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DNA based methods have been widely used to study the complexity of the rumen

microbiota, and it is well known that the method of DNA extraction is a critical step

in enabling accurate assessment of this complexity. Rumen fluid (RF) and fibrous

content (FC) fractions differ substantially in terms of their physical nature and associated

microorganisms. The aim of this study was therefore to assess the effect of four DNA

extraction methods (RBB, PBB, FDSS, PQIAmini) differing in cell lysis and/or DNA

recovery methods on the observed microbial diversity in RF and FC fractions using

samples from four rumen cannulated dairy cows fed 100% grass silage (GS100),

67% GS and 33% maize silage (GS67MS33), 33% GS and 67% MS (GS33MS67),

or 100% MS (MS100). An ANOVA statistical test was applied on DNA quality and

yield measurements, and it was found that the DNA yield was significantly affected by

extraction method (p < 0.001) and fraction (p < 0.001). The 260/280 ratio was not

affected by extraction (p = 0.08) but was affected by fraction (p = 0.03). On the other

hand, the 260/230 ratio was affected by extraction method (p < 0.001) but not affected

by fraction (p = 0.8). However, all four extraction procedures yielded DNA suitable

for further analysis of bacterial, archaeal and anaerobic fungal communities using

quantitative PCR and pyrosequencing of relevant taxonomic markers. Redundancy

analysis (RDA) of bacterial 16S rRNA gene sequence data at the family level showed that

there was a significant effect of rumen fraction (p = 0.012), and that PBB (p = 0.012)

and FDSS (p = 0.024) also significantly contributed to explaining the observed variation

in bacterial community composition. Whilst the DNA extraction method affected the

apparent bacterial community composition, no single extraction method could be

concluded to be ineffective. No obvious effect of DNA extraction method on the

anaerobic fungi or archaea was observed, although fraction effects were evident for
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both. In summary, the comprehensive assessment of observed communities of bacteria,

archaea and anaerobic fungi described here provides insight into a rational basis for

selecting an optimal methodology to obtain a representative picture of the rumen

microbiota.

Keywords: DNA extraction methods, rumen fluid, fibrous content, bacteria, archaea, fungi, 454 pyrosequencing,

qPCR

INTRODUCTION

The bovine rumen is a complex microbial eco-system
consisting of bacteria, archaea, protozoa and anaerobic fungi
(Neocallimastigomycota). These microbes interact with each
other to break down ruminant feed components, such as plant
fibers. Bacteria are the predominant microorganisms in the
rumen and hydrolyse feed-derived plant polysaccharides into
short chain fatty acids (SCFAs), amino acids and gasses, namely
H2 and CO2 (Russell and Hespell, 1981). The majority of the
SCFAs are rapidly absorbed by the animal host for energy.
Anaerobic fungi (Neocallimastigomycota) form a significant part
of the rumen microbiota and play an important role in fiber
digestion (Bauchop, 1979; Liggenstoffer et al., 2010; Gruninger
et al., 2014). These anaerobic fungi were overlooked in early
rumen studies due to their intimate association with the plant
material during their extensive vegetative life cycle phase, with
only the transient zoospores characteristic of their motile life
cycle phase being detectable in the rumen fluid (RF) (Gruninger
et al., 2014). Although ruminal methanogenic archaea cannot
utilize dietary plant polysaccharides directly and comprise
only approximately 0.3–3% of the total microbial biomass in
the rumen, their functional relevance to rumen metabolism is
significant. Archaea form methane (CH4) by utilizing CO2, H2,
formate, and methanol, which are produced during fermentation
of dietary material by other rumen microbes (Hungate, 1966b;
Marvin-Sikkema et al., 1990; Teunissen et al., 1992). Methane is
a potent greenhouse gas and represents a loss of dietary energy to
the ruminant (Meale et al., 2012).

The study of rumen microbial diversity is essential for
in-depth understanding of the complex microbial interactions
that shape the rumen ecosystem. This understanding can
then be used to beneficially improve ruminant productivity,
whilst decreasing the environmental footprint of ruminant
livestock production (Zhou et al., 2009). Previously, much
of the pioneering work by Robert Hungate was performed
using traditional microbiological methods, involving isolation
and characterization of pure strains to assess the diversity and
functionality of rumen microbial communities. These strains,
however, represented only a relatively small proportion of
the total rumen microbial diversity (Hungate, 1966a). The
importance of using culture independent studies to allow
identification of uncultured and novel taxa within the rumen
microbiota was previously confirmed (Edwards et al., 2004;
Creevey et al., 2014). Archaea which utilize the products from
bacteria, are difficult to culture (Paul et al., 2012). For anaerobic
fungi, only a limited number of the identified genera have been
recovered in culture to date (Haitjema et al., 2014).

Although culture independent methods overcome some
biases associated with culture dependent methods, they also
introduce a new set of biases related to extraction and PCR.
Several studies have shown that methods used to extract
DNA from rumen-derived samples had a significant effect
on the apparent microbial diversity observed using various
different molecular techniques targeting the 16S ribosomal
RNA (rRNA) gene. These techniques include single strand
conformation polymorphism (SSCP), denaturing gradient gel
electrophoresis (DGGE), quantitative PCR (qPCR) and next
generation technology amplicon sequencing (Yu and Morrison,
2004; Henderson et al., 2013; Villegas-Rivera et al., 2013).

In terms of DNA extraction, RF and fibrous content (FC)
fractions represent very different types of physical matrices
for processing. A recent study by Henderson et al. (2013)
showed that the bacterial communities associated with these two
fractions differed from each other. For example, the predominant
bacterial phyla in the rumen observed were Firmicutes and
Bacteroidetes (Fouts et al., 2012), but the relative abundance
of these phyla differed between the RF and FC fractions
(Henderson et al., 2013). In the liquid fraction, the predominant
bacterial community member was Prevotella, belonging to the
Bacteroidetes phylum. In contrast, bacterial taxa belonging to
the phyla Fibrobacteres and Firmicutes, particularly Butyrivibrio,
Succiniclasticum and Lachnospiraceae, were relatively more
abundant in the solid fraction. However, when the effects
of different DNA extraction methods and two rumen digesta
sampling methods were compared to each other, the choice
of DNA extraction method affected the apparent microbial
community structure significantly more than the sampling
method (Henderson et al., 2013). Another study by Fliegerova
et al. (2014) observed the clustering of microbial communities
based on the type of RF processing (cheesecloth squeezed,
centrifuged or filtered), storage conditions and DNA extraction
method.

Differences in observed bacterial patterns due to extraction
methods are often caused by the differences in cell lysis efficiency
associated with the characteristic cell wall structure of Gram
positive and Gram negative bacteria (Fliegerova et al., 2014).
However, information on the biases associated with DNA
extraction of the rumen FC relative to RF is limited. As primary
fiber-degrading microbes are mainly attached to the dietary plant
material (Dehority, 1991), it is important to assess the effect of
DNA extraction methods on the observed FC and RFmicrobiota,
and to what extent the extracts generated are reflective of the
actual microbiota.

In this study, we evaluated the effect of four DNA extraction
methods, that differ in cell lysis and/or DNA recovery procedures,
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on the outcome of microbiota compositional analysis of both
RF and FC fractions. Description and discussion of the fraction
effect was, therefore, also performed in order to place the
DNA extraction method effects in context. Sample fractions
were collected from four rumen cannulated dairy cows each
fed different roughage-based diets that were previously shown
to result in differences in methane emission (Van Gastelen
et al., 2015). Quality and quantity of the extracted genomic
DNA was evaluated prior to assessment of bacterial, archaeal
and fungal communities with quantitative PCR (qPCR) and 454
based pyrosequencing of barcoded 16S rRNA gene and ITS PCR
amplicons.

MATERIALS AND METHODS

Animals and Diet
The samples used in this study were a subset of a larger
study, of which the details have been described elsewhere (Van
Gastelen et al., 2015). This study was conducted in accordance
with Dutch law and approved by the Animal Care and Use
Committee of Wageningen University and Research. Briefly,
in the larger study 12 rumen cannulated cows were grouped
into three blocks according to lactation stage, parity and milk
production. The cows within each block were subsequently
randomly assigned to one of four dietary treatments. All
dietary treatments had a roughage to concentrate ratio of
80:20 based on dry matter. On a dry matter basis, the
roughage consisted of either 100% grass silage (GS100), 67%
GS and 33% maize silage (GS67MS33), 33% GS and 67%
MS (GS33MS67), or 100% MS (MS100). One block of four
cows was randomly selected from the above mentioned larger
study to sample the RF and FC fractions in order to assess
the effect of DNA extraction method on rumen microbiota
analysis.

Sample Collection, Preservation and
Preparation
After 12 days of adaptation to the diet, the four rumen cannulated
cows, i.e., one per dietary treatment, were sampled for RF and
FC 3 h after morning feeding. RF was directly collected using
a suction tube through the rumen fistula, and collected in 3
equal (∼200 ml) amounts from the front and middle of the
ventral sac and from the cranial sac. After collection, the RF
samples were pooled, thoroughly mixed, divided into aliquots of
∼50 ml, and immediately frozen on dry ice. The solid (fibrous)
fraction was collected via the rumen cannula, and then firmly
squeezed by hand. All samples were collected within a time span
of 30 min, after which they were transported to the laboratory
and stored at −80◦C until DNA extraction. In order to facilitate
DNA extraction in 2 ml lysis tubes, approximately 7.5 g of FC
was ground using a mortar and pestle with liquid nitrogen, after
which 0.2 g FC was weighed and used for extraction of DNA.
RF samples were thawed, 1 ml aliquots centrifuged for 5 min at
9,000 × g, and the cell pellets used as the starting material for
DNA extractions.

DNA Extraction
Four different DNA extraction methods were compared in this
study to represent different types and combinations of cell lysis
mechanisms and/or DNA recovery procedures. All extractions
were performed by one person. EachDNA extractionmethodwas
performed with eight samples, i.e., a RF and FC sample derived
from four different cows, each of which were fed different diets.
All extractions were performed once, with the exception of the
sample from the cow fed the GS100 diet for which duplicate DNA
extractions were performed. DNA extraction was performed
using 0.2 g of ground FC or the cell pellet from 1 ml of RF.

Repeated Bead Beating (RBB)

Genomic DNA was extracted using the repeated bead beating
plus column method, which was previously developed for bovine
feces and rumen digesta (Yu and Morrison, 2004). Briefly, the
prepared sample was mixed with 0.5 g of zirconium beads
(0.1 mm; Biospec products), 4 glass beads (2.5 mm; Biospec
products) and 1 ml of lysis buffer (500 mM NaCl, 50 mM Tris-
HCl (pH 8), 50mMEDTA, 4% (w/v) SDS) in 2ml lysis tubes with
screw caps (BIOplastics BV) and then processed as the published
protocol. The final genomic DNA was eluted in 100 µl AE buffer
(10 mM Tris-HCl, 0.5 mM EDTA; pH 9.0).

Phenol Dependent Bead Beating (PBB)

Prepared samples weremixed with 940µl TE buffer (10mMTris-
HCl pH 7.6, 1 mM EDTA pH 8.0), followed by addition of 50 µl
10% (w/v) SDS and 10 µl Proteinase K (20 mg/ml), and then
incubated at 55◦C for 1 h. The mixture was then transferred to
a 2 ml lysis tube containing 4 glass beads and 0.5 g zirconium
beads (as used for the RBB protocol). Subsequently, 150 µl of
buffered phenol (pH 7–8; Sigma–Aldrich) was added, followed
by bead beating for 3 min using the bead beater (Precellys 24,
Bertin technologies) at 5.5 m/s and cooled immediately on ice.
The aqueous phase containing the nucleic acids was further
mixed with 150 µl chloroform-isoamyl alcohol (24:1), and excess
phenol was removed through centrifugation at 14,000 × g for
10 min at 4◦C. The upper aqueous phase was removed and
transferred to a new tube. The extraction with buffered phenol
and chloroform-isoamyl alcohol was repeated. The nucleic acids
were then precipitated from the combined aqueous fractions
by adding 0.1 volume of 3M sodium acetate and 1 volume
of isopropanol, and incubating at 4◦C for 30 min followed by
centrifugation. The pellets were washed once with 70% (v/v)
ethanol and allowed to air-dry before being rehydrated in 100 µl
of TE buffer.

Fast SPIN DNA Kit for Soil (FDSS)

Genomic DNA extraction was performed using the FastDNA
SPIN kit for soil (MP Bio medicals, Solon, OH, United States)
following the manufacturer’s instructions. Cell lysis in this kit
was performed with sodium phosphate buffer and MT buffer in
Lysing matrix E tube using the Precellys 24 bead beater for 40 s
at a speed of 6.0 m/s, and the DNA purification was done using a
bindingmatrix. DNAwas eluted in 50µl of DES (DNase/Pyrogen
free water) that was provided with the kit.
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PQIAmini

Genomic DNA was extracted following the method described
by Zoetendal et al. (2006) with minor modifications (Van den
Bogert et al., 2013). Briefly, prepared samples were mixed with
500 µl of TE buffer, and the genomic DNA was extracted from
the re-suspended sample according to the Macaloid-based DNA
isolation protocol with the use of Phase Lock Gel heavy tubes
(5 Prime GmbH) and phenol during the phase separation step.
To remove contaminating RNA, 250 µl of the aqueous phase was
pre-treated with 3 µl RNAse A (10 mg/ml; QIAGEN GmbH)
at 37◦C for 15 min. Subsequent steps employed a modified
version of the QIAamp DNA Stool Mini Kit (QIAGEN) protocol
(Leimena et al., 2013). Initially, 22.5 µl proteinase K (20 mg/ml;
Ambion) and 300 µl buffer AL from the QIAmp kit were added
to the DNA extract followed by incubation at 70◦C for 10 min.
The rest of the protocol was performed following the protocol
guidelines. DNAwas finally eluted in 30µl of nuclease free water.

Quality Control of DNA Extracts

The quality and quantity of the DNA was assessed using
a Nanodrop ND-1000 spectrophotometer (NanoDrop R©

Technologies). The integrity of the DNA was visualized
using agarose gel electrophoresis with a 1% (w/v) agarose gel
containing 1x SYBR R© Safe DNA gel stain (Invitrogen).

qPCR Analysis
DNA extracted from RF and FC samples was used for
quantification of bacteria, archaea and anaerobic fungi by
qPCR. The amplification of bacterial and archaeal 16S rRNA
genes, and anaerobic fungal 5.8S rRNA genes was performed
in a BioRad CFX96 system (Bio-Rad Laboratories). All qPCR
reactions were performed in triplicate. The resulting qPCR data
was then processed, and principal component analysis (PCA) was
performed using Canoco 5.0 (Ter Braak and Smilauer, 2012). The
R software (version 3.0.2) was used for plotting and visualization
purposes.

Bacteria and Archaea qPCR

To quantify bacterial 16S rRNA genes, the forward and reverse
qPCR primers BAC 1369F (5′-CGGTGAATACGTTCYCGG-3′)
and PROK 1492R (5′-GGWTACCTTGTTACGACTT-
3′) were used (Suzuki et al., 2001). Archaeal 16S rRNA
gene copies were quantified using primers 787F (5′-AT
TAGATACCCSBGTAGTCC-3′) and 1059R (5′-GCCATGCAC
CWCCTC-3′) (Yu et al., 2005). The reproducibility of the
bacterial qPCR assay (primers BAC 1369F and PROK 1492R)
has been recently successfully confirmed for RF samples in our
lab (Van Lingen et al., 2017). The reproducibility of the archaeal
qPCR assay (primers 787F and 1059R) has been shown in a
study focusing on bioreactor performance from methanogenic
communities in microbial electrolysis cells (Lu et al., 2012),
and the archaeal primers have been tested for their coverage by
Yu et al. (2005). For bacteria and archaea the qPCR reaction
mixture (25 µl) contained 12.5 µl 2X iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories), 200 nM forward primer,
200 nM reverse primer, 10.5 µl nuclease free water, and 1 µl of
0.2 ng/µl (for bacteria) or 2 ng/µl template DNA (for archaea).

The thermal cycling conditions for the bacterial and archaeal
primer pairs included a pre-denaturing step at 95◦C for 10 min,
followed by 35 cycles of 95◦C for 20 s, annealing at 56.3◦C (for
bacteria) or 60◦C (for archaea) for 30 s and extension at 72◦C
for 30 s. The fluorescent products were detected at the last step
of each cycle. Following amplification, melting temperature
analysis of PCR products was performed to determine the
specificity of the PCR. The melting curves were obtained by slow
heating at 0.5◦C/s increments from 60 to 95◦C, with continuous
fluorescence collection.

Anaerobic Fungi qPCR

The quantification of ruminal anaerobic fungi was carried
out using the Neocallimastigales probe-based qPCR assay as
previously described (Edwards et al., 2008). Briefly, primers Neo
qPCR For (5′ TTG ACA ATG GAT CTC TTG GTT CTC 3′) and
Neo qPCR Rev (5′ GTG CAA TAT GCG TTC GAA GAT T 3′)
primers were used, targeting a conserved region (110 bp) of the
5.8S rRNA gene, along with a TaqMan probe (Neo: 5′ FAM-CAA
AAT GCG ATA AGT ART GTG AAT TGC AGA ATA CG –
TAMRA-3′). The reactionmixture (25µl) contained 1×TaqMan
Universal PCR Probe Mix (Applied Biosystems), 750 nM of each
primer, 200 nM of the probe and 1 µl of 2 ng/µl template
DNA. The thermal cycling program was 50◦C for 2 min, 95◦C
for 10 min (initial denaturation), followed by 40 cycles of 95◦C
for 15 s (denaturation) and 60◦C for 1 min (primer annealing
and extension). At the end of each cycle, the accumulation of
PCR products was detected bymonitoring the fluorescence signal
from the probe.

Standard Curve Preparation

Standard curves were generated using purified PCR products
as a template. The bacterial 16S rRNA gene PCR product was
obtained with universal bacterial primers 27F and 1492R (Suzuki
et al., 2000), using DNA extracted from Ruminococcus albus
SY3 [kindly provided by Prof. R. John Wallace from the Rowett
Research Institute (now part of the University of Aberdeen)].
The archaeal 16S rRNA gene PCR product was obtained with
universal archaeal primers 25F and 1492R (Dojka et al., 1998;
Suzuki et al., 2000), using DNA extracted from Methanosarcina
mazei MC3 (DSM-2907). The anaerobic fungal 5.8S rRNA gene
PCR product was obtained with the Neo qPCR Rev and Neo
qPCR Rev primers using DNA extracted from a FC sample from
the cow which was fed GS100. All the PCR products were purified
with a Purelink PCR Purification kit (Invitrogen), with high-cut
off binding buffer B3, and the concentration was measured using
Nanodrop. The DNA concentration and amplicon size was used
to calculate the number of amplicon copies, and then 10-fold
serial dilutions in water were made from 108 to 102 amplicon
copies/µl.

Amplification of Target Regions for
Pyrosequencing
Bacterial Community Assessment

Bacterial community composition was assessed as described
previously (Van den Bogert et al., 2013). Briefly, a PCR was
performed to obtain barcoded amplicons from the V1-V2 region
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of the 16S rRNA gene, using the 27F-DegS forward primer
(5′-GTTYGATYMTGGCTCAG-3′) (Van den Bogert et al., 2011)
appended with the pyrosequencing titanium sequencing adapter
A (5′-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3) and
an 8 nt sample specific barcode (Hamady et al., 2008)
and an equimolar mix of two reverse primers 338R
I – (5′-GCWGCCTCCCGTAGGAGT-3′) and 338R II – (5′-
GCWGCCACCCGTAGGTGT-3′) that were appended with
the pyrosequencing titanium adapter B (5′-CCTATCCCCT
GTGTGCCTTGGCAGTCTCAG-3′) at the 5′ end (Guss et al.,
2011). The reverse primers are based on three previously
published EUB 338 probes (Daims et al., 1999). PCRs were
performed using a thermocycler (G storm) in a total volume of
100 µl containing 20 µl 5 × HF buffer (Finnzymes), 2 µl PCR
Grade Nucleotide Mix (2 mM each), 2 units Phusion R© Hot Start
II High Fidelity DNA polymerase (Finnzymes), 500 nM of both
the barcoded forward and reverse primer, 65 µl nuclease free
water and 2 µl of 20 ng/µl template DNA. The PCR program
consisted of an initial denaturation step at 98◦C for 30 s, followed
by 30 cycles of 98◦C for 10 s, 56◦C for 20 s and 72◦C for 20 s, with
a final extension step at 72◦C for 10 min. Expected PCR product
size (311 bp) was confirmed by agarose gel electrophoresis using
5 µl of PCR product on a 1% (w/v) agarose gel containing
1x SYBR R© Safe. Non-template negative control PCR reactions
were performed alongside each PCR amplification, and were
confirmed to yield no product. PCR products were purified with
the High PCR Pure Clean-up Micro kit (Roche) followed by
quantification using the Qubit dsDNA BR assay kit (Invitrogen).
Purified PCR products were mixed in equimolar amounts (400
ng per sample), and the pooled amplicons were purified using a
DNA gel extraction kit (Millipore) according to manufacturer’s
guidelines. The pooled amplicons were then quantified using the
Qubit dsDNA BR assay kit, and the sequences determined with
a 454 Life Sciences GS-FLX platform using Titanium sequencing
chemistry (GATC-Biotech, Konstanz, Germany).

Archaeal Community Assessment

A method adapted from Jaeggi et al. (2014) was used for archaeal
composition analysis. Briefly, barcoded amplicons of 16S rRNA
genes were generated by PCR using the 340F forward primer
(5′-CCCTAYGGGGYGCASCAG-3′) (Gantner et al., 2011) that
was 5′-extended with the titanium adaptor A and an 8 nt
sample specific barcode, and the 1000R reverse primer [5′-
GGCCATGCACYWCYTCTC-3′ (Gantner et al., 2011)] that was
appended with the titanium adaptor B at the 5′-end. PCRs were
performed in a total volume of 50µl containing 20 ng of template
DNA, 200 nM of each of the forward and reverse primer, 1 U
KOD Hot Start DNA Polymerase (Novagen), 5 µl KOD-buffer
(10×), 3 µl MgSO4 (25 mM), 5 µl dNTP mix (2 mM each),
and 33 µl nuclease free water. PCR conditions were: initial
denaturation step at 98◦C for 30 s followed by 25 cycles of 98◦C
for 10 s, 52◦C for 20 s, and 72◦C for 20 s, and a final extension step
of 72◦C for 10 min. PCR product size (660 bp) was confirmed
by agarose gel electrophoresis using 5 µl of PCR product on a
1% (w/v) agarose gel containing 1x SYBR Safe. Non-template
negative control PCR reactions were performed alongside each
PCR amplification and were confirmed to yield no product.

The PCR amplicon (∼660 bp) was subsequently purified using
the MSB Spin PCRapace kit (Invitek), and the concentration was
determined using the Qubit dsDNA BR assay kit. Purified PCR
products were mixed in equimolar amounts by pooling 200 ng
of the purified PCR products of each sample. The pooled sample
was purified using the Purelink PCR Purification kit, with high-
cut off binding buffer B3, and pyrosequenced on the 454 Life
Sciences GS-FLX platform using Titanium sequencing chemistry
(GATC-Biotech, Konstanz, Germany).

Fungal Community Assessment

PCR was performed to obtain barcoded amplicons
from the fungal ITS1 region, using the ITS1FA.001 (5′-
CTTGGTCATTTAGAGGAAGTAA-3′) forward primer
appended at the 5′-end with titanium sequencing adapter B
and the reverse primer (5′-TCCTCCGCTTATTGATATGC-3′)
appended with titanium sequencing adapter A and a 6 nt sample
specific barcode. PCRs were performed using a thermocycler
(Biometra) in a total volume of 50 µl containing 5 µl 10x KOD
buffer, 5 µl dNTP mix (2 mM each), 3 µl MgSO4 (25 mM),
1 µl KOD polymerase, 400 nM of both the forward and the
reverse primer, nuclease free water, and 20–50 ng of template
DNA. The PCR program consisted of an initial denaturation
step at 95◦C for 2 min, followed by 35 cycles of 95◦C for 20 s,
51◦C for 10 s, and elongation at 70◦C for 15 s, with a final
extension step at 70◦C for 5 min. Expected PCR product size
(variable between 350 and 750 bp) was confirmed by agarose gel
electrophoresis using 5 µl of PCR product on a 1% (w/v) agarose
gel containing ethidium bromide. Non-template negative
control PCR reactions were performed alongside each PCR
amplification, and were confirmed to yield no product. PCR
products were purified with MSB spin PCRapace kit followed
by quantification using Nanodrop. Purified PCR products were
mixed in equimolar amounts (200 ng per sample), and the
pooled amplicons were purified using MSB spin PCRapace kit
according to manufacturer’s guidelines. The pooled amplicons
were then quantified by Nanodrop and pyrosequenced on the
454 Life Sciences GS-FLX platform using Titanium sequencing
chemistry (GATC-Biotech, Germany).

Pyrosequencing Data Analysis
The pyrosequencing data analysis for bacteria and archaea
was carried out with a workflow employing the Quantitative
Insights Into Microbial Ecology (QIIME) pipeline (Caporaso
et al., 2010) using settings as recommended in the QIIME 1.2
tutorial. De-multiplexing and initial sequence quality filtering
were done with the “split_libraries.py” script provided by
QIIME using the default settings. OTU picking, alignment and
taxonomic classification were done using the workflow script
“pick_otus_through_otu_table.py” provided by QIIME using the
default settings. Reads were filtered for chimeric sequences
using Chimera Slayer (Haas et al., 2011), and clustering of
Operational Taxonomic Units (OTUs) was performed with a
similarity threshold of 97%. Additional data handling was done
using in-house developed Python and Perl scripts. Taxonomic
classification of bacteria and archaea was done using Ribosomal
Database Project (RDP) classifier version 2.2 (Wang et al.,
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2007) using the database GreenGenes set gg_97_otus_6oct2010
as provided with QIIME 1.2. In order to obtain the most
likely genus-level identification, sequences were compared to
the corresponding RDP reference set using NCBI BLAST
(Altschul et al., 1990). Data analysis for fungi was done using
a workflow based on QIIME 1.8, using the BLAST method for
taxonomic classification of ITS reads against the UNITE database
(Abarenkov et al., 2010), using the training set of 07-04-2014.
Shannon’s index and Chao1 richness index were calculated as
implemented in QIIME using bacterial OTU-level data. Principal
coordinate analysis (PCoA) analysis of weighted and unweighted
UniFrac distances between samples was performed using QIIME
with both the bacterial and archaeal OTU-level data. Redundancy
analysis (RDA) was performed using Canoco 5 (Smilauer and
Leps, 2014) to assess the relationship between family level like
phylogenetic groupings of OTU and DNA extraction methods
or rumen fractions. The raw sequence data for the bacterial,
archaeal and fungal composition analysis is deposited as a project
available at https://github.com/jdvaidya/rumenmicrobiotadata.
In addition, the sequences are also deposited in ENA under
accession number PRJEB22996.

Statistical Analysis
The significance of potential differences in the relative
abundances of bacterial taxa between the different sample
groups (e.g., different extraction methods, different rumen
fractions) was assessed using the non-parametric rank Mann-
Whitney test as implemented in Sci-Phy (Jones et al., 2001).
Significance of explanatory variables included in constrained
analyses (RDA) was assessed using an unrestricted Monte Carlo
permutation test with a total of 999 permutations, and results
were visualized in an ordination biplot obtained from Canoco
5. P-values were corrected for multiple testing using Bonferroni
correction and those lower than 0.05 were regarded as significant.

Two 1-way ANOVA model were fitted separately to DNA
yield and quality (260/280 and 260/230) measurements with
extraction method (4 levels: RBB, PBB, FDSS and PQIAmini,
see Section “DNA Extraction” for detailed explanation of the
extraction methods) and rumen fraction (2 levels: fibrous and
liquid) as factors, using R software (version 3.0.2). Data was
log-transformed before analysis to correct for skewness. The
rationale behind the use of two separate one-way ANOVA
instead of a two-way ANOVA is that we did not consider the
Extraction method × Fraction interaction term, due to large
sample heterogeneity (i.e., each of the four cows were fed a
different diet).

RESULTS

Quality and Quantity of Genomic DNA
from Four Extraction Methods
Both RF and FC samples yielded high molecular weight (>3 kb)
DNA as confirmed by agarose gel electrophoresis (Supplementary
Figure S1). The integrity of the DNA was best for the RBB
method, as less DNA degradation was observed compared to the
other threemethods. Statistical analysis using ANOVA confirmed

that the DNA yield was significantly affected by extraction
method (p < 0.001) and fraction (p < 0.001). For the RF samples
the highest quantities of DNA were obtained with PBB, which
on average yielded 9.0, 3.0 and, 3.5 times more DNA than the
RBB, FDSS and PQIAmini methods, respectively (Table 1). PBB
also yielded the highest quantities of DNA with the FC samples,
and yielded 9.5, 2.5 and 2.2 times more DNA than RBB, FDSS
and PQIAmini methods, respectively (Table 1). Assessment of
purity of DNA found that the 260/280 ratio was not affected by
extraction (p = 0.08) but was affected by fraction (p = 0.03).
On the other hand, the 260/230 ratio was affected by extraction
method (p < 0.001) but not affected by fraction (p = 0.8). Some
DNA extracts of the RF and FC samples had a ratio of absorbance
at 260 nm and 280 nm (A260/280) that was below 1.8, indicating
the presence of contaminants (typically proteins and/or phenol)
that absorb at a slightly higher wavelength than DNA (Table 1).
This was most evident with the PBB method DNA extracts from
the FC samples. The A260/230 was lower than 2.0 (maximal value
for pure DNA) for virtually all of the samples, but in particular for
the FDSS DNA extracts. However, all DNA extraction methods
provided DNA of sufficient quality and quantity to proceed with
PCR based approaches as described in the following sections.

qPCR Analysis of Bacteria, Archaea and
Anaerobic Fungi
All DNA extracts from RF and FC samples were used for
qPCR analysis of total bacteria, archaea and anaerobic fungi
(Supplementary Figure S2). The PCA of the qPCR data
revealed separate clustering of the FC and RF fractions in PC1
(Figure 1A). These two clusters were separated by anaerobic
fungal 5.8S rRNA gene concentrations along the first principal
component axis (PC1). There was also evidence of clustering of
the extraction methods in the second principal component axis
(PC2), with the RBB and FDSS methods clustered to the top half
of the plot and PBB and PQIAmini to the bottom (Figure 1A).
Archaeal 16S rRNA gene concentrations were associated with the
separation of these two clusters in PC2 (Figure 1B).

Impact of DNA Extraction Methods and
Fractions on Observed Bacterial
Community Composition
On average only 26.3% of the annotations for the bacterial
taxa included genus level identification. Therefore, mainly the
OTU and family level (average of 56.2% annotation) was
used in the data analysis. Weighted UniFrac distance based
PCoA at the OTU-level showed that the bacterial communities
observed in RBB, FDSS, and PQIAmini-derived extracts generally
grouped together, whereas the bacterial communities associated
with PBB-derived extracts clustered separately (Supplementary
Figure S3A). This was not seen in the unweighted UniFrac
distance based PCoA, however, samples appeared to cluster more
by rumen fraction instead (Supplementary Figures S3A,B).

In order to test to what extent different extraction methods
and rumen fractions contributed to explaining the observed
variation in bacterial community composition, redundancy
analysis (RDA) was applied using family level relative abundance
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TABLE 1 | Purity and yield of genomic DNA extracted from rumen samples taken from cows fed different diets (GS, grass silage and MS, maize silage) and separated

into different fractions [rumen fluid (RF) and fibrous content (FC)].

Diet DNA extraction methods DNA yield (RF vs. FC) DNA purity (RF) DNA purity (FC)

RF (µg/ml RF) FC (µg/g FC) A260/280 A260/230 A260/280 A260/230

GS100 RBB (I) 6.4 38.7 2.0 2.1 1.7 1.2

RBB (II) 6.6 28.8 1.9 1.7 1.8 1.3

PBB (I) 55.9 327.7 1.8 1.6 1.6 1.0

PBB (II) 50.1 251.5 1.8 1.5 1.6 1.1

FDSS (I) 20.4 131.4 1.9 0.3 1.9 0.6

FDSS (II) 23.9 107.4 1.9 0.6 1.9 0.9

PQIAmini (I) 25.1 83.1 1.8 1.5 1.9 1.8

PQIAmini (II) 24.4 103.2 1.8 1.7 1.9 1.8

GS67MS33 RBB 6 25.9 2.0 1.8 1.8 1.4

PBB 57.2 378.2 1.9 1.6 1.7 1.1

FDSS 21 82.6 1.9 0.5 1.9 0.4

PQIAmini 20.2 95.2 1.8 1.5 1.9 1.5

GS33MS67 RBB 11.7 30.5 2.1 2.1 1.8 1.2

PBB 73.7 208.2 1.9 1.5 1.7 1.3

FDSS 20.9 103.4 1.7 0.2 1.9 0.4

PQIAmini 27.8 169 1.9 1.7 1.9 1.7

MS100 RBB 7.5 18.1 2.0 1.7 1.9 1.7

PBB 117.6 187.5 2.0 1.9 1.9 1.9

FDSS 15.8 96.6 1.9 0.4 1.9 0.5

PQIAmini 17.7 84.6 1.9 1.5 1.9 1.8

Four different DNA extraction methods were used (RBB, PBB, FDSS, and PQIAmini), and the DNA extraction of the 100% grass silage diet (GS100) samples was done

in duplicate (I & II).

FIGURE 1 | (A) Principal component analysis (PCA) of the combined bacterial (16S rRNA gene), archaeal (16S rRNA gene) and anaerobic fungal (5.8S rRNA gene)

qPCR data for rumen fluid (RF, 1) and fibrous content (FC, #) samples. The GS100 diet has duplicate DNA extracts presented as individual datapoints. The

percentages provided at the axes indicate the variation explained. (B) The corresponding loadings for the principal components indicate that anaerobic fungi are the

major cause of sample separation in PC1, and archaea in PC2.

data. This analysis showed that the PBB (p = 0.012) and FDSS
(p = 0.024) DNA extraction methods were separated relative to
RBB and PQIAmini on the first canonical axis (Figure 2). On
the second canonical axis samples were separated by fraction
(p = 0.012) (Figure 2). Ruminococcaceae appeared to be
positively associated with the PBB method and the FC. The
following three families were positively associated with the FDSS
method and FC: Fibrobacteraceae, Unclassified Synergistetes and

Unclassified Bacteroidales (Figure 2). The Prevotellaceae were
positively associated with the FDSS method and RF fraction.

Bacterial Community Analysis

A more detailed compositional analysis of RF and FC samples
showed that the rumen bacterial community consisted of 15
phyla (data not shown), among which on average Firmicutes
(46.9 + 16.1% RF, 39.7 + 15.7% FC) and Bacteroidetes
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FIGURE 2 | Redundancy analysis triplot (RDA) showing the relationship

between the top five family level phylogenetic groupings, the variation of which

is most strongly associated with DNA extraction methods and fractions. The

canonical axes are labeled with percentage of total variance explained (%).

Arrow length indicates the variance explained by extraction methods and

fractions. The GS100 diet has duplicate DNA extracts presented as individual

datapoints.

(58.2 + 15.7% RF, 26.9 + 11.2% FC) were most predominant.
The bacterial profiles of RF and FC fractions appeared to be
very distinct at the family level (Figures 3A,B). Overall, the
relative abundance of Prevotellaceae was significantly higher
in RF samples than in FC samples (p = 0.001; Figure 4A

and Supplementary Table S1A) but was not significantly
affected by any of the DNA extraction methods (p > 0.05;
Figure 4A and Supplementary Table S1B). The relative
abundance of Fibrobacteraceae was higher in FC compared
to RF (p = 0.020; Figure 4B and Supplementary Table S1A),
and was found to be higher (p = 0.028) in extracts obtained
using the FDSS method as compared to the PBB method
(Figure 4B and Supplementary Table S1B). The RBBmethod also
resulted in DNA extracts with a higher relative abundance of
Fibrobacteraceae in comparison to the PBB method (p = 0.038;
Figure 4B and Supplementary Table S1B). Differences were also
observed between RF and FC fractions for Ruminococcaceae.
FC samples had significantly higher relative abundances of
Ruminococcaceae compared to RF samples (p= 0.040; Figure 4C
and Supplementary Table S1A). The PBB extraction method gave
significantly higher relative abundances of Ruminococcaceae
compared to the FDSS method (p = 0.038; Figure 4C and
Supplementary Table S1B). Members of the Lachnospiraceae
appeared to be predominant in both RF and FC samples,
and their relative abundance in FC samples was significantly
higher than those in RF samples (p = 0.006; Figure 4D

and Supplementary Table S1A). However, there was no effect
of DNA extraction methods on Lachnospiraceae (Figure 4D

and Supplementary Table S1B). Finally, relative abundances
of two other minor (<1%) families (Anaerolinaceae and
Halomonadaceae) were significantly affected by DNA extraction
methods (Supplementary Table S1B) and one minor family

(Desulfobulbaceae) was affected by fraction (Supplementary
Table S1A).

At the genus level, Selenomonas, Succiniclasticum,
Ruminococcus, Prevotella, Butyrivibrio, Paraeggerthella,
Fibrobacter, Desulfobulbus, Pseudobutyrivibrio, Syntrophococcus,
and Oscillibacter significantly differed in relative abundance
when comparing RF and FC (p < 0.05; Supplementary Table
S1A). The genera with higher relative abundance in RF
compared to FC fraction were Desulfobulbus, Succiniclasticum,
Paraeggerthella, Prevotella, and Selenomonas, whereas
Syntrophococcus, Pseudobutyrivibrio, Butyrivibrio, Oscillibacter,
Ruminococcus and Fibrobacter were significantly higher in their
relative abundance in the FC fraction as compared to the RF
fraction. In contrast, only the genus Fibrobacter was found to be
significantly affected by DNA extraction method. The relative
abundance of Fibrobacter was higher in FDSS extracts compared
to those prepared using the PBB method (p = 0.038), and higher
also in the RBB extracts compared to the PBB (p = 0.038)
(Supplementary Table S1B).

Bacterial Diversity and Richness

Estimates of bacterial sequence richness and diversity were
calculated at the OTU level to assess if these parameters were
affected by fraction or DNA extraction method. The PBB
extracts from RF and FC fractions of GS67MS33 and MS100
fed cows appeared to generally have the lowest bacterial richness
(total number of OTUs present in a community) as calculated
by the Chao1 index than the corresponding RBB, FDSS and
PQIAmini RF and FC extracts (Figure 5A). A similar trend of
the PBB extracts was also seen for diversity (Shannon’s index,
Figure 5B). Within the GS100 sample, the Chao1 richness index
generally showed higher variability within RF than in FC samples
(Figure 5A). On the other hand, the technical replicates for
GS100 appeared to give similar values throughout Shannon’s
index analyses (Figure 5B). The RF samples seemed to have lower
Shannon’s index values compared to the FC samples, which was
not always the case with Chao1 index values.

Archaeal Community Analysis

The RF and FC samples were analyzed to identify the rumen
archaea associated with the different fractions, and how the
different DNA extraction methods influenced their detection
(Figures 6A,B). Some of the DNA extracts did not yield
amplicons for sequencing, despite the fact that all samples
were successfully amplified in the archaeal 16S rRNA qPCR.
Furthermore, the PCR failure could also not be directly correlated
with either the fraction, sample source (cow/diet) or any of
the DNA extraction methods. The FDSS method, however,
consistently failed with all the RF samples (Figure 6A).

Two families belonging to the phylum Euryarchaeota,
i.e., Methanobacteriaceae and Thermoplasmata-incertae-
sedis represented the majority of the sequences. Within
the Methanobacteriaceae, two known genera were detected,
Methanobrevibacter (∼83% to 98%) and Methanosphaera
(∼1% to 4%). An unidentified genus within the
Methanobacteriaceae was also detected (<1%) (Figures 6A,B).
Within Thermoplasmatales-incertae-sedis, only the genus
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FIGURE 3 | Bacterial family level composition of different DNA extracts obtained from rumen fluid (A) and fibrous content (B) samples from dairy cows each fed

different ratios of grass silage (GS) to maize silage (MS), e.g., GS67MS33 is a diet containing 67% grass silage and 33% maize silage. All the stacked bars represent

individual sample data except for GS100 which represents the mean of two different DNA extracts (error bars represent the standard deviation). All family level

phylogenetic groupings > 1% are shown individually, with those <1% summed together and presented as minor families.

Thermogymnomonas (<1%) was identified. Of the samples for
which sequence information could be generated, there was no
consistent difference in the relative abundances of archaeal
genera found relative to the different DNA extraction methods.
However, from the two fractions there was generally more
Methanosphaera seen in the RF as compared to the FC.

Fungal Community Analysis

Pyrosequencing analysis of amplified fungal ITS regions revealed
the presence of several fungal phyla in both the RF and FC
samples, and included aerobic (Ascomycota and Basidiomycota)
as well as anaerobic fungi (Neocallimastigomycota). Unidentified
fungal taxa (including but not differentiating between
unidentified anaerobic and aerobic) and not assigned fungi
were dominant (Tables 2A,B). The identified anaerobic
fungi represented less than 1% of the reads in the RF samples
(Table 2A). The FC samples on the other hand were characterized
by much higher relative abundances of the anaerobic fungi,
which were represented by four genera: Cyllamyces (0–3.2%),
Anaeromyces (0–5.2 %), Neocallimastix (0–8.1%) and Piromyces
(0–31.5%) (Table 2B). Due to the limited and variable number
of anaerobic fungal reads, an in depth analysis of this phylum
relative to the DNA extraction method was not possible.

DISCUSSION

DNA Quantity, Purity and Integrity
The different cell wall composition and structure of bacteria,
archaea and fungi largely determines their susceptibility to
mechanical or enzymatic lysis methods (Fredricks et al., 2005;

Henderson et al., 2013). In this study, all the methods employed
mechanical disruption of cells by bead beating, albeit with
differences in agitation times and type of beads. Several studies
have shown that disruption of bacteria with tough cell walls, such
as those belonging to the phyla Firmicutes and Actinobacteria, is
more efficient with a mechanical approach than by an enzyme-
based protocol (Lazarevic et al., 2013). In the present study, all
four DNA extraction methods yielded high molecular weight
DNA (>3 kb), from both RF and FC fractions based on agarose
gel analysis but the mechanical disruption caused shearing of
DNA to different extents. The RBB method yielded the most
intact genomic DNA compared to the PBB, FDSS and PQIAmini
methods. Although the RBBmethod employs two rounds of bead
beating in the presence of high concentrations of SDS, salt and
EDTA, the physical damage of DNA is minimized by removing
the lysate from the first round of bead beating to a new micro
centrifuge tube followed by a second bead beating step to lyse
any remaining intact cells. The DNA yields for RBB were lower
compared to the other methods assessed. DNA yields previously
reported for fecal samples (10–30 µg/g feces: Zoetendal et al.,
2006) were slightly higher compared to the range observed for
RF, and lower than that observed for the FC.

It has previously been shown that different agitation speeds
can affect DNA extraction, as samples subjected to disruption
at 4,800 rpm yielded more DNA than those subjected to
2,400 rpm (Fujimoto et al., 2004). In our study, although RBB
and PQIAmini methods both used an agitation speed of 5.5 m/s,
the DNA yields for PQIAmini were 3.0 and 3.8 times higher
as compared to the RBB method for RF and FC samples,
respectively. In this case, either the reagents used during lysis or
the different disruption times (3 × 1 min for RBB and 3 × 45 s
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FIGURE 4 | The effect of DNA extraction method (RBB, PDD, FDSS, and PQIAmini) on the relative abundance of the bacterial families Prevotellaceae

(A), Fibrobacteraceae (B), Ruminococcaceae (C), and Lachnospiraceae (D) in rumen fluid (yellow) and fibrous content (green) samples. The boxplots represent the

data from 5 observations per rumen fraction, and show the 25th, 50th and 75th percentiles, with whiskers showing the extremes of the data.

for PQIAmini) might be responsible for the different DNA yields
obtained from these two methods for RF and FC.

In this study, the average 260/230 ratios observed for
RF (1.4 + 0.6) and FC (1.2 + 0.5) samples indicated the
presence of humic acids or guanidine carried over during the
washing steps of the silica columns and the beads. For some
extraction methods, the 260/230 ratio seemed particularly low
for FC samples as compared to RF samples, presumably due
to impurities associated with the lignocellulose components
of a plant fibrous material rich in aromatic ring structures
similar to humic acids. The 260/230 ratio for samples extracted
with the FDSS method were the lowest as compared to the
other extraction methods (Table 1). The FDSS protocol has
previously been reported to give high DNA yields with soil
samples, but still containing contaminants such as humic acid
residues (Devi et al., 2015). It is also important to note that
phenol-based DNA extraction methods, including the PBB
and PQIAmini methods, can give higher 260/280 ratios as
any residual phenol absorbs at 280nm. Nevertheless, no PCR
inhibition was evident in any of the qPCR analyses performed.
For PCR based community analyses, we observed that bacterial

and fungal pyrosequencing PCR was successful. However, the
pyrosequencing PCR targeting archaeal 16S rRNA genes did
not work for all samples. This is presumably due to the lower
number of PCR cycles used with this method (25 cycles)
compared to that of the bacteria (30 cycles) and fungi (35
cycles). Noteworthy is the observation that only PQIAmini DNA
extracts generated archaeal amplicons for both fractions for all
the samples.

Pyrosequencing Analysis
Bacteria Community Analysis
The clustering of bacterial communities was distinct for the
PBB method and FDSS method as compared to the RBB
and PQIAmini methods (Figure 2). From the PCoA plots
(Supplementary Figure S3), the latter threemethods however, had
a gradual shift of the bacterial communities between methods,
suggesting that all four DNA extraction methods had an effect
on the observed bacterial community structure to some extent.
Further analysis of the data confirmed that DNA extraction
method affected the relative abundances of various families and
genera.
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FIGURE 5 | Chao1 richness index (A) and Shannon’s diversity index (B)

values for all four DNA extraction methods (RBB, PBB, FDSS, and PQIAmini)

applied to rumen fluid (yellow) and fibrous content (green) samples from four

dairy cows each fed different ratios of grass silage (GS) to maize silage (MS),

e.g., GS67MS33 is a diet containing 67% grass silage and 33% maize silage.

The GS100 samples represent the mean of two different DNA extracts, and

the error bars represent their standard deviation.

The predominant phyla detected in this study were Firmicutes
and Bacteroidetes, which is in line with other bovine rumen
based studies (De Menezes et al., 2011; Li et al., 2014; Huws
et al., 2016). The predominant family level taxa belonging

to Firmicutes in the RF fraction were: Ruminococcaceae,
Lachnospiraceae and unclassified Clostridiales. Within the
Bacteroidetes, Prevotellaceae was the predominant family. These
observed families were in line with a previous study (Mao
et al., 2015). The FC fraction showed a significantly higher
relative abundance of Fibrobacteraceae, Ruminococcaceae,
and Lachnospiraceae compared to the RF fraction. These
three families were also pre-dominant in our study, which is
in accordance with another bovine rumen microbiota study
(McCann et al., 2014). Ruminococcaceae were observed at
significantly higher relative abundances in extracts prepared
with the PBB method as compared to the FDSS method. This
suggests that the PBB method was more effective in lysing
these cells, or conversely that it was less effective in lysing cells
of other microbial groups since the data is based on relative
abundance. Lachnospiraceae, on the other hand, was not affected
by any extraction method. In a study from Fouts et al. (2012),
two members of the Lachnospiraceae, namely Butyrivibrio
and Blautia, were reported to have significantly higher relative
abundance in the FC as compared to the RF fraction. Partly in
agreement with this, we observed a fraction effect for Butyrivibrio
but not for Blautia. There was a significant decrease of the family
Fibrobacteraceae for the PBB method as compared to the RBB
and FDSS for the FC fraction samples, indicating that the
PBB method was less effective in extracting Fibrobacter DNA
compared to other methods. Similarly, for many other genera
like Selenomonas, Succiniclasticum, Ruminococcus, Prevotella,
Paraeggerthella, Syntrophococcus, Fibrobacter, Oscillibacter,
Desulfobulbus and Pseudobutyrivibrio we observed a fraction
effect indicating a distinct separation of microbial communities
associated with RF and FC fractions, which is in line with the
bovine rumen study of Fouts et al. (2012). This fraction effect
might be explained by the different feed components available
in the RF and FC fractions (insoluble polymers versus soluble

FIGURE 6 | Relative abundance of archaeal taxa at genus level within rumen fluid (A) and fibrous content (B) samples from dairy cows each fed different ratios of

grass silage (GS) to maize silage (MS), e.g., GS67MS33 is a diet containing 67% grass silage and 33% maize silage. All samples were subjected to each of the four

different DNA extraction methods (RBB, PBB, FDSS, and PQIAmini). Missing bars indicate that it was not possible to generate an archaeal PCR product for

sequencing. Error bars for the GS100 samples represent the standard deviation associated with two different extracts, except for the PQIAmini extracted GS100

rumen fluid sample (A) where n = 1.
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monomers), as well as the difference in ability of cells to adhere
to the plant fibers.

Together, these data reinforce the notion that not all bacterial
community members and rumen fractions are equally affected

by the tested extraction methods, making it difficult to come
up with informed decisions as to which extraction method
generates DNA that is most representative of the rumen
bacterial community. To this end, synthetic communities of

TABLE 2 | Anaerobic fungal composition at genus level for the the rumen fluid (A) and fibrous content (B) samples from dairy cows each fed different ratios of grass

silage (GS) to maize silage (MS), e.g., GS67MS33 is a diet containing 67 % grass silage and 33 % maize silage.

(A)

Diet DNA extraction methods Relative abundance (%)

Piromyces Neocallimastix Cyllamyces Anaeromyces Orpinomyces Unidentified fungi

GS100 RBB I 0.05 nd 0.1 nd nd 71.41

RBB II nd∗ nd 0.21 nd nd 52.22

PBB I nd nd 0.07 nd nd 80.24

PBB II nd nd 0.19 nd nd 78.09

FDSS I 0.28 0.09 0.28 nd nd 63.88

FDSS II nd 0.08 nd nd nd 79.97

PQIAmini I nd nd nd nd nd 86.47

PQIAmini II nd nd nd nd nd 88.59

GS67MS33 RBB nd nd nd nd nd 55.11

PBB nd nd nd nd nd 31.84

FDSS nd nd nd 0.03 nd 76.36

PQIAmini nd nd nd nd nd 66.77

GS33MS67 RBB 0.16 0.31 nd nd nd 31.42

PBB nd nd nd nd nd 60.51

FDSS 0.1 nd 0.05 0.05 nd 35.23

PQIAmini nd nd nd nd nd 53.51

MS100 RBB nd 0.03 nd nd nd 66.4

PBB nd 0.04 nd nd nd 32.77

FDSS nd 0.02 nd nd nd 75.03

PQIAmini nd nd nd nd nd 75.18

(B)

GS100 RBB I nd∗ 0.99 nd nd nd 2.97

RBB II nd nd nd nd nd 19.2

PBB I 0.06 nd nd nd nd 16.56

PBB II 2.81 1.25 2.5 nd nd 14.38

FDSS I 1.59 0.79 3.17 nd nd 6.35

FDSS II 1.23 3.7 1.23 nd nd 13.58

PQIAmini I 1.54 3.08 3.08 nd nd 27.69

PQIAmini II 1.16 2.33 1.16 1.16 nd 30.23

GS67MS33 RBB 0.86 3.45 0.86 5.17 nd 18.1

PBB 1.56 nd nd 1.56 nd 73.44

FDSS 1.22 nd 2.44 0.61 nd 6.1

PQIAmini nd 0.88 0.88 nd nd 36.84

GS33MS67 RBB nd nd nd nd 0.6 1.79

PBB 0.73 1.22 nd nd nd 1.46

FDSS 1.61 8.06 nd nd nd nd

PQIAmini 0.83 1.65 nd nd nd 7.44

MS100 RBB nd 0.37 nd nd nd 42.61

PBB 31.51 1.37 nd nd nd 39.73

FDSS nd nd nd nd nd 17.89

PQIAmini nd 0.54 nd nd nd 63.39

The unidentified fungi represent aerobic and anaerobic fungi that could not be classified to the genus level, and the remaining fraction (not indicated in the table) belongs

to fungi that could not be classified at the phylum level. DNA extraction technical replicates for the GS100 samples are denoted I and II. ∗nd, not detected.
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defined bacterial composition could provide additional insight,
in analogy to defined mock communities assembled at the DNA
level that have been used to assess the influence of different
steps during molecular community assessment (Ramiro-Garcia
et al., 2016). One could argue, however, that such synthetic
communities would not sufficiently represent in vivo rumen
conditions, especially for the FC fraction, and thus, particular
attention will need to be paid to the design of such analyses.

Archaea Community Analysis

The DNA extracts obtained from the four extraction methods
amplified well for qPCR but when used for 16S rRNA gene-
based archaeal community assessment, not all the samples yielded
PCR products. One of the possible reasons for this observation,
as mentioned above, is the lower number of PCR cycles used
for this particular taxon. Furthermore, archaeal diversity was
found to be very limited compared to bacteria. A previous
study on the comparison of DNA extraction methods on rumen
fractions revealedMethanobrevibacter spp. as the most dominant
methanogen from all extraction methods applied (Henderson
et al., 2013). In the Henderson et al. (2013) study one universal
primer pair was used to simultaneously amplify the 16S and
18S rRNA genes of bacteria, archaea and ciliate protozoa.
This type of approach would avoid the issues encountered
in this study with limited amplification of the archaeal 16S
rRNA gene in some samples. A universal 16S rRNA sequencing
approach, simultaneously amplifying 16S rRNA genes of both
the bacteria and archaea, could also be used (Van Lingen et al.,
2017). A potential drawback of a universal primer approach
could be that if bacteria are more abundant, archaea might
not be detected at all. As a consequence, attention should be
paid to an appropriate sequencing depth that would safeguard
detection and identification of archaeal populations of relative
abundances > 1%.

The relative distribution of different archaeal populations has
previously been shown to be affected by several factors such as
diet, host age or species, season and geographical region (Huang
et al., 2016). In this study, in the samples for which a PCR product
could be generated, the genera Methanobrevibacter followed by
Methanosphaera were the dominant archaeal taxa in all the RF
and FC samples. Similar to our results, both Methanobrevibacter
andMethanosphaera were found to be conserved members of the
methanogenic population in other bovine studies which focused
on physiological interactions within the rumen microbial food
web (Janssen and Kirs, 2008; Henderson et al., 2013; De Mulder
et al., 2016).Methanobrevibacter species can utilize H2, CO2 and
formate, whereasMethanosphaera species can produce CH4 only
via reduction of methanol with H2 (Carberry et al., 2014). From
a recent study by Van Lingen et al. (2016) it was shown that there
is no benefit for the methane producers if H2 or formate are
consumed, as there is no energetic limitation due to H2/formate
accumulation in the rumen.

Interestingly in the current study, qPCR showed high numbers
of methanogenic archaea in the FC fraction as compared to
the RF fraction. This is consistent with the results obtained
in a recent study by De Mulder et al. (2016) indicating that
the methanogenic archaea make up an intrinsic part of the

solid fraction in the cow rumen. The presence of archaea in
the FC fraction, however, is not surprising considering the
close physical and metabolic interactions of methanogens with
anaerobic fungi, which extensively colonize and invade rumen FC
(Cheng et al., 2009; Jin et al., 2011). It was noted in this study that
Methanosphaera seemed to have a lower relative abundance in the
FC fraction compared to the RF fraction, however, further work
is needed to verify this due to the limited number of biological
samples used in this study.

Fungal Community Analysis

Sequences from anaerobic fungi (Neocallimastigomycota
phylum) were obtained from five genera: Piromyces,
Anaeromyces, Neocallimastix, Cyllamyces and Orpinomyces.
These fungi are involved in the degradation of the lignocellulose
fraction of plant material in the rumen (Kittelmann et al., 2012).
In line with this, a larger proportion of anaerobic fungal reads
was on average observed in the FC fraction as compared to the RF
fraction in the fungal community analysis. This is also consistent
with the qPCR analysis, which revealed a higher abundance of
anaerobic fungi in FC relative to RF fractions. In our study, the
anaerobic fungal community in FC fraction samples was mainly
composed of the genera Cyllamyces (2 to 3%), Neocallimastix
(1 to 3%) and Piromyces (1 to 2%) with sequences assigned
to Orpinomyces only detected in the GS33MS67 FC sample
subjected to the RBB method (Table 2B). On the other hand
in RF samples, no sequences from Orpinomyces were detected
and a more limited amount of all of the other genera were
detected compared to FC samples (Table 2A). The overall higher
detection of anaerobic fungal genera in FC, as compared to the
RF fraction, is likely to be due to the motile zoospores being
only transiently present within RF for a short time after feeding
(Orpin, 1974, 1975, 1976, 1977; Griffith et al., 2009).

Besides the identification of the five genus level groups
mentioned above belonging to Neocallimastigomycota, we
observed a large number of unidentified fungi belonging to both
anaerobic and aerobic fungi (Tables 2A,B) as well as a high
proportion of sequences that could not be further assigned to
any phylum. As Neocallimastigomycota are considered to be
the key fungal phylum relative to rumen function, community
assessment of this specific community using targeted anaerobic
fungal primers would provide a better approach, as amplification
of aerobic fungi associated with ingested feed and water
would be avoided. The larger read depth this would generate
would also improve the ability to interpret the impact of
different experimental factors on the taxa within the phylum,
particularly as there is an increasing evidence of anaerobic
fungal niche differentiation within the rumen (Griffith et al.,
2009). Furthermore, a custom ITS1 database is also available
specifically for the Neocallimastigomycota phylum (Koetschan
et al., 2014).

CONCLUSION

DNA extraction methods clearly have an impact on the outcome
of downstream rumen microbial community analyses, including
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relative abundances of specific community members. From
this study, this effect was evident with the bacterial
community, however, no single extraction method could
be concluded as being ineffective. Rather, every extraction
method presented its own strengths and weaknesses in
observing specific bacterial families. DNA extracted using
the PBB method resulted in higher relative abundance of
Ruminococcaceae than the FDSS method, whereas relative
abundance of Fibrobacteraceae was lower compared to the
RBB method. Whilst the effect of DNA extraction method
was limited compared to that of rumen fraction, differences
due to both DNA extraction method and fraction were
observed for certain taxa. Further investigation is needed
to determine if this is due to an issue with the physical
nature of the different fractions, or merely due to the
inherent differences in the microbes present within the
fractions. Furthermore, careful selection of the microbial
community assessment approach is needed to avoid the
issues encountered within this study with respect to archaea
and anaerobic fungi. Archaeal 16S rRNA gene barcoded
amplicons are best generated in combination with other taxa
(bacteria or bacteria and protozoa), whilst anaerobic fungi
should be generated with phylum specific primers rather
than those designed to cover the entire fungal kingdom.
In summary, the comprehensive assessment of observed
communities of bacteria, archaea and fungi described here
provides insight into a rational basis for selecting an optimal
methodology to obtain a representative picture of the rumen
microbiome.
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