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METHODOLOGY

Low-cost sample preservation methods 
for high-throughput processing of rumen 
microbiomes
Juliana C. C. Budel1,2†, Melanie K. Hess1†, Timothy P. Bilton1*, Hannah Henry1, Ken G. Dodds1, Peter H. Janssen3, 
John C. McEwan1† and Suzanne J. Rowe1† 

Abstract 

Background: The use of rumen microbial community (RMC) profiles to predict methane emissions has driven inter-
est in ruminal DNA preservation and extraction protocols that can be processed cheaply while also maintaining or 
improving DNA quality for RMC profiling. Our standard approach for preserving rumen samples, as defined in the 
Global Rumen Census (GRC), requires time-consuming pre-processing steps of freeze drying and grinding prior to 
international transportation and DNA extraction. This impedes researchers unable to access sufficient funding or infra-
structure. To circumvent these pre-processing steps, we investigated three methods of preserving rumen samples for 
subsequent DNA extraction, based on existing lysis buffers Tris-NaCl-EDTA-SDS (TNx2) and guanidine hydrochloride 
(GHx2), or 100% ethanol.

Results: Rumen samples were collected via stomach intubation from 151 sheep at two time-points 2 weeks apart. 
Each sample was separated into four subsamples and preserved using the three preservation methods and the 
GRC method (n = 4 × 302). DNA was extracted and sequenced using Restriction Enzyme-Reduced Representation 
Sequencing to generate RMC profiles. Differences in DNA yield, quality and integrity, and sequencing metrics were 
observed across the methods (p < 0.0001). Ethanol exhibited poorer quality DNA (A260/A230 < 2) and more failed 
samples compared to the other methods. Samples preserved using the GRC method had smaller relative abundances 
in gram-negative genera Anaerovibrio, Bacteroides, Prevotella, Selenomonas, and Succiniclasticum, but larger relative 
abundances in the majority of 56 additional genera compared to TNx2 and GHx2. However,  log10 relative abundances 
across all genera and time-points for TNx2 and GHx2 were on average consistent  (R2 > 0.99) but slightly more vari-
able compared to the GRC method. Relative abundances were moderately to highly correlated (0.68 ± 0.13) between 
methods for samples collected within a time-point, which was greater than the average correlation (0.17 ± 0.11) 
between time-points within a preservation method.
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Background
The microorganisms present in the gastrointestinal tract 
of ruminants have been widely studied [1, 2] due to their 
close association with host nutrition [3]. The investiga-
tion of this association has been further deepened with 
the help of genomics and metagenomics [4–6], which has 
facilitated using information from the ruminal microbi-
ota as a proxy for important characteristics such as feed 
efficiency [7] and methane emissions [8, 9]. However, the 
use of ruminal information from metagenomics in breed-
ing for livestock species requires a low-cost and high-
throughput approach for generating rumen microbial 
community (RMC) profiles. Hess et al. [10] investigated 
the possibility of using Restriction Enzyme-Reduced 
Representation Sequencing (RE-RRS), also known as 
genotyping-by-sequencing, to explore the rumen micro-
bial community, and concluded that this genomic tool 
enabled the investigation of rumen microorganisms (and 
possibly other environments) with higher throughput and 
at reduced cost compared to whole metagenome shot-
gun approaches. RE-RRS is a next generation sequencing 
technique that reduces genome complexity by digesting 
genomic DNA using restriction enzymes coupled with 
sequencing fragments within a certain size range [11]. 
The success of this technique, however, is dependant on 
DNA with high quality and integrity.

Preserving rumen samples to maintain DNA integ-
rity for metagenomic sequencing is vital. The standard 
approach for preserving most microorganisms is by 
freezing on collection [12]. Previous work by Hender-
son et  al. [13] examined fifteen different DNA extrac-
tion methods for frozen rumen samples and found 
that the phenol–chloroform with bead beating (PCQI) 
protocol developed by Rius et al. [14] was an excellent 
method for ruminal samples. A final protocol for fro-
zen rumen samples was developed by Kittelmann et al. 
[15] using the modification of the PCQI protocol pro-
posed by Henderson et  al. [13] and included two pre-
processing steps of (a) freeze-drying (to preserve and 
store rumen samples) and (b) grinding (to ensure sam-
ple homogenization) before DNA extraction. This pro-
tocol was used in the Global Rumen Census (GRC) [16] 
to explore rumen microbial profiles of ruminants from 
across the globe, and so we refer to this preservation 
approach as the “GRC method” throughout our study. 

A major disadvantage of the GRC method is that the 
two pre-processing steps of freeze drying and grind-
ing are laborious, costly and low-throughput, hindering 
application to large-scale studies of RMC profiles.

Studies using targeted sequencing (e.g., from the 16S 
rRNA gene) show that aspects of rumen samples, such 
as DNA quality and representativeness of the RMCs, 
are influenced by time, storage method, sample pro-
cessing and extraction method [13, 17]. Part of the vari-
ation in RMC profiles is related to the particularities 
of the bacteria that make up the rumen microbiome, 
which can be classified according to the constitution 
of their cell wall into gram-negative and gram-positive 
bacteria. Gram-negative bacteria have a thinner cell 
wall and are believed to be highly sensitive to freezing 
and thawing of samples, resulting in degraded DNA 
[18]. On the other hand, gram-positive bacteria have 
a cell wall of 10–100 times thicker than gram-negative 
bacteria [19], making it more difficult to disrupt to 
release DNA.

In this study, we adapt the GRC protocol to overcome 
the limitations in cost and throughput by using alterna-
tive methods to preserve rumen samples while retain-
ing the PCQI extraction protocol. We consider three 
alternative rumen DNA preservation methods that 
are based on storing unprocessed rumen samples in a 
preservative solution. The three solutions we consider 
are (a) a lysis buffer based on Tris-NaCl-EDTA-SDS 
(TNx2), (b) a lysis buffer containing guanidine hydro-
chloride (GuHCl) (GHx2) and 100% ethanol (EtOH). 
The concentrations for TNx2 and GHx2 were double 
the final target concentration of the original lysis buffer 
to ensure an appropriate final concentration after the 
addition of the rumen sample. TNx2 contains sodium 
dodecyl sulfate (SDS), a surfactant that has been widely 
used in molecular biology laboratories but tends to 
precipitate at room temperature making the process 
of DNA extraction difficult [20]. The GHx2 solution is 
similar to TNx2 but uses GuHCl as the salt base instead 
of NaCl and different compounds are used for the sur-
factant component. Several studies have investigated 
the use of these solutions as a preservative using differ-
ent tissues [21–23]. However, to our knowledge, there 
are no reports of studies testing these solutions in the 
concentrations and formulations that we are proposing 

Conclusions: The two modified lysis buffers solutions (TNx2 and GHx2) proposed in this study were shown to be 
viable alternatives to the GRC method for RMC profiling in sheep. Use of these preservative solutions reduces cost and 
improves throughput associated with processing and sequencing ruminal samples. This development could signifi-
cantly advance implementation of RMC profiles as a tool for breeding ruminant livestock.
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for investigating ruminal microorganisms. In this study, 
we investigate the use of these three preservative solu-
tions as alternatives to the GRC method for capturing 
the RMC profile when using RE-RRS.

Material and methods
The use of experimental animals and protocols applied in 
this experiment were approved by the AgResearch Inver-
may (Mosgiel, NZ) Animal Ethics committee (approval 
number 14370). Ewe lambs born in 2017 from the meth-
ane selection lines [24, 25] were sampled immediately 
after measuring methane emissions. Samples were taken 
at two time-points 14  days apart when animals were 
approximately 6 months of age. The animals were grazing 
on ad lib pasture prior to measurements and sampling. 
Further details about the selection lines, pre sampling 
grazing management, allocation into groups for sampling 
and portable accumulation chamber measurements are 
reported by Jonker et al. [26].

Solution preparation for rumen DNA storage and lysis
Three solutions were prepared in the laboratory and 
placed in labelled 8 mL screw cap vials (Sarstedt, Nüm-
brecht, Germany). The reagents and concentrations of 
the preservatives were as follows: TNx2, 800 mM NaCl, 
20  mM Tris HCl, 1.2% of a 10% SDS solution, 200  mM 
EDTA, pH 8.0 adjusted (with NaOH), 30  ppm ProC-
lin 300 (Sigma-Aldrich, St. Louis, MO, USA); GHx2, 
2 M GuHCl, 200 mM Tris HCl, 6% Tween20, 1% Triton 
X-100, 40  mM EDTA, pH 8.0 adjusted (with NaOH), 
30  ppm ProClin 300 (Sigma-Aldrich); and EtOH, 100% 
ethanol. Rumen sample fluid is added to the screw 
capped vials in ratios (sample to preservative solution) of 
1:1 for TNx2 and GHx2 and 1:2 for EtOH (Table 1).

Rumen content sampling
Rumen content (~ 25  g) was collected via stomach tub-
ing from 151 ewes, following the standard collection pro-
cedure outlined in Kittelmann et al. [15] and placed in an 
labelled 30  mL pottle (Sarstedt). Three 1  mL subsamples 
were immediately taken from the rumen contents in the 
30 mL pottle using a Gilson pipette with a cut tip (open-
ing bore width ~ 5 mm; Thermo Fisher Scientific, Waltham, 
MA, USA), to ensure a representative sample was taken 
(fibrous and liquid fraction) and placed into the three 8 mL 
screw-capped vials containing the TNx2, GHx2 and EtOH 
solutions. Thus, the rumen sample from a given animal was 
stored in four separate pottles/vials as follows: (1) ~ 25 g of 
rumen content (without adding solution) placed in a 30 mL 
pottle (GRC method) and snap-frozen on dry ice; (2) 1 mL 
of ruminal subsample placed in an 8  mL vial containing 
1 mL of TNx2; (3) 1 mL of ruminal subsample placed in an 

8 mL vial containing 1 mL of GHx2; and (4) 1 mL of rumi-
nal subsample placed in an 8 mL vial containing 2 mL of 
EtOH (Fig. 1). The samples in the vials were inverted to mix 
the contents with the caps screwed on, placed in an insu-
lated container (room temperature or chilled) within 5 min 
of sampling and frozen within 24  h after sampling. After 
collection, all samples were stored at − 20  °C for approxi-
mately 11 months before DNA processing and extraction 
steps were performed.

Rumen samples were collected across 2 days in two 
rounds approximately 2 weeks apart (7–8 March and 
21–22 March 2018), with each animal sampled once at 
each round. Thus, 302 rumen samples were taken from 
151 animals with each sample divided into 1 pottle and 
3 vials, resulting in 1208 rumen subsamples (302 sam-
ples of each preservation method) for sequencing and 
analysis.

Rumen sample processing
To prepare the 302 samples preserved using the GRC 
method for DNA extraction, the frozen samples were 
freeze dried and ground as outlined in the protocol in 
Kittelmann et al. [15] and Hess et al. [10]. For freeze dry-
ing, samples had their lids removed and were placed on 
stainless steel trays in a − 20 °C freezer for approximately 
four hours then placed in a Gamma 1–16 LSC plus freeze 
dryer (Christ, Osterode am Harz, Germany) with five 
shelves [10]. To determine the dry matter (DM) percent-
age of these samples and to express the DNA yield in µg 
of DNA per g of ruminal sample dry weight, the samples 
were weighed before being placed on, and after being 
removed from, the freeze drier. The percentage of DM 
was calculated as

Table 1 Composition and concentration of preservation 
solutions after adding rumen sample

1 Final concentration after rumen sample fluid is added at ratios (sample to 
preservative solution) of 1:1 for TNx2 and GHx2 and 1:2 for EtOH

Solution Function Reagent Final conc.1

TNx2 Salt NaCl 400 mM

Buffering agent Tris 10 mM

Surfactant SDS 0.6%

Chelating agent EDTA 100 mM

Bacteriostat ProClin 300 15 ppm

GHx2 Salt GuHCl 1 M

Buffering agent Tris 100 mM

Surfactant Tween20 3.0%

Surfactant Triton X100 0.5%

Chelating agent EDTA 20 mM

Bacteriostat ProClin 300 15 ppm

EtOH Preservative 100% ethanol 66%
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where the pottle weight was set as 8.345  g (the average 
weight of a 30  mL pottle) for all samples (Additional 
file 1: Table S1). The freeze drying step plus sample prep-
aration (including weighing) lasted approximately 190 h, 
where all the samples were returned to − 20  °C after 
freeze drying. For grinding, batches of samples (~ 20 pot-
tles) were removed from the freezer and kept in a cool 
box with ice packs. Each sample was pulsed for approxi-
mately 10  s in a Magic Bullet® (NutriBullet New Zea-
land, Auckland, New Zealand) kitchen blender with cups 
adapted to handle reduced volumes. At the end of each 
batch, the samples were returned to − 20  °C. In total, it 
took approximately 32 h to complete this step, including 
grinding the samples and cleaning the materials.

For the three alternative solutions, no further sample 
processing was required. Additional labour consisted of 
cutting pipette tips for subsampling the rumen content, 
which took between 5 and 10 min for 96 tips.

PCR plate randomization
Sixteen PCR plates were used for storing DNA extracted 
from the samples preserved using the four methods. 
These PCR plates were divided into 4 libraries, each 

(1)% DM =
dry sample weight − pottle weight

fresh sample weight − pottle weight
,

consisting of four plates. Approximately 75 rumen sam-
ples preserved using each of the four methods (~ 300 
samples balanced by preservation method) were ran-
domly assigned into each of the four libraries to form a 
randomized block design, with an equal number of sam-
ples from both sampling rounds present in each library 
(Additional file  1: Fig. S1, Additional file  2: Data S1). 
Within a library, individual plates contained samples 
that were preserved using the same method, while sam-
ples corresponding to the same rumen sample (i.e., same 
animal in the same round) had the same well position 
across the four plates (e.g., library 1: TNx2 plate: well 
A1: DNA from animal 875 in round 1; library 1: GHx2 
plate: well A1: DNA from animal 875 in round 1; etc.). 
This randomization was to ensure equity in the results 
from the four methods tested and to test the library/lane 
effect during sequencing. Two different positive controls 
(additional DNA from two GRC samples from round 1) 
were added to each PCR plate and negative controls were 
added until all 320 wells of the first 10 columns of the 
plate were filled (Additional file 1: Fig. S1). DNA extrac-
tion for each library was conducted on different days.

DNA extraction from sheep rumen samples
The exact DNA extraction protocol used was depend-
ent on the method used to preserve the sample (Table 2). 

Fig. 1 Schematic showing sampling, subsampling and processing of ruminal samples by the four preservation methods
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For the GRC method, a modified PCQI protocol, first 
described by Rius et  al. [14], was used for DNA extrac-
tion. Briefly, DNA extraction from the freeze dried and 
ground rumen samples was performed through the 
action of bead-beating in a solution of phenol/chloro-
form/isoamyl alcohol (25:24:1), a buffer (“buffer A”) com-
posed of NaCl, Tris and EDTA, PM buffer (QIAquick 96 
PCR purification kit) and SDS before performing DNA 
purification using a purification column [13, 14].

For the preservative solutions, an adaption of the 
PCQI protocol was used for DNA extraction as fol-
lows. First, samples were removed from the freezer and 
placed on the bench to thaw, where the thaw time varied 
across the solution types (15 min for TNx2, ~ 10 min for 
GHx2, and ~ 5  min for EtOH although the solution was 
already liquid). After this period, using pre-cut pipette 
tips as previously described, each sample was vortexed 
and 0.8  mL (EtOH) or 1  mL (TNx2, GHx2) of the con-
tents of the vial was pipetted and placed into a 2  mL 
screw-capped vial (Sarstedt) previously prepared with 
zirconia beads. Physical lysis, as in the GRC method, 
was performed by the bead-beating technique (Mini-
Beadbeater-96, Biospec Products, Bartlesville, OK, USA), 
and a purification column, using QIAquick 96 PCR puri-
fication kit (Qiagen, Hilden, Germany), according to the 
manufacturer’s recommendations. DNA was eluted in 
80 µL of elution buffer (10 mM Tris, pH 8.5 with HCl). 
As TNx2, GHx2 and EtOH already had preservation 
and lysis components, only 550  µL of phenol/chloro-
form/isoamyl alcohol (25:24:1) and 268  µL of the PM 
buffer were added during bead-beating, while 200 µL of 
SDS was also added for samples preserved using EtOH 
(Table 2). After 4 min in the “bead-beating” machine and 
20 min on a Mikro 200 centrifuge (Hettich, Beverly, MA, 
USA; 16,060  g at 4  °C), between 350 and 500  µL of the 
supernatant were removed for the purification step. One 

batch of 76 TNx2 samples had to be re-extracted due to 
errors during DNA extraction. In this case, the remain-
ing samples from the collection pottles were used. DNA 
extraction for each preservation method was performed 
separately.

DNA concentration, purity and integrity
DNA concentrations were quantified by spectrophotom-
etry (NanoDrop TM 8000 Spectrophotometer, Thermo 
Fisher Scientific), and the apparent specific DNA yield 
as mg of DNA per g of dry weight of rumen content was 
calculated considering 6.9% of DM (based on GRC DM; 
See Additional file 1: Table S1). The relative absorbance 
readings were investigated for contamination by carbo-
hydrates, aromatic compounds, humic acids and phenol 
(A260/A230) and proteins (A260/A280) using spectro-
photometry. DNA integrity was determined by elec-
trophoresis, on 1% (wt/vol) agarose gel, marked with 
ethidium bromide, at 100  V and with a 1  kb Plus DNA 
Ladder (Thermo Fisher Scientific) and visualization 
under ultraviolet light. Twelve samples of each method 
(48 in total) were checked. Comparative samples (i.e., 
samples from the same animal and sampling round) were 
used to load the gel while maintaining the same amount 
of DNA for the four methods tested.

Restriction enzyme‑reduced representation sequencing
DNA extracted from the 1208 samples along with the 
32 positive controls and 40 negative controls were 
sequenced using RE-RRS with the restriction enzyme 
PstI (CTGCA|G) to evaluate RMC profiles across the 
four methods (GRC, TNx2, GHx2 and EtOH). Hess et al. 
[10] found this low-cost and high-throughput approach 
performed similarly to 16S rRNA gene sequencing for 
capturing the RMC profiles. Briefly, 100 ng of DNA was 
normalized to 20 ng/µL using PicoGreen (Thermo Fisher 

Table 2 DNA extraction protocols for the four sample preservation methods

N/A denotes not applicable, and DM denotes dry matter
1 200 mM NaCl, 200 mM Tris, 20 mM EDTA, pH 8 adjusted with NaOH
2 Binding buffer (Qiagen)
3 Sodium dodecyl sulfate (20% wt/vol)
4 Phenol/chloroform/isoamyl alcohol
5 Supernatant taken after 4 min of bead beating and centrifugation at 16,060 g and 4 °C for 20 min

Method Sample 
defrosting 
time

Sample 
amount used

Rumen sample 
used (DM) (mg)

Solution (µL) Amount of 
supernatant 
 taken5 (µL)Buffer  A1 Buffer  PM2 20%  SDS3 P:C:I4

GRC N/A 30 mg 30 282 268 200 550  ~ 350

TNx2 15 min 1 mL 34.5 N/A 268 N/A 550 500

GHx2 10 min 1 mL 34.5 N/A 268 N/A 550 500

EtOH 5 min 0.8 mL 18.2 N/A 268 200 550  < 350
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Scientific) and digested with the restriction enzyme PstI 
and ligated with barcodes to link sequences to individual 
samples [11]. Each library was purified (QIAquick 96 
PCR Purification Kit; Qiagen) and the elute PCR ampli-
fied using primers and conditions outlined by Elshire 
et  al. [11]. Fragments between 193 and 318  bp were 
selected by using a Pippin Prep (SAGE Science, Beverly, 
MA, USA). Each library was checked on a High Sensitiv-
ity DNA chip (Agilent Bioanalyzer; Agilent, Satnta Clara, 
CA, USA), then run on four lanes (one library per lane) 
of a single flow cell on an Illumina HiSeq 2500 machine 
(San Diego, CA, USA; High Output Run mode, generat-
ing 101 bp single end reads using version 4 chemistry).

Bioinformatic processing
Sequenced reads were demultiplexed using GBSX [27], 
with default settings except that mismatches in barcodes 
or the cut site were disallowed. Reads were then trimmed 
using cutadapt [28], with a Phred quality score threshold 
of 20 and a minimum length of 40 bp for individual reads. 
Samples with fewer than 100,000 reads after demultiplex-
ing and trimming were deemed to have “failed” and were 
discarded from further analyses. The reference-based 
(RB) pipeline described in Hess et  al. [10], which maps 
sequenced reads to the bacterial and archaeal genome 
assemblies of the Hungate1000 Collection [4] with the 
addition of four Quinella genome assemblies [29] and 
assigns reads to taxonomies at the genus level, was used 
to generate RMC profiles.

Two RMC profiles were generated: (1) relative abun-
dance matrix, where the number of reads assigned to 
each genus was divided by the total number of reads 
assigned to the reference database for that sample, (2) 
 log10 relative abundance matrix, in which a pseudo count 
of one was added to the read counts for each genus 
before conversion to proportions and then expressed as 
 log10 values. Demultiplexed fastq files are available in the 
NCBI SRA database under BioProject PRJNA791831, 
and the counts of each genus within each sample used to 
generate the RMC profile is available in Additional file 2: 
Data S3.

Statistical analysis
Statistical analyses were performed using R v4.0.3 [30]. 
DNA extraction data were tested by analysis of variance 
using the R package lme4 v1.1–27 [31] with the statistical 
model:

for sample from animal n at sampling round j and pre-
served using method i , where yijn is the DNA yield (spec-
trophotometry) or DNA quality (A260/A230 or A260/

(2)yijn = µ+mi + rj + βn + γj|n + εijn

A280), µ is the intercept, mi denotes the preservation 
method used (GRC, TNx2, GHx2, EtOH), rj denotes the 
round the sample was taken, βn is a random effect for the 
animal ID such that βn ∼ N

(

0, σ 2
β

)

 , γj|n is a nested ran-
dom effect to account for samples from the same animal 
taken during the same sampling round such that 
γj|n ∼ N

(

0, σ 2
γ

)

 , and εijn is random errors such that 
εijn ∼ N

(

0, σ 2
ε

)

 . For the RE-RRS metrics (total number of 
reads and number of reads assigned to the reference 
database) and  log10 relative abundances, a fixed effect was 
included for the library/lane effect (denoted lk ) into the 
statistical model:

F-tests were computed using the R package predict-
means v1.0.6 [32] using a α = 0.05 significance thresh-
old. For the analysis of genus level relative abundances, a 
Bonferroni correction was applied to the p-values using 
the p.adjust function in R.

A principal component analysis (PCA) was car-
ried out using the prcomp function in R with argument 
scale = TRUE using the  log10 relative abundance matrix. 
Plots of the first three components were colored by 
preservation method and sampling round. Pearson cor-
relations were computed using the cor function in R for 
samples collected at the same round but preserved with 
different methods and for samples collected at different 
rounds but preserved using the same method.

Results
Comparison of methods for DNA quality, DNA quantity 
and RE‑RRS metrics
The apparent specific DNA yield and DNA quality var-
ied depending on the rumen sample preservation and 
the extraction method used (p < 0.0001) (Table  3, Addi-
tional file 1: Table S3). Greater DNA yields were observed 
for sheep rumen samples preserved and extracted using 
the GRC method (988  µg/g DM), followed by GHx2 
(857  µg/g DM). EtOH performed more poorly on DNA 
preservation and extraction (419  µg/g DM). DNA qual-
ity, although influenced by the preservation method, 
remained close to the appropriate range for both A260/
A230 (2.0–2.2) and A260/A280 (1.8–1.9) for GRC, TNx2 
and GHx2 samples. This suggests low levels of contami-
nation from substances such as carbohydrates (from 
A260/A230 ratio) and proteins (from A260/A280 ratio). 
Therefore, the DNA samples were suitable for subsequent 
analyses, such as PCR (Table  3). EtOH yielded poorer 
DNA quality compared to the other preservation method 
with a mean A260/A230 value of 1.96. Sampling round 
also had significant effects for DNA yield (p = 0.0322) 
and DNA quality for A260/A230 (p = 0.0004).

(3)yijkn = µ+mi + rj + lk + βn + γj|n + εijkn.
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The DNA integrity, as shown by electrophoresis gel 
(Fig.  2), revealed that TNx2 and GHx2 were able to 
yield high molecular weight DNA (above 5  kb which 
is the recommended level for RE-RRS), which was 
similar to the results observed with the GRC method 
(Fig. 2c). EtOH, however, compromised DNA integrity. 
Because it was not possible to efficiently preserve and 

consequently extract DNA from some samples pre-
served by EtOH, two wells were not able to be loaded 
with DNA (Fig.  2b), which further indicates this may 
be a low-efficiency method compared to the others. 
Rumen samples preserved with TNx2 and GHx2 had 
similar color at different steps of the extraction process, 
while those preserved with EtOH had a darker colour 

Table 3 Average DNA yield and quality of sheep rumen samples using four sample preservation methods

Values (predicted mean (SED)) in the same row with different letter superscripts denote groups with statistically significant means based on the F-test (p < 0.05) 
computed using the predictmeans R package
1 NanoDrop: µg/g of dry weight rumen content
2 Sample are consisted failed if there were fewer than 100,000 reads
3 Excludes failed and control samples
4 Assigned to the reference database

GRC TNx2 GHx2 EtOH

DNA yield

Spectrophotometry1 988 (11)a 554 (11)c 857 (11)b 419 (11)d

DNA quality

A260/A230 2.26 (0.01)a 2.22 (0.01)b 2.25 (0.01)a 1.96 (0.01)c

A260/A280 1.91 (0.01)a 1.87 (0.01)b 1.87 (0.01)b 1.88 (0.01)b

Restriction Enzyme-Reduced Representation Sequencing

Number of failed  samples2 0 2 3 13

Number of reads (thousands)3 1014 (12)a 1004 (11)a 878 (11)b 511 (11)c

Percent of reads  assigned3,4 25 (0.2)c 27 (0.2)b 28 (0.2)a 24 (0.2)d

Fig. 2 Electrophoresis gel of 12 sheep samples to show DNA integrity from four sample preservation methods. a GHx2 b EtOH c GRC d TNx2
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compared to TNx2 and GHx2 (Additional file  3: Figs. 
S2–S4).

For DNA sequencing by RE-RRS, 13 EtOH samples 
were deemed to have failed (< 100,000 reads), while 
there were three, two and zero failed samples for GHx2, 
TNx2 and GRC respectively (Table 3). These failed sam-
ples were discarded from further analysis. Preserva-
tion method (p < 0.0001), sampling round (p < 0.016) 
and library/lane (p < 0.001) all impacted the number of 
reads and reads assigned using the RB approach (Table 3, 
Additional file  1: Table  S3). There were approximately 
1 million reads on average for GRC and TNx2 samples, 
whereas the number of reads for EtOH samples was 
around half this number (500,000). The percentage of 
reads assigned to genus level taxonomy using the RB 
approach was between 24 and 28% across all methods, 
similar to proportions obtained by Hess et al. [10].

The number of reads for all negative samples was 
between 50 and 7004, suggesting these samples were true 
negatives and no significant cross-contamination or rea-
gent contamination had occurred. Positive control sam-
ples (across two unique individuals) clustered tightly on a 
PCA plot (Additional file 3: Fig. S5) and overlapped other 
samples preserved using the same method (GRC).

Relative abundance of the bacterial community 
and archaea
The relative abundances of gram-positive bacteria, 
archaea and gram-negative bacteria are shown in Fig. 3. 
The relative abundance of 60 taxa (among the 61 inves-
tigated) and the total relative abundance of gram-posi-
tive, gram-negative and archaea taxa varied across the 
four sheep rumen sample DNA preservation methods 
(p < 0.0001) (Additional file 1: Table S4). Shigella was the 
only taxon that was not significantly different between 
the preservation methods, largely due to it being the low-
est abundant genus observed.

The relative abundances of the 30  g-positive and the 
28  g-negative bacterial taxa were larger or similar for 
the GRC method compared to TNx2 and GHx2, except 
for the five gram-negative bacteria Anaerovibrio, Bacte-
roides, Prevotella, Selenomonas and Succiniclasticum. 
Prevotella was the most abundant taxon (46–56%), while 
Selenomonas and Succiniclasticum were both moderately 
abundant (4–6%). The relative abundances in these three 
genera were much lower in DNA extracted using the 
GRC method. This likely explains the 5–6% lower relative 
abundance of total gram-negative bacteria for the GRC 
method compared to TNx2 and GHx2. The relative abun-
dance in the three archaea taxa and total archaea were 
also greater with the GRC method compared to TNx2 
and GHx2. Note that here we are using gram-negative 

Fig. 3 Relative abundance of bacterial and archaeal taxa in samples stored and extracted by the GRC, TNx2, GHx2 and EtOH methods. a bacteria 
with a gram-positive wall (black) and archaea (blue). b bacteria with a gram-negative wall (green). c Total sum of archaea, gram-positive and 
gram-negative taxa. Error bars represent ± one standard deviation of the raw means
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in its structural sense, recognising that some genera are 
phylogenetically gram-positive but have generally gram-
negative cell wall structures [33].

The relative abundance of 43 taxa (18  g-negative, 
23 g-positive and 2 archaea) were also affected by sam-
pling round (Additional file  1: Table  S4). Library/lane 
effect was observed to be significant on the relative 
abundance of 6 of the 61 taxa (Cellulomonas, Escheri-
chia, Lachnobacterium, Quinella, Ruminobacter, Suc-
cinivibrio) (Additional file  1: Table  S4). Apart from 
Quinella (~ 1%), all of these taxa were in low abundance 
(< 0.12%).

The mean relative abundances for EtOH samples 
were notably different compared to the GRC, TNx2 
and GHx2 samples. In particular, the mean relative 

abundance decreased considerably for Oscillibacter and 
Succiniclastium, and increased notably for Bacteroides, 
Fibrobacter, and Methanobrevibacter for EtOH samples 
compared to the GRC, TNx2 and GHx2 samples. These 
results, along with the poor DNA yield and quality and 
lower RE-RRS metrics, suggest that EtOH is less reli-
able and performs more poorly than TNx2 and GHx2 
compared to the GRC method. Hence, EtOH was not 
considered in any further analyses.

Mean, variability, and correlation of RMC profiles
Figure  4 shows pairwise comparisons of the mean and 
standard deviation of  log10 relative abundances from the 
TNx2 and GHx2 preservatives and the GRC method. The 
mean  log10 relative abundances were very similar for all 

Fig. 4 Comparison of means and standard deviations (SD) of  log10 relative abundances using three sample preservation methods. Diagonal graphs 
(top left to bottom right) represent standard deviation plotted against the mean for TNx2 (a), GHx2 (e) and the GRC method (i). Above the diagonal 
are the plots of means against each other for the three different preservations methods (b, c and f). Below the diagonal are the plots of standard 
deviations against each other for the three different preservations methods (d, g, h). Red lines represent the diagonal line of identity
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three methods, with both the regression coefficients (β) 
and  R2 values very close to 1 (Fig. 4b, c, f ). The  log10 rela-
tive abundance standard deviations for TNx2 and GHx2 
were larger than for the GRC method (Fig. 4g, h), as most 
points were below the red diagonal line of identity. The 
relationship between the mean and standard deviation 
of the  log10 relative abundance was similar across the 
three methods, with larger variability for lower relative 
abundances (Fig. 4a, e, i). This relationship was stronger 
for the GRC method compared with TNx2 and GHx2, 
although there were four microbes (Fibrobacter, Metha-
nobrevibacter, Pseudobutyrivibrio and Treponema) that 
deviated from the curve with larger standard deviations 
compared to microbes with similar mean  log10 relative 
abundances.

Figure  5 shows a matrix plot of the first three princi-
pal components (PCs) of a PCA analysis on the  log10 

relative abundances, with the plots in the upper panel 
colored based on preservation method and plots in the 
lower panel colored by sampling round. The first two PCs 
separated the GRC method from TNx2 and GHx2 (upper 
panel), while there was no separation between TNx2 and 
GHx2 from the first two PCs or separation between the 
methods based on PC3. The first two PCs also provide 
a high degree of separation between the two sampling 
rounds, whereas there was little separation between the 
rounds based on PC3. However, sampling rounds 1 sepa-
rated from sampling round 2 in the direction of both PC1 
and PC2 being positive, whereas separation of preserva-
tion methods (in direction of GRC) was along the posi-
tive PC1 and negative PC2 axes.

Figure  6 plots the correlations of  log10 relative abun-
dances between samples for each microbial taxon, within 
a sampling round, for pairs of preservation methods. 

Fig. 5 Matrix plot of first three PCs of  log10 relative abundances. Points are colored by preservative method in the upper panel (gold is GRC, blue is 
TNx2 and red is GHx2) and sampling round in the lower panel (round 1 is green and round 2 is purple)
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Results from the first round (Fig. 6a, c, e) and the second 
round (Fig.  6b, d ,f ) are plotted separately. The correla-
tions of the taxa between GRC and TNx2 were similar to 
the correlations between GRC and GHx2 for both sam-
pling rounds (Fig.  6a, b), although the average correla-
tion between GHx2 and GRC (0.69 ± 0.13) were slightly 
larger than between TNx2 and GRC (0.65 ± 0.13). For 
the other comparisons (GHx2 compared to GRC bench-
marking against TNx2 (Fig. 6c, d) and TNx2 compared to 
GRC benchmarking against GHx2 (Fig. 6e, f )), the corre-
lations were similar, suggesting a strong correspondence 
between the methods. The average correlation between 
TNx2 and GHx2 was 0.69 ± 0.12 and the overall aver-
age correlation was 0.68 ± 0.13. The correlations in  log10 
relative abundances across all comparisons was greater 
than 0.5 for most taxa, except for Methanobrevibacter 
and Escherichia which were the only genera below 0.5 
in all cases. Correlations tended to be greater for gram-
negative bacteria with the majority being between 0.7 
and 0.95, whereas the correlations for gram-positive bac-
teria were smaller and mostly between 0.5 and 0.75. The 
ranking of the taxa in terms of their correlations was in 
general consistent between methods within a round (e.g., 
Fibrobacter was consistently the most correlated taxon 
between methods). However, there were a few exceptions 
with the correlations between TNx2 and GHx2 being 
much greater than the correlations between GRC and 
the two preservative solutions for Methanobrevibacter 
in sampling round 2 but much lower for Lactococcus in 
sampling round 1.

Figure  7 plots, for each microbial taxon, the correla-
tion of  log10 relative abundances between samples col-
lected on the same animal at round 1 and round 2 and 
preserved using either TNx2 or GHx2 compared to 
GRC. The correlations between sampling rounds were, 
in general, between 0 and 0.5 for all methods and most 
taxa, with only two genera (Ruminobacter and Strepto-
coccus) having small negative correlations in same cases. 
The average correlation across taxa was 0.15 ± 0.09 for 
TNx2, 0.19 ± 0.10 for GHx2, 0.18 ± 0.12 for GRC, and 
0.17 ± 0.11 overall. There were no patterns whereby more 
common genera (or gram-negative bacteria) were closer 
to the diagonal line and rarer genera (or gram-positive 
bacteria) were further from the diagonal line. However, 
the three archaeal taxa tended to fall below the diagonal 

line indicating greater correlations between rounds for 
the GRC method compared to TNx2 and GHx2.

Discussion
The objective of this research was to develop a low-
cost preservation method that enables access to high-
throughput DNA extraction from rumen samples. We 
used three different preservative solutions for rumen 
samples collected from sheep, then generated RMC 
profiles using RE-RRS, benchmarking against the GRC 
method. Our results showed that using pure ethanol to 
preserve rumen samples resulted in poor DNA quan-
tity and quality, and large differences in the RMC profile 
compared to the GRC method, which has been success-
fully used in a global project to survey RMCs [16]. There-
fore ethanol at the final concentration used in this study 
is not recommended for preserving rumen samples 
for subsequent microbiome analyses. In contrast, the 
two preservative solutions that we proposed, TNx2 and 
GHx2, resulted in DNA of high quality and integrity, and 
RMC profiles with a high degree of similarity to those 
obtained using the GRC method.

Rumen content and DNA integrity
Variations in sampling methods, sample processing and 
storage, and DNA extraction protocols used in this trial 
impacted rumen phase content and DNA integrity. For 
the GRC method, rumen samples were taken directly 
from the rumen via stomach tubing or at slaughter, and 
the freeze-dried sample was used for DNA extraction, 
which makes the solid phase more represented com-
pared to alternative preservation methods. For the three 
preservative solutions, the rumen sample was subsam-
pled twice using a pipette (firstly from the 30  mL pot-
tle of rumen contents, and then later from the 8 mL vial 
for DNA extraction). This method results in the sample 
consisting primarily of the liquid phase of the rumen. 
This may explain the larger DNA yield observed in the 
GRC method, where the predominant bacterial mass is 
adhered to the ruminal fibre [34].

Besides the rumen sample phase effect on DNA, it is 
known that the DNA extraction method used may gen-
erate different DNA yield, quality, and integrity [13]. The 
GRC method uses the PCQI protocol, which has previ-
ously been tested in sheep rumen samples with a DNA 
yield of 824  µg/g per DM being obtained [13], which is 

(See figure on next page.)
Fig. 6 Pairwise correlation of  log10 relative abundances for each microbial taxa between different preservation methods within sampling rounds. 
Correlations for sampling round 1 are given in the first column (a,c,e) and correlations for sampling round 2 are given in the second column (b,d,f). 
Each label in the scatter plots gives the pairwise correlation estimate (between the two methods on the x-axis compared to the two methods 
marked on the y-axis) in  log10 relative abundances of each taxon for each sampling round. Taxon labels are colored based on whether the taxon is 
archaeal (blue), bacterial with a gram-positive wall (black) or bacterial with a gram-negative wall (green). The size of the taxon labels on the plots are 
proportional to the mean relative abundance of each taxon
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Fig. 6 (See legend on previous page.)
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smaller than the average DNA yield observed in this 
study (988  µg/g of DM). DNA extractions for the pre-
servative solutions followed the PCQI protocol with 
some modifications since these solutions predominantly 
have a conservation and lysis function. Of the three solu-
tions, GHx2 resulted in the greatest DNA yield (857 µg/g 
of DM), which was slightly higher than the DNA yield 
observed in Henderson et  al. [13], while TNx2 had a 
lower DNA yield (511  µg/g of DM). This suggests the 
solutions, in addition to feed type, time off feed and the 
rumen fill, had varying impacts on DNA preserving and 
extraction and consequently on its yield. Studies have 
suggested that 6 M GuHCl/EDTA solution is able to pre-
serve bacterial genetic materials as well as freezing, pro-
viding additional conveniences [35]. Methodologically, 
TNx2 and GHx2 were more comparable between each 
other, and handled similarly compared to EtOH (Tables 1 

and 2). The major differences in GHx2 from TNx2 were 
the replacement of (a) the NaCl salt by GuHCl and (b) 
the surfactant SDS with Tween 20 and Triton × 100.

The way in which samples were processed prior to 
DNA extraction (e.g., grinding) and the storage efficiency 
of each method in preserving samples over time are sec-
ondary factors that may also have led to differences in 
our results [17]. Freezing and freeze drying are widely 
used as a standard method for long-term storage of dif-
ferent organisms [36]. However, it is known that freez-
ing can result in injury or cellular damage and changes 
in cell membrane permeability, while changes have been 
observed in frozen and freeze-dried samples (e.g., DNA 
yield, bacterial abundances) compared with fresh samples 
[12, 37–39].

Fig. 7 Correlation of  log10 relative abundance between sampling round 1 and 2 for samples preserved using different methods. a Correlation 
estimates between rounds for samples preserved using GRC compared to samples preserved using TNx2. b Correlation estimates between rounds 
for samples preserved using GRC compared to samples preserved using GHx2. Taxon labels are colored according to whether they are archaeal 
(blue), bacterial with a gram-positive wall (black) or bacterial with a gram-negative wall (green). The size of the taxon labels on the plots are 
proportional to the mean relative abundance of each taxon
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Sequencing and RMC profiles
Hess et  al. [10] developed the RE-RRS approach using 
PstI to study RMC profiles using the GRC method. These 
authors observed more reads per sample (2.7 million) 
compared to the GRC samples in this trial (1 million), 
which is due to Hess et al. [10] using fewer samples per 
lane (118) compared to this study (302). The authors sug-
gested through a sensitivity analysis that up to 2000 sam-
ples could theoretically be sequenced in a single lane on 
an Illumina HiSeq 2500 to obtain realiable RMC infor-
mation, and the 302 samples per lane used in this study is 
well within that threshold.

Our sequencing results revealed that RE-RRS with PstI 
restriction enzyme was suitable for samples preserved 
using our proposed preservative solutions. Compared to 
the GRC method, the number of reads generated from 
sequencing was similar for TNx2 and slightly lower for 
GHx2. However, a larger proportion of these reads were 
assigned a genus-level taxonomy and the correlations for 
individual taxa in the resulting RMC profiles were similar 
between GRC and the two lysis buffer-based solutions. 
These differences are likely to be due to differential DNA 
extraction from the taxa present and the mix of genomes 
in the reference database used for analysis. EtOH proved 
to be an anomaly, with significantly fewer reads and more 
failed samples. This may have been due to poor sample 
quality, as using DNA with some level of degradation for 
in library preparation reduces the efficiency of sequenc-
ing and generates unrepresentative data on the HiSeq 
2500 platform.

The relative abundance of genera was found to differ 
between preservation methods. The five gram-negative 
bacteria Anaerovibrio, Bacteroides, Prevotella, Selenom-
onas and Succiniclasticum were in lower abundance, and 
gram-positive bacteria had similar or larger abundances 
in GRC preserved samples compared to TNx2 and GHx2. 
These changes in relative abundances may relate to the 
different characteristics of the cell wall between gram-
positive and gram-negative bacteria. Gram-positive bac-
teria have thicker walls and these are likely to be more 
resistant to breakage than those of gram-negative bac-
teria. Gram-negative bacteria could be biased against if 
they lysed during storage and their DNA degraded. DNA 
extraction from any bacterium, gram-positive or gram-
negative, could be biased for or against if the preserva-
tive decreased or increased, respectively, the structural 
integrity of the wall. However, because the final data are 
proportional, the contribution of different biases are not 
able to be elucidated. The least abundant genus, Shigella, 
was the only taxon not affected by preservation method, 
which is likely due to this microbe representing contami-
nation as it is not naturally present in the rumen [4].

The RMC profiles of samples preserved with TNx2 and 
GHx2 were very similar, with comparable mean relative 
abundances across the majority of taxa and little separa-
tion in the PCA analysis. Despite differences in mean rel-
ative abundances between the TNx2 and GHx2 samples 
with the GRC samples, the correlations in  log10 relative 
abundances of individual genus-level taxa between these 
three methods were similar (Fig. 6). This suggests that the 
ranking of animals within a method is consistent even 
if there are shifts in mean abundances, which has some 
important practical implications. One is that using TNx2 
or GHx2 instead of the GRC method should have mini-
mal impact on trait prediction in breeding applications. 
This scenario, nevertheless, assumes that samples have 
been preserved using a single method. If this is not the 
case, some level of normalization will be required, such 
as the cohort standardization of the RMC profile used in 
Hess et al. [10], to enable robust predictions across pres-
ervation methods.

The sampling round also impacted RMC profiles for all 
methods, with significant changes in mean relative abun-
dance across a mixture of gram-positive, gram-negative 
and archaeal taxa. The correlations between individual 
taxon abundances were lower between rounds for the 
same method (Fig.  7) compared to different methods 
within a round (Fig.  6), which highlights that time of 
sampling for this study has a larger impact on RMC pro-
files than the preservation method. Differences in RMC 
profiles between rounds are possibly driven by differ-
ences in the feed, which are suspected to be major drivers 
of RMC variation over time in sheep grazing pasture [40]. 
Nevertheless, the correlations between rounds within a 
method (Fig.  7) were similar across the three preserva-
tion methods (TNx2, GHx2 and GRC method), which 
further suggests a high degree of concordance between 
these preservative solutions and the GRC method.

Comparison of preservative solutions with GRC method
The preservative solutions we tested provide several prac-
tical advantages over the GRC method. The first is that 
samples can be kept chilled (fridge temperature) for a few 
days after collection before freezing, whereas samples 
are frozen at collection under the GRC method, which 
requires a freezer or cold substances (e.g., liquid nitro-
gen, dry ice) on hand for immediate freezing. This adds 
additional cost and handling to field and on-farm sam-
ple collections. The main advantage is that the preserva-
tive solution protocol bypasses the pre-processing steps 
of freeze drying and grinding used in the GRC method. 
These pre-processing steps are a bottleneck in the sample 
processing as they require laboratory staff with technical 
expertise, take ~ 12  days to process a batch of 186 sam-
ples (~ 8 days freeze drying and ~ 1.5 days grinding), and 
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a limited number of samples can be processed at a given 
time, depending on the quantity of freeze drying and 
grinding machines available. Using the preservative solu-
tions would therefore accelerate the DNA extraction pro-
cess and, coupled with RE-RRS, enable high-throughput 
generation of RMC profiles.

Throughout this study, the GRC method has assumed 
the role as the “gold standard”, and the performance of the 
preservative solutions tested in this study were primarily 
evaluated based on their similarity to the GRC method. 
In this evaluation, we are testing the preservative prop-
erties of the methods and not the ability to extract DNA 
since the DNA extraction protocol was similar between 
all methods. Our results indicate that for TNx2 and 
GHx2, there was little bias in the mean  log10 relative 
abundances when averaging across all taxa, but more var-
iation compared to the GRC method. This suggests that 
TNx2 and GHx2 are both viable alternatives to the GRC 
method for preserving rumen samples, but more samples 
need to be collected to obtain the same power to corre-
late the rumen microbiome with traits. The GRC method, 
however, does not represent a true “gold standard”, as it 
is unknown how well it captures the true RMC, and pre-
vious studies have found differences between frozen and 
fresh samples in several organisms [12, 37]. The impact 
of using the proposed alternative preservation meth-
ods should therefore be evaluated in other applications 
of RMC profiles (e.g., for trait prediction), which is the 
focus of current research.

Several important factors need to be considered when 
selecting one of the TNx2 and GHx2 preservative solu-
tions as an alternative to the GRC method. Firstly, our 
results suggest that GHx2 yielded greater quantities of 
DNA and resulted in RMC profiles that were more simi-
lar to the GRC method compared to TNx2, evidenced by 
slightly higher correlations in  log10 relative abundances 
of individual taxa with the GRC method (Fig.  6). This 
implies that the GHx2 solution provides more com-
parable results to the GRC method than TNx2. How-
ever, an important practical consideration is the ease of 
obtaining raw chemicals used in the solutions and their 
inherent toxicity. Toxic chemicals require greater safety 
precautions, additional operator training, and can com-
plicate the transportation of samples, both domestically 
and internationally. In comparing TNx2 with GHx2, 
the key component is the salt used in the lysis solution. 
GHx2 uses GuHCl as its salt base, which is not only more 
expensive and difficult to source but is also more toxic 
than NaCl used in TNx2. In our view, these practical 
advantages of TNx2 outweigh the marginal improvement 
in the RMC profile obtained using GHx2. We therefore 
recommend the TNx2 solution as an alternative to the 
GRC method for industry application.

The preservation solutions examined in this study were 
chosen based on their ability to meet several require-
ments, which included (a) low cost, (b) ease of sourcing 
required materials and reagents, and transporting sam-
ples, (c) efficient and high-throughput lab processing, 
and (d) ability to be integrated into the existing PCQI 
extraction protocol. These requirements were set for 
practical reasons to ensure the methods tested would be 
readily applicable anywhere around the global on large 
scale, especially in countries with limited funding and 
infrastructure. Several alternative methods were consid-
ered, but not included in this study as they did not meet 
these requirements. For example, commercial preserva-
tion reagents are typically expensive, difficult to source 
in many locations around the world and have a short 
shelf life. In addition, the applicability of preservation 
methods used for faecal samples do not readily transfer 
over to rumen samples. For example, Papaiakovou et al. 
[41] tested several method for facael samples and rec-
ommended using 95% ethanol, whereas 100% ethanol 
proved to be unreliable for rumen samples in this study 
for the proportions used.

One limitation of the protocol for samples preserved 
using the proposed solutions in this study is that the 
samples were stored at − 20  °C within 24  h of collec-
tion. This is an improvement over the GRC method, 
which requires snap freezing on collection, and simpli-
fies sample handling by allowing field staff to keep sam-
ples chilled during collection before placing in the freeze 
at the conclusion of the day or trial. Nevertheless, this 
means samples need to be placed on ice or dry-ice when 
shipping internationally or even domestically. Arguably, 
freeze-drying samples circumvents this requirement but 
for some countries, access to appropriate freeze-drying 
equipment is limited and strict import restrictions are 
in place requiring freeze-dried samples to be handled in 
containment facilities and disposed appropriately which 
adds cost to the process. It is possible that samples pre-
served using TNx2 and GHx2 can be stored at room tem-
perature for a period longer than 24  h that is sufficient 
for transportation without cold substances before serious 
DNA degradation occurs, but this has not been tested 
and is the focus of current research.

Conclusions
We explored the use of three solutions as alternative pres-
ervation methods to the Global Rumen Census method 
that involves costly freeze drying and grinding steps. Of 
the three solutions, TNx2 and GHx2 were found to be 
viable alternatives as they provided high quality DNA 
and showed relatively little bias in the relative abundance 
of the microbes compared to the GRC method, although 
larger variances in relative abundances were observed in 
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samples from grazing sheep. However, the variance due 
to different time-points was greater than that attributed 
to preservation methods. This suggests, given appropri-
ate cohort adjustment, that RMC profiles from different 
preservation methods could be combined for breeding 
purposes. The use of these preservative solutions signifi-
cantly reduces both labor and costs associated with pro-
cessing rumen samples for microbial sequencing and, if 
used in conjunction with RE-RRS, would enable low-cost 
and high-throughput generation of RMC profiles. This 
could greatly enhance the implementation of RMC as a 
tool for breeding in the global livestock industry.
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