micro-

biomes usually studied in monogastric animals, which are

sampled after being exposed to the entire digestive tract,

as it is positioned in its last part. Therefore, in the ruminant

microbiomes the diet’s effect is potentially more enhanced.

This point was emphasized in a recent study where the

effect of diet was greater than host and geography in 742

single microbiome samples of ruminant and camelid ani-

mals that were collected in 35 countries, (Henderson et al.,

2015). Interestingly, some diet-unique OTUs that could not

be detected in one diet increased to high abundance when

the diet was changed (Fig. 2). This finding indicates the

plasticity of the microbiome structure, which recovered

when conditions were retrieved. This is congruent with pre-

vious studies examining alterations in the human

microbiome as a function of diet shift, where the occur-

rence of dominant bacterial groups after a dietary shift was

rapidly reversed by the subsequent diet (Walker et al.,

2011; David et al., 2014).

With regard to community structure, we showed that a

relatively small number of taxa that are highly abundant

and span a vast number of phylogenetic groups are most

affected by the diet change (Fig. 1A and B). This might be

because these organisms are best suited to the rumen

ecological niche under a specific dietary regime; once the

diet changes and new ecological niches, together with

selective forces, are introduced, these organisms are out-

competed by a few new and better adapted organisms that

occupy and dominate this new niche. To the best of our

knowledge, this is the first time that this effect on rumen

community structure has been described and it is tempting

to speculate that this observation holds true whenever a

change in selective pressure is applied.
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To understand the mechanisms behind these diet-

derived changes, we turned to in vitro experiments with

cultivable microorganisms. Interestingly, an archaeal order

represented by a single cultivable OTU annotated as M.

mobile was found uniquely under the non-grain diet. Using

a metabolomic approach together with other physical

measurements of the rumen fluids derived from the differ-

ent diets, we found that redox potential has the most

prominent effect on M. mobile; this effect was specific to

M. mobile and had little or no effect on other examined

methanogens (Fig. 4B). This experiment recapitulated the

in vivo observations and answered our questions about the

negative correlation between the Methanomicrobiales and

Methanobacteriales with regard to dietary change (Fig.

2B). These findings suggested that the negative correlation

stems from the niche’s occupation by the Methanobacter-

iales, following exclusion of the Methanomicrobiales due to

selection driven by higher redox potential. When we exam-

ined the genome of M. mobile we found lower presence of

anti-ROS genes compared to other examined methanogen

genomes that could suggest its sensitivity to higher redox

potential (Fig. 5).

Redox potential has been shown to play a cardinal role

in shaping microbial communities in oxygen minimum

zones of oceans where niche partitioning as a function of

redox potential gradients shapes the microbes’ metabolic

networks (Wright et al., 2012). Redox potential in the gut is

known to change from high to low values early in the lives

of ruminant animals as well as humans, where it has a

marked effect on the microbiome structure (Lozupone

et al., 2012; Jami et al., 2013). Redox potential is not usu-

ally measured during experiments performed in the context

of diet and gut microbiomes. However, in several studies of

monogastric and ruminant animals, redox potential has

been shown to change with diet (Jonas et al., 1999; Feillet-

Coudray et al., 2009; Liu et al., 2009; Xiao et al., 2010).

Specifically in ruiminants, and consistent with our findings,

redox potential tended to be lower (45–100 mV) in animals

Fig. 3. Microbial responsiveness to diet change is recapitulated in vitro by inoculation in diet derived rumen fluids having different physical and
metabolomic characteristics.

A. M. mobile was grown in sterile non-grain and high-grain-derived rumen fluids. The 16S rRNA gene copy number of M. mobile was

monitored by qRT-PCR analysis (upper panel) and methane gas was monitored using GC by sampling the tube headspace (lower panel). The

X axis represents the sampling time points. The Y axis in the lower panel represents the amount of methane production and in the upper

panel, the M. mobile 16S rRNA copy number. For each time point, the mean of three independent experiments and SEM are plotted.

B. GC and GC–MS analyses of non-grain and high-grain-derived rumen fluids. The upper panel represents the absolute concentration of each

metabolite. Each bar represents the mean 6 SEM of at least two biological repeats and two technical repeats. The lower panel represents the

concentration ratio between the non-grain and high-grain-derived rumen fluids. Asterisks represent significant differences (t-test, p < 0.05)

between the metabolite concentrations in the two diets.

C. pH measurement for the two diets. Each bar represents an average of triplicate measurements.

D. Redox potential measurements for the two diets. Each bar represents an average of triplicate measurements. [Colour figure can be viewed

at wileyonlinelibrary.com]
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fed low-grain diet compare to animals fed high-grain diet

(Barry et al., 1977; Marounek et al., 1982a; Daniel et al.,

2010). The cause for this change is not entirely clear: it

could originate directly from the diet and its additives, or

from metabolic activities performed by the microbiome

members, which in turn reshape the community. Such an

explanation could relate to the lower rumen pH in the high-

grain diet. This diet is rich in starch, which is quickly

Fig. 4. Redox Potential change explains diet derived differential growth of key methanogen.

A. Growth of M. mobile in high-grain-derived rumen fluids supplemented with one of the following substances: DDW, amino acids and vitamins,

NaHCO3, reducing agent (cysteine-HCl) or all of the substances together. The X axis represents the sampling time points and the Y axis

represents methane production as measured by GC.

B. Growth ratio based on methane production of M. mobile and six other methanogens with or without the addition of reducing agent.The Y

axis represents the ratio of growth with to growth without reducing agent after 72 h. [Colour figure can be viewed at wileyonlinelibrary.com]

Fig. 5. Oxidative stress enzymes and
anti-ROS reactions are underrepresented
in M. mobile genome.

Genomic comparison of M. mobile and 12

other methanogens. Heat map

representation of anti-ROS protein

number in each methanogen genome.

[Colour figure can be viewed at

wileyonlinelibrary.com]
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fermented by the rumen microbiome therefore causing

accumulation of volatile fatty acids (VFAs) that consequent-

ly lower the rumen pH (Shaver, 1997). This decrease in

rumen pH could elevate redox potential due to the inherent

dependence of pH and redox potential on proton-coupled

redox reactions (Krishtalik, 2003). Indeed, several studies

demonstrated such a relationship in the rumen environ-

ment, where a decrease in pH was associated with an

increase in redox potential (Marounek et al., 1982b; Marou-

nek et al., 1987). In our experimental system, we aimed in

separating redox potential from pH effect. To that end we

used electron-transfer that is not accompanied by proton

transfer, therefore changing redox potential without affect-

ing the pH and measuring its direct effect on the examined

organisms.

Based on our findings and the immense importance of

redox potential in anaerobic environments, we propose that

redox potential is a fluctuating diet-derived factor, defining

ecological niches that in turn give rise to specialized microor-

ganisms. This discovery may hold high importance not just

for ruminants and archaeal communities within them, but also

for the human gut microbiota, where facultative anaerobes

that benefit from high redox state are typically pathogens or

pro-inflammatory species. Taking this parameter into account

could potentially enable us to improve cultivation capabilities

of anaerobic gut microbes, as well as to manipulate and

design gut microbial communities in the future.

Experimental procedures

Animal handling and rumen sampling

All of the experimental procedures described in this study

were approved by the Faculty Animal Policy and Welfare Com-

mittee of the Agricultural Research Organization (ARO),

approval number IL-326/11, and were in accordance with the

guidelines of the Israel Council for Animal Care. Cannulated

Holstein-Friesian cows were housed at the ARO’s experimen-

tal dairy farm in Bet Dagan, Israel. The cows were fed the

diets described in Supporting Information Table S1 with free

access to water. Samples were taken 6 h after feeding as fol-

lows: 200 ml ruminal contents were collected via the cow’s

cannula and filtered through eight layers of cheesecloth to

eliminate rumen sediments and large ration particles. The pH

was determined immediately by pH meter (IQ Scientific Instru-

ments). The rumen fluids samples were promptly stored after

collection at 2208C until further treatment.

Isolation of microbial fraction and DNA extraction from

rumen samples

Rumen fluids (50 ml) was homogenized in a blender and cen-

trifuged at 10 000 g for 10 min. The pellet was then suspended

in extraction buffer (100 mM Tris-HCl, 10 mM EDTA, 150 mM

NaCl pH 8.0, 0.15% v/v Tween-80) and incubated for 1 h at

48C, to detach particle-associated microorganisms from the

rumen content. Following slow centrifugation (500 g) for 15

min at 48C, the microbiota-containing supernatant was refil-

tered through eight layers of cheesecloth, centrifuged at 6000

g for 10 min and resuspended in extraction buffer. The pellets

were kept at 2208C until DNA extraction, which was performed

as described by (Yu and Morrison, 2004) with a few modifica-

tions. Briefly, the microbial cells were lysed using bead

disruption and lysis buffer [500 mM NaCl, 50 mM Tris-HCl pH

8.0, 50 mM EDTA, 4% v/v sodium dodecyl sulfate (SDS)]. The

final supernatant was precipitated using ammonium acetate

and isopropanol. The precipitate was then dissolved in TE buff-

er (10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0), checked for

DNA concentration, diluted to 10 ng/ml and stored at 2208C.

Quantitative real-time PCR

A qRT-PCR analysis was performed to investigate the relative

abundance of specific methanogen orders through amplifica-

tion of their 16S rRNA gene. TaqMan probes and primers

were used as described elsewhere (Yu et al., 2005). A stan-

dard curve was generated for the methanogen orders and

total archaea by amplifying serial 10-fold dilutions of gel-

extracted PCR products obtained by the amplification of each

amplicon. The standard curves consisted of four to six dilution

points, and were calculated using Rotorgene 6000 series soft-

ware (Qiagen). Subsequent quantifications were calculated

with the same program using the standard curve generated in

each run, and one known purified product diluted for the stan-

dard curves was added to each quantification reaction to

assess its reproducibility. All obtained standard curves met the

required standards of efficiency (R2>0.99, E>90%). Reac-

tions were performed in a 10-ml reaction mixture containing 5

ml 2X Sensi fast probe Hi Rox Mix (Bioline, London, UK), 0.5

ml of each primer (500 nM final concentration), 1 ml probe

(200 nM final concentration), 1 ml double-distilled water (DDW)

and 2 ml of 10 ng/ml DNA template. Amplification consisted of

1 cycle at 958C for 5 min for initial denaturation and activation

of the polymerase system, and then 45 cycles at 958C for 10 s

followed by annealing for 45 s at 608C for archaea and Metha-

nobacteriales primers, 628C for Methanosarcinales primers

and 638C for Methanomicrobiales primers, and extension at

728C for 20 s.

16S rRNA gene sequencing and M. mobile genomic

sequencing and analysis

Amplification of the 16S rRNA of the ruminal samples was per-

formed according to (Caporaso et al., 2012). The pooled

sample was sequenced on the Illumina MiSeq platform

according to published protocols (Caporaso et al., 2012).

Analyses were mostly performed using the Quantitative

Insights into Microbial Ecology (QIIME) pipeline package

(Caporaso et al., 2010). Raw reads were assigned to their

designated rumen sample using the split_library.py script. The

degree of similarity between sequences was defined as

�97% to obtain an OTU identity that is commonly considered

species level (Muegge et al., 2011) and annotated using

BLAST against the Silva_111 (Quast et al., 2013). OTUs that

clustered only one or two reads were manually removed. In

total, we characterized 847624 16S rRNA quality reads for 18

samples, an average of 94 603 6 8134 quality reads per
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sample for experiment 1 and an average of 9080 6 1376 quali-

ty reads per sample for experiment 2. Analysis of 16S rRNA

data was performed using PAST software. M. mobile genome

sequencing was performed according to the Illumina ‘TruSeq

DNA PCR-FREE Sample Preparation Guide’ low sample (LS)

protocol. Assembly of sequenced reads was performed by

Velvet assembly tool (Zerbino and Birney, 2008). In total,

�1.75 Mbp in 6 contigs were generated and analyzed as

described in the results section.

Statistical analysis

In general, significance was calculated according to paired

Student’s t-test or ANOSIM tests. In all analyses, signifi-

cance was set at p<0.05 unless otherwise stated.

Principal component analysis for high-grain and non-grain

diets for both experiments was performed using PAST soft-

ware (Hammer, 2000).

Strains and growth media

Methanomicrobium mobile (DSM 1519), Methanobrevi-

bacter smithii (DSM 861), Methanobrevibacter gottschalkii

(DSM 11977), Methanobrevibacter ruminantium (DSM

1093), Methanospirillum hungatei (DSM 864), Methano-

corpusculum labreanum strain Z (DSM 4855) and

Methanosarcina barkeri (DSM 800) were purchased from

the German collection of microorganisms and cell cultures

(DSMZ) and stored in 25% glycerol at 280�C until use.

Methanocorpusculum labreanum sp. was isolated in our

laboratory and kept under the same conditions.

In vitro growth assays

To isolate the variables that might affect M. mobile growth,

rumen fluids after feeding with non-grain and high-grain

diets were anaerobically sterilized using a 0.22-mm filter. A

5- to 10-day M. mobile culture was concentrated to an

OD600 of 0.3 and then diluted 1:100 into each of these flu-

ids in duplicate in designated anaerobic (Hungate) tubes.

Following inoculation, the samples were pressurized with 2

atmospheres of 80%/20% H2/CO2 and kept under continu-

al 110 rpm rotation in the dark. At each time point,

headspace gas was monitored by gas chromatography

(GC) (as described further on) and DNA was extracted

from the samples followed by RT-PCR analysis with

archaeal primers as discussed previously.

In another experiment, duplicate samples of sodium

bicarbonate (2 g/l), cysteine-HCl (0.5 g/l), yeast extract

(0.3 g/l) or DDW were added to rumen fluids from the high-

grain diet containing a 1:100 dilution from OD600 of 0.3 of

M. mobile, to examine their ability to restore M. mobile

growth. Following inoculation, the samples were pres-

surized with 2 atmospheres of 80%/20% H2/CO2 and

kept under continual 110 rpm rotation in the dark. Growth

was monitored by methane production in the headspace

using GC.

Analytical measurements for the diets

GC/GC–mass spectrometry

All metabolites other than the volatile fatty acids (VFAs)

were detected and analyzed using GC–MS (mass spec-

trometry) as described elsewhere (Saleem et al., 2013).

Briefly, rumen fluids (2 ml) were centrifuged and filtered

through a 0.45 mm nonpyrogenic filter (EMD Millipore). All

rumen fluids samples were handled immediately and kept

at 48C to minimize any further metabolite degradation.

Ribitol (2 ml) in water (20 mg/ml) was added to a 98-ml

sample as a quantification standard to obtain a 100-ml

sample. The samples were then loaded with 800 ml of cold

HPLC-grade methanol:DDW (8:1 v/v) and vortexed for 1

min. The samples were kept at 4�C for 20 min and then

centrifuged at 3800 g for 8 min. After centrifugation, 200 ml

of the supernatant was evaporated to dryness using a

Speedvac concentrator. After evaporation, 40 ml of 20 mg/

ml methoxyamine hydrochloride (Sigma-Aldrich) in ACS-

grade pyridine was added to the extracted residue and

incubated at room temperature for 16 h. After methoxima-

tion, 50 ml of N-methyl-N-trifluoroacetamide (MSTFA) with

1% trimethylchlorosilane (TMCS) derivatization agent

(Sigma-Aldrich) was added followed by incubation at 37�C

for 1 h.

Samples were vortexed after incubation to ensure com-

plete dissolution. Derivatized extracts were analyzed using

an Agilent 5975C GC and an Agilent 7890A MS operating

in electron impact (EI) ionization mode. Aliquots (1 ml)

were injected (splitless) into a 30 m 3 0.25 mm 3 0.25 mm

HP-5MS Ultra Inert column (Agilent Technologies) with

helium carrier gas set to a flow rate of 1 ml/min and initial

oven temperature of 70�C. The oven temperature was held

at 70�C for 2 min, then increased at 10�C/min to a final

temperature of 310�C, and a final run time of 45 min. Sam-

ples were run using full scan in a mass range of

50–500 m/z (1.7 scans/s) with a detection delay of 4 min.

Retention indices were calculated using a C8–C20 alkane

standard mixture solution (Sigma-Aldrich) as the external

standard. Quantification and identification of trimethylsily-

lated metabolites were performed using the NIST

database and HPLC-grade standards. VFAs were ana-

lyzed and quantified by Agilent 7890B GC with a FID

detector. Non- and high-grain rumen fluids (1 ml) were

centrifuged for 15 min at 16 000 g and the pellet was dis-

carded. Rumen fluids (400 ll) was mixed with 100 ll of

25% metaphosphoric acid solution in a 1.5-ml Eppendorf

tube. Each sample was immediately vortexed for 1 min

then left to stand for 30 min at 48C. The samples were then

centrifuged for 15 min at 11 000 g at 48C. The samples

were transferred into a new 1.5-ml Eppendorf tube and
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250 ll of methyl tert-butyl ether (MTBE) was added to

each sample separately. The samples were then vortexed

for 30 s and centrifuged for 1 min at 10 000 g at 48C. The

upper phase containing MTBE with VFAs was decanted

into a GC vial. Aliquots (1 ml) were injected with a split ratio

of 1:25 into a 30 m 3 0.32 mm 3 0.25 mm ZB-FFAP

column (ZEBRON) with helium carrier gas set to a flow

rate of 2.4 ml/min and initial oven temperature of 100�C.

The temperatures at the inlet and detector were set at

250�C and 300�C, respectively. The oven temperature was

held at 100�C for 5 min, then increased at 10�C/min to a

final temperature of 125�C and a final run time of 12.5 min.

Quantification and identification of metabolites were per-

formed using HPLC-grade standards.

Redox potential

Redox potential was measured by Sartorius pb-11 using a

VWR rd-223 ORP electrode. All measurements were per-

formed inside an anaerobic chamber (Coy Industries, Inc.)

under anaerobic conditions.

Methanogens genomic analysis

Methanogen genomes were downloaded from NCBI data-

base and uploaded to the ‘Rapid Annotation Using

Subsystem Technology’ (RAST) platform (Aziz et al.,

2008). Anti-ROS proteins from these genomes were

counted and analyzed.
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Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Fig. S1. Experimental design scheme. In the first experi-

ment, which lasted 56 days, four cows were fed the high-

grain diet for 31 days and then transferred to the non-

grain diet for another 22 days, with a habituation period of

3 days (days 32–34). Each experimental diet consisted of

a different proportion of the same dietary fiber in the feed.

The first diet consisted of 65% grains (high-grain diet) and

the second of 0% grains (non-grain diet). The second

experiment performed with 5 cannulated Holstein Friesian

cows, lasted for 69 days and divided into two feeding peri-

ods. During the first period, all cows were fed the non-

grain diet for 39 days, and in the second period, which

lasted 27 days, three cows were fed the high-grain diet

while two cows remained on the non-grain diet as a con-

trol until the end of the experiment, to verify that environ-

mental conditions did not affect the experimental results.

A habituation period of 3 days (days 40–42) enabled a

healthy change between the diets.
Fig. S2. Real-time qPCR of total archaea and the three

major methanogenic orders - Methanobacteriales, Methano-

microbiales and Methanosarcinales. DNA was extracted

from rumen samples and submitted to qRT-PCR analysis.

The control group consisted of two cows maintained on a

non-grain diet throughout the experiment. The experimental

group consisted of three cows fed the different diets as fol-

lows: days 1-39, non-grain diet (light purple background);

days 40-42, introduction period to new diet (dark gray back-

ground) and days 43-69, high-grain diet (light green). Each

day represents the average of all cows within a group. The

X axis represents day of the experiment. The Y axes of the

three upper panels represent the proportion of each metha-

nogen order out of total archaea. The Y axis in the lower

panel represents the absolute archaeal 16S rRNA copy

number. Mean for each time point is plotted 6 SEM. Aster-

isks present significant differences (t test, p < 0.05)

between the control and experimental group.
Table S1. Diets composition.
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