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Anoxic Incubations of Swine Manure Storage Tank Samples

Maialen Barret,® Nathalie Gagnon,® Martin L. Kalmokoff,® Edward Topp, Yris Verastegui,® Stephen P. J. Brooks,® Fernando Matias,®

Josh D. Neufeld,? Guylaine Talbot?®

Dairy and Swine Research and Development Centre, Agriculture and Agri-Food Canada, Sherbrooke, Quebec, Canada®; Atlantic Food and Horticulture Research Centre,
Agriculture and Agri-Food Canada, Kentville, Nova Scotia, Canada®; Southern Crop Protection and Food Research Centre, Agriculture and Agri-Food Canada, London,
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Methane emissions represent a major environmental concern associated with manure management in the livestock industry. A
more thorough understanding of how microbial communities function in manure storage tanks is a prerequisite for mitigating
methane emissions. Identifying the microorganisms that are metabolically active is an important first step. Methanogenic ar-
chaea are major contributors to methanogenesis in stored swine manure, and we investigated active methanogenic populations
by DNA stable isotope probing (DNA-SIP). Following a preincubation of manure samples under anoxic conditions to induce
substrate starvation, [U-'>CJacetate was added as a labeled substrate. Fingerprint analysis of density-fractionated DNA, using
length-heterogeneity analysis of PCR-amplified mcrA genes (encoding the alpha subunit of methyl coenzyme M reductase),
showed that the incorporation of '>C into DNA was detectable at in situ acetate concentrations (~7 g/liter). Fingerprints of DNA
retrieved from heavy fractions of the '*C treatment were primarily enriched in a 483-bp amplicon and, to a lesser extent, in a
481-bp amplicon. Analyses based on clone libraries of the mcrA and 16S rRNA genes revealed that both of these heavy DNA am-
plicons corresponded to Methanoculleus spp. Our results demonstrate that uncultivated methanogenic archaea related to
Methanoculleus spp. were major contributors to acetate-C assimilation during the anoxic incubation of swine manure storage
tank samples. Carbon assimilation and dissimilation rate estimations suggested that Methanoculleus spp. were also major con-
tributors to methane emissions and that the hydrogenotrophic pathway predominated during methanogenesis.

In 2008, greenhouse gas (GHG) emissions from the agricultural
sector accounted for 8.5% of the total GHG emissions in Can-
ada, of which 12% originated from manure management (1). In
livestock buildings, manure is first collected in gutters located be-
low the animals and then transferred to an outdoor tank, where it
is stored prior to being spread on agricultural fields. While strat-
egies to treat manure using a variety of physical and biological
processes are available, these approaches are not generally adapted
to regional requirements and in most cases remain unaffordable
for individual farms (2). Although a passive ambient alternative is
the installation of an air-tight cover on these storage tanks, allow-
ing for anaerobic digestion (3), this practice has not been widely
adopted. Emissions of GHGs represent one of the major environ-
mental problems associated with the open storage of manure.
Park et al. (4) demonstrated that N,O emissions from such facil-
ities were insignificant, and methane was a primary GHG emitted
from the manure tanks.

The conversion of manure organic matter into methane results
from the activity of complex anaerobic consortia consisting of
fermentative bacteria together with methanogenic archaea. Hy-
drolytic, acidogenic, and acetogenic bacteria ferment the organic
matter producing volatile fatty acids (VFAs), including acetate
and formate, as well as H, and CO,. The direct conversion of H,
(or formate) and CO, to methane is catalyzed by hydrog-
enotrophic methanogens. Related to the current study, the con-
version of acetate to methane and CO, can be performed through
two alternative pathways. The first pathway is a cleavage of the
acetate molecule into methane and CO,, which is catalyzed by
acetoclastic methanogens. The second pathway relies on a syn-
trophic association where acetate-oxidizing bacteria first convert

acetate into H, and CO,, which are then used by the hydrog-
enotrophic methanogens to produce methane (5). In both path-
ways, the methanogenic archaea play a key role as terminal oxi-
dizers of the community.

Previous cultivation-independent studies have identified
Methanobrevibacter, Methanogenium, and Methanocorpusculum
spp. as the dominant archaea associated with stored pig manure
(6-8). However, manure storage tanks are similar to fed-batch
bioreactors fed with communities indigenous to fresh manure,
which are not necessarily active in the environmental conditions
of storage tanks. The relative abundance of microorganisms may
more closely reflect those associated with fresh manure rather
than the community adapted to storage substrates and environ-
mental conditions. On this basis, it is important to identify those
microorganisms which are most active in methanogenesis rather
than most abundant. Previously, we identified phylotypes related
to Methanoculleus which became enriched during in vitro incuba-
tion of samples from swine manure storage tanks, supporting
their involvement in methanogenesis (9). The DNA stable isotope
probing (DNA-SIP) method (10, 11) is appropriate for identifying
microorganisms that are actively involved in specific assimilatory
processes under conditions that approximate those found in an
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environment of interest. This cultivation-independent approach
relies on the incorporation of an isotopically heavy substrate into
the nucleic acids of metabolically active organisms in complex
microbial communities, providing information on microbial net-
works participating in a wide range of metabolic functions, in-
cluding methanogenesis in soils (12), sediments (13), and sludges
(14) and from different substrates (15, 16).

The objective of this study was to identify the methanogenic
archaea responsible for methane emissions during anoxic incuba-
tions of swine manure storage tank samples using DNA-SIP with
[U-"?CJacetate as the labeled substrate. Identifying active manure
storage tank methanogens represents an important first step to
understanding the contribution of methanogenic archaea to GHG
emissions.

MATERIALS AND METHODS

Manure sampling. A swine finishing farm located near Sherbrooke, Qué-
bec, Canada, was selected for the study. In April 2010, a 1-liter manure
sample was collected from the bottom of the outdoor storage tank with a
total manure depth of 3.5 m. The sampling apparatus consisted of a 3.6-
m-long aluminum rod connected to a container with a retractable lid
which was submerged and opened at the bottom of the tank. From the
primary manure sample, four 0.5-ml aliquots were removed and imme-
diately frozen in liquid nitrogen for molecular biology analyses. The re-
maining sample was maintained at an ambient temperature during trans-
port from the farm to the laboratory.

Anoxic incubation for in situ substrate starvation. Within 4 h of
collection, duplicate 230-g subsamples were transferred into 500-ml in-
cubation bottles. The remainder (~500 ml) was frozen at —20°C and
stored for subsequent physical and chemical analyses. The incubation
bottles were flushed with nitrogen and then sealed with butyl rubber stop-
pers and aluminum crimp seals. These bottles were incubated at 25°C in a
temperature-regulated chamber to mimic the summer temperature in
Canadian storage tanks (17). At least once a week, biogas volume was
measured with a 2089 pressure gauge (Ashcroft Inc.) and then released.
An 8-ml sample was collected from the gaseous phase of one of the repli-
cate bottles to determine the CH,, CO,, H,S, and N, content with a Hach
Carle 04131-C gas chromatograph (Loveland, Co.). Following sampling
of the headspace gas, the bottles were shaken manually to homogenize the
contents, and 0.5 ml was removed to determine volatile fatty acid (VFA)
concentrations using an Autosystem gas chromatograph (PerkinElmer,
Woodbridge, Canada). On day 78, when the levels of VFAs had fallen
below 50 mg/liter and biogas production had decreased, indicating sub-
strate starvation, four 0.5-ml subsamples were removed from one of the
duplicate bottles, immediately frozen in liquid nitrogen, and stored at
—80°C prior to DNA extraction. The remaining manure was used for the
SIP incubations.

Stable-isotope probing incubations. The starved manure was the
only sample used for SIP experiments. It was mixed in a 1:1 ratio with
deionized water, and 45-ml subsamples were transferred into four 100-ml
serum bottles. These manipulations were carried out quickly to minimize
contact with air, and the bottles were immediately flushed with nitrogen
and then sealed with butyl rubber stoppers and aluminum crimp seals.
Stock solutions of ['*CJacetate and [U-"?Clacetate (99% '*C; Sigma-Al-
drich Canada Ltd., Oakville, Ontario, Canada) were prepared at 10 and
100 g/liter in sterile deionized water. Approximately 3 ml of the appropri-
ate stock solution was added to reach 0.75 g/liter [U-13CJacetate in bottle
A, 0.75 g/liter ['*Clacetate in bottle B, 6.5 g/liter [U-'?CJacetate in bottle
C,and 6.5 g/liter ['2CJacetate in bottle D. On days 0, 1, 3, 6, 10, 13, and 20,
biogas volume was measured with a 2089 pressure gauge (Ashcroft Inc.),
and excess pressure was released. Following each biogas measurement, the
bottles were shaken manually to homogenize the contents, and a 0.5-ml
sample was removed to determine VFA concentrations. In addition, on
days 6 and 15, four 0.5-ml aliquots were removed and immediately frozen

in liquid nitrogen for molecular analyses. At the end of the incubation, an
8-ml sample was collected from the gaseous phase of each bottle to analyze
biogas composition as described previously (9).

Carbon flow calculation. The carbon flow (rc, in mmol; kgyss ™"
day™'; VSS stands for volatile suspended solids) associated with biogas
production was assessed with the equation ro = (reo, + repa)/
(Vo[ VSS]), where 7, and r¢yy, are the production rates of CO, and
CH, (mlkg, .nue ' day™ 1), respectively, V., is the molar volume of an
ideal gas at 25°C (24.5 liters/mol), and [VSS] is the concentration of vol-
atile suspended solids in manure (kgygs/Kgnanure)- This calculation ne-
glects the equilibrium of CO, between liquid and gas phases.

The carbon flow associated with acetate metabolism (r, in mmol
kgyss ' day™') was assessed with the equation re = 2r, /(M,[VSS]),
where 7, is the consumption rate of acetate (mg kg, ,..nure  day” ') and
M, is the molecular weight of acetate (g/mol).

DNA extraction and fractionation. From the frozen subsamples
taken at days 0 and 78 of starvation incubation and at days 6 and 15 of SIP
incubation, DNA was extracted as previously described (18), with minor
modifications (19). Density fractionation of DNA was performed by ul-
tracentrifugation on a cesium chloride gradient as specified by Neufeld et
al. (10). Approximately 6 pg of DNA was loaded in each gradient prior to
centrifugation, and dropwise collections of 420-ul fractions were taken
from the bottom of the ultracentrifugation tube by pumping water into
the top of the tube with a constant-flow syringe pump (420 pl/min; Brain-
tree Scientific). The fraction densities were measured with an AR200 re-
fractometer (Reichert) and ranged from 1.69 to 1.75 g/ml, with a median
density of 1.72 g/ml.

Fingerprinting of archaea. To generate fingerprints of methanogenic
archaeal communities, we used length heterogeneity (LH)-mcrA as de-
tailed in Gagnon et al. (20), which is a PCR method based on natural
length variations of the gene coding for the alpha subunit of the methyl-
coenzyme M reductase involved in methane formation by methanogenic
archaea. This method uses universal primers (mcrAfornew, 5'-GGT GTM
GGD TTC ACH CAR TAY GC-3'; mcrArevnew, 5'-6-FAM-TTC ATN
GCRTAG TTH GGR TAG TT-3") to amplify the mcrA gene, which is then
analyzed using capillary electrophoresis. PCR mixtures consisted of 1X
Taq buffer (Bioshop Canada Inc., Burlington, Ontario, Canada), 1.5 mM
MgCl, (Bioshop Canada Inc.), 0.5 uM each primer (Applied Biosystems
Canada), 0.1 mM deoxynucleotide triphosphate (Bioshop Canada Inc.),
DNA from manure (100 ng), and 0.625 U of Taq polymerase (Bioshop
Canada Inc.) in a final volume of 25 pl. DNA denaturation was performed
at 94°C for 2 min, followed by 28 cycles at 94°C for 60 s, annealing at 55°C
for 60 s, elongation at 72°C for 60 s, and then a final extension step at 72°C
for 10 min in an Eppendorf gradient thermal cycler (Fisher Scientific
Ltd.). Amplifications were performed in duplicate. A 1-p.l aliquot of ap-
propriately diluted LH-mcrA amplification products was mixed with 0.06
wl of GeneScan 500 LIZ size standard (Applied Biosystems Canada) and
12.3 pl of Hi-Di formamide (Applied Biosystems Canada). Electrophore-
sis was performed with POP-4 polymer (Applied Biosystems Canada) on
an ABI Prism 310 47-cm capillary DNA sequencer (Applied Biosystems
Canada) for 40 min. Length analysis between 300 and 500 bp and deter-
mination of peak height were done using the GeneScan analysis software
(Applied Biosystems Canada). Five distinct peaks were detected: 464-,
467-, 481-, 483-, and 485-bp amplicons. The relative abundance of am-
plicons was based on peak height. The corrected abundance was calcu-
lated from the dilution factor prior to electrophoresis and the volume of
DNA extract used for LH-mcrA.

Cloning and sequencing. Clone libraries of the mcrA and 16S rRNA
genes were constructed from the total DNA extract from day 0 of SIP
incubation (control library) and from the pooled high-density fractions
(1.717 and 1.722 g/ml) of DNA extract from day 6 (HD-2 library) and day
15 (HD-5 library) of [U-"’CJacetate incubation at the 6.5 g/liter initial
concentration. PCR amplification of mcrA and 16S rRNA genes was per-
formed using the same conditions as those for LH-crA, except that the
final volume was 50 pl. Archaeal 16S rRNA genes were amplified with



TABLE 1 Physicochemical characteristics of the freshly sampled
manure

Sample content or parameter Result
TS” (g/liter) 113 £5
TSS* (g/liter) 111 =2
VS (g/liter) 87 + 4
VSSY (g/liter) 83+ 3
TKN (g/liter) 5.1
NH3-N (g/liter) 3.6

pH 7.2
Acetate (g/liter) 7.43
Propionate (g/liter) 1.80
Isobutyrate (g/liter) 0.40
Butyrate (g/liter) 0.66
Isovalerate (g/liter) 0.50
Valerate (g/liter) 0.16
Caproate (g/liter) 0.06

“ Data are averages and standard deviations calculated from three measurements.

Arch109f (5'-ACKGCTCAGTAACACGT-3") and the universal 1492r
primer (5'-ACGGYTACCTTGTTACGACTT-3") (21). PCR products
were used for library construction and sequence analysis as described by
Barret et al. (9). Good’s estimator of coverage of the libraries was calcu-
lated using the formula [1 — (n,/N)] X 100, where 1, is the number of
singletons and N the number of individuals.

Construction of phylogenetic trees. Sequences of the partial mcrA
and 16S rRNA genes were initially aligned using MUSCLE (22). Aligned
sequences were imported into the ARB program (23), compared using a
similarity matrix, and assigned to consensus groups. Nearest relatives
were obtained from NCBI following BLAST comparison of consensus
sequences. Also included within the alignment were mcrA and 16S rRNA
genes from the whole genomic sequences of various methanogens. All
sequences were realigned using MUSCLE. The phylogenetic tree was gen-
erated with the PHYLO_WIN program (24) using the nearest neighbor
algorithm and a Jukes-Cantor correction (25) with pairwise gap removal.
In order to statistically evaluate the tree, bootstrap values were calculated
using data resampled 1,000 times (26).

Physical and chemical analyses. The frozen primary manure sample
(approximately 500 ml) was thawed and then homogenized using a
PT10/35 Polytron (Binkman Instruments, Rexdale, Canada). The sample
was analyzed for total solids (TS), total suspended solids (TSS), volatile
solids (VS), VSS, total Kjeldhal nitrogen (TKN), ammoniacal nitrogen
(NH;-N), and pH as described previously (9).

Nucleotide sequence accession numbers. Sequences from clone li-
braries have been deposited in GenBank under accession numbers
JX110124 to JX110159.

RESULTS

The physicochemical characteristics of the initial pig manure sam-
pled for this study are provided in Table 1. Briefly, this manure
contained 113 =+ 5 g/liter of total solids and the ammonium con-
tent was 3.6 g/liter. Total VFA concentrations reached 11.0 g/liter
and consisted of 67% acetic acid. Overall, these data are consistent
with those of previous reports on stored swine manure, where
acetate typically represents the most abundant intermediate of
organic matter degradation (7, 27).

Based on LH-mcrA analysis (20), the methanogenic archaeal
community within the manure storage tank was dominated by a
single major amplicon of 485 bp (Fig. 1A). This peak represented
71% relative abundance and was followed by minor peaks at 467,
465, and 481 bp (11, 7, and 5%, respectively). In this study (Table
2) and in previous ones (9, 20), we identified the 485-bp amplicon

as representative of members belonging to the Methanomicrobia-
les order (Methanogenium, Methanospirillum, and Methanocor-
pusculum spp.), the 467-bp amplicon corresponds to an unculti-
vated eukaryote, the 465-bp amplicon is associated with a
Methanobrevibacter sp. sequence, and the 481-bp amplicon is as-
sociated with Methanosarcina spp. and Methanoculleus spp. In
terms of the abundant genera, the archaeal community in this
storage tank was similar to previously characterized communities
(6-8).

From the beginning of the anoxic incubation for in situ sub-
strate starvation until day 49, biogas was produced at a constant
rate of 235 = 17 ml kg, .nure + day” ' (Fig. 2) and consisted of
73% * 10% methane (averages and standard deviations of the two
replicate bottles). During the first 10 days, acetate and propionate
concentrations increased, suggesting that both acidogenic and
acetogenic bacteria were producing these intermediates more rap-
idly than syntrophic bacteria and methanogenic archaea con-
sumed them. Following this initial phase, acetate and propionate
concentrations decreased and reached levels lower than 100 mg/
liter by day 49 (Fig. 2), reflecting the ability to use acetate in the
subsequent SIP incubation. Following day 49, the biogas produc-
tion rate decreased and stabilized at the residual rate of 79 = 7 ml
kg manure + day” ' until day 78 (averages and standard deviations
from the two replicate bottles), when the anoxic incubation for in
situ substrate starvation was terminated. This residual rate repre-
sented the endogenic activity of manure.

On day 78, the archaeal community was still dominated by the
485-bp amplicon, whereas the relative abundance of the 465- and
467-bp amplicons had decreased substantially (Fig. 1B). A 483-bp
amplicon emerged and encompassed ~30% of LH-micrA relative
abundance (Fig. 1B). This amplicon aligned with operational tax-
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FIG 1 LH-mcrA fingerprints of methanogen populations in manure at the
sampling day (A), manure at the end of the starvation period (day 0 of SIP

incubation) (B), and high-density (C) and low-density (D) fractions at the end
of [U-"*Clacetate incubation with 5 mmol/gy s at day 15.



TABLE 2 LH-mcrA amplicon length of phylotypes and their abundance
in mcrA gene clone libraries

Amplicon length
(bp) Abundance in library® (%)
Control HD-2 HD-5
Phylotype” n® Seq” LH-mcrA? (n=46) (n=46) (n=46)
Unidentified cluster
LB14HO05 4 470 466.4 0 2 7
LB11A0O6 3 470 465.7 4 0 2
LB11B05 3 470 466.4 4 2 0
LB11B04 1 470 466.7 2 0 0
LB11CO05 1 470 464.9 2 0 0
Total 13 4 9
Methanosarcinaceae
LB11A10 4 483 480.8 9 0 0
Methanoculleus
LB11A01 48 488 4825 22 48 35
LB17C08 14 488 480.7 0 17 13
LB11E10 7 488 4827 2 9 4
LB11C09 6 488 483.7 2 2 9
LB14B01 4 488 484.1 0 4 4
LB14B12 2 488 480.8 0 4 0
LB14C10 1 488 483.8 0 2 0
LB14D12 1 488 481.6 0 2 0
LB17D12 1 488 482.6 0 0 2
Total 26 89 67
Methanocorpusculum
LB11A05 6 488 484.8 11 0 2
LB11D08 2 488 485.7 2 0 2
Total 13 0 4
Methanogenium
LB11B08 15 488 485.0 22 2 9
LB17D10 11 488 485.1 15 4 4
LB11F10 1 488 4849 2 0 0
Total 39 7 13
Methanospirillum
LB17B03 2 488 485.3 0 0 4
LB17G02 1 488 485.0 0 0 2
Total 0 0 6

“ Clone libraries were sequenced starting with the control library (LB11) and ending
with the HD-5 library (LB17). Clone designations begin with LB11 if they were first
found in library LBI1.

” Number of times that the phylotype was encountered across the three libraries.

¢ Theoretical amplicon length from sequence alignment with the newly designed mcrA
primers.

4 Experimental amplicon length determined by the LH-mcrA method.

¢ Control, control sample, day 0 of SIP incubation; HD-2, high-density DNA fraction of
[U-'*Clacetate incubation at day 6; HD-5, high-density DNA fraction of
[U-'3Clacetate incubation at day 15.

onomic units (OTUs) related to Methanoculleus (control library)
(Table 2; also see Fig. 5A). Thus, the LH-mcrA patterns combined
with clone library analysis indicated that uncultivated methano-
genic archaea related to Methanoculleus were major contributors
of methanogenesis that use endogenous substrates in this manure.

The kinetics of [U-"’CJacetate and ['*C]acetate degradation
during the SIP incubations are shown in Fig. 3. Typically, incor-
poration of 0.005 to 0.5 mmol,. per g soil or sediment is sufficient
for DNA labeling (10). In subsample bottles A and B, 0.75 g/liter

acetate, which is equivalent to ~0.6 mmol/gyss, was well within
the range of concentrations typically used in '*C-labeling experi-
ments. However, this value is 10-fold lower than the acetate con-
centration within the ecological niche of a manure storage tank.
Therefore, in subsample bottles C and D, a final concentration of
6.5 g/liter acetate was added and is equivalent to 5 mmol/gyss,
which is more representative of the substrate concentration found
in the stored manure. Acetate was depleted by 95% on days 10 and
13 at the lower and higher acetate concentrations, respectively,
resulting in ">C fluxes of 74 and 384 mmol. kgyss~ ' day™ ', re-
spectively. The biogas production rates during acetate utilization
represented C dissimilation rates of 50 = 4 and 142 = 1 mmol.
kgyss ' day” ', respectively (Table 3). When acetate concentra-
tions became lower than 50 mg/liter, the C dissimilation rate as-
sociated with the manure endogenic activity in the four SIP incu-
bations was 25 = 2 mmol; kgyss™' day~'. The percentage of
dissimilated carbon from exogenous acetate was similar in the
four SIP incubations, at 32% = 2% (Table 3), and was in the range
of that found in similar incubations (28, 29). The proportion of
methane in the biogas generated over the incubation period
reached 80, 79, 89, and 90% in bottles A, B, C, and D, respectively,
indicating that methanogenesis occurred during the SIP incuba-
tions. In an attempt to maximize the '°C labeling of DNA but
avoid cross-feeding, manure samples from day 6 of the incubation
at the lower acetate concentration (corresponding to 80% of ace-
tate consumption) and from days 6 and 15 of the incubation at the
higher acetate concentration (corresponding to 40 and 100% of
acetate consumption, respectively) were chosen for further anal-
yses. In these samples, the amount of acetate metabolized by the
manure community reached 0.4, 2, and 5 mmol/gyss, respec-
tively. From the percentage of acetate-C recovered in biogas (Ta-
ble 3) and by neglecting the fraction of '>C remaining in liquid
phase, the percentage of '°C assimilated by biomass could be esti-
mated at 68, 70, and 70%, respectively. DNA from these samples
was extracted, density fractionated, and profiled by LH-mcrA
analysis.

In the sample from incubation with maximum "*C utilization
(5 mmol/gyss), LH-mcrA fingerprints from high-density frac-
tions clearly differed from those of low-density fractions. The
483-bp amplicon had the most abundant peak in profiles from the
heavy DNA fraction (1.721 g/ml) (Fig. 1C), whereas its relative
abundance decreased in the light DNA fraction (1.708 g/ml)

—@—Acetate
—O—Propionate

—O—Biogas volume T

[Acetate], [Propionate] (g/L)
Vbiogas (L/kgmanure)

0 1’0 2'0 3’0 4‘0 50 6'0 7’0 80
Time (day)
FIG 2 Dynamics of acetate concentration (black), propionate concentration

(gray), and biogas production (white) during the incubation of manure for in
situ substrate starvation.
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FIG 3 Kinetics of [U-"*CJacetate (black) and [**C]acetate (white) consumption during the SIP incubation with 0.75 g/liter (A) and 6.5 g/liter (B) initial acetate

concentration.

(Fig. 1D). The 485-bp amplicon was even more dominant in the
light fraction than at day 0 of SIP incubation (Fig. 1B and D).
These observations provide good evidence of DNA labeling with
U-"’C-labeled substrate.

To better characterize the abundance of specific LH-mcrA am-
plicons associated with labeled DNA fractions, the corrected
abundance of each of the five LH-mcrA amplicons was calculated
in each density fraction and at the three levels of metabolized
acetate in '’C SIP incubations as well as in '*C control incuba-
tions. Abundance results for the 481-, 483-, and 485-bp LH-mcrA
amplicons are presented in Fig. 4. At 0.4 mmol/gy s of metabo-
lized acetate, these three amplicons were found in light DNA frac-
tions only in both the '*C incubation and the '*C control. For STP
incubations at 2 mmol/gyss of metabolized acetate, the 481- and
483-bp LH-mcrA amplicons were both associated with high-den-
sity fractions from [U-"?CJacetate incubations. For incubations at
5 mmol/gyss of metabolized acetate, the abundance of the 481-
and 483-bp amplicons increased in high-density fractions and
surpassed the abundance of those same peaks in the low-density
fractions. The '>C controls demonstrated that the shift of the 481-
and 483-bp amplicons to heavier fractions was conditional on the
addition of [U-"*CJacetate. Interestingly, the absolute abundance
of the 483-bp amplicon was four times higher than the abundance

TABLE 3 Carbon flow rates and dissimilation yields calculated from
acetate utilization and biogas production rates during the starvation and
SIP incubations

Biogas production rate

Rate of exogenous (mmol. kgyss !

acetate utilization Exogenous C

-1
(mmolg kgyss " day ) dissimilated
Incubation”  day ') Total” Endogenous® (%)
A 74 47 24 32
B 83 52 23 35
C 384 142 25 30
D 381 143 27 30

“ Incubations with 0.75 g/liter (A) or 6.5 g/liter (C) of [U-'*C]acetate and with 0.75
g/liter (B) or 6.5 g/liter (D) of [U-'*Clacetate.

b Biogas production rate resulting from exogenous acetate and endogenous substrates
calculated during the utilization of exogenous acetate.

¢ Biogas production rate resulting from endogenous substrates calculated after the
starvation of exogenous acetate.

of the 481-bp amplicon, suggesting the higher growth and '>C
incorporation of the 483-bp-related archaea. In all SIP incuba-
tions, the 485-bp amplicon was only associated with light DNA
fractions regardless of the amount of metabolized acetate (Fig. 4).
This was also true for the 464- and 467-bp amplicons (data not
shown). Taken together, these results indicate that two LH-mcrA
phylotypes of methanogenic archaea responded in the SIP incu-
bations by assimilating acetate during anoxic incubation of this
swine manure sample.

In order to characterize the phylogeny and diversity of the ar-
chaeal phylotypes involved in acetate assimilation, clone libraries
of mcrA and 16S rRNA genes were constructed from the total
DNA extracts of the day 0 sample, the bulk SIP incubation sample
(control library), and from the high-density fractions of the 2
mmol/gyss (HD-2 library) and the 5 mmol-/gys (HD-5 library)
[U-"’CJacetate SIP samples. Overall, seven phylogenetic lineages
were associated with these libraries, with gene sequences aligning
with Methanoculleus spp., Methanocorpusculum spp., Methanoge-
nium spp., Methanospirillum spp., Methanosphaera spp., Metha-
nosarcina spp., and a lineage containing no known cultivated rep-
resentatives. Phylotypes related to Methanocorpusculum spp. only
occurred in mcrA gene clone libraries (Table 2 and Fig. 5A). The
single clone related to Methanosphaera spp. was found only in
the 16S rRNA gene clone control library (Table 4 and Fig. 5B). The
Good’s estimator of coverage was 87, 87, and 89% in control,
HD-2, and HD-5 libraries of the mcrA gene, respectively, and 79,
95, and 92% in that of the 16S TRNA gene.

In mcrA gene clone libraries, the only phylogenetic group
which had a significantly higher relative abundance in both HD-2
and HD-5 libraries than in the control library consisted of OTUs
related to the Methanoculleus genus (Table 2 and Fig. 5A). Two
Methanoculleus phylotypes not closely related to previously iso-
lated species exhibited large increases in the high-density DNA
fractions. The first, LB11A01, increased in relative abundance
from 22% in the control library to 48 and 35% in HD-2 and HD-5
libraries, respectively. Because LB11A0O1 had an apparent LH-
mecrA length of 482.5 bp (Table 2), its strong increase supported
the emergence of the 483-bp amplicon in LH-mcrA fingerprints of
high-density DNA fractions (Fig. 1C). The second phylotype,
LB17C08, although not detectable in the control library, encom-
passed 17 and 13% of sequence abundance in HD-2 and HD-5
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libraries, respectively. The increased abundance of this 481-bp
LH-mcrA phylotype in the high-density DNA fraction library also
correlated with the higher proportion of a 481-bp amplicon peak
in LH-mcrA fingerprints after SIP incubation (Fig. 1B and C).
Thus, the LH-mcrA patterns coupled with mcrA gene clone library
analysis support that the methanogenic archaea which mainly as-
similated "’C from acetate during SIP incubation were related to
Methanoculleus spp. The analysis of 16S rRNA gene clone libraries
corroborated this finding, because the phylogenetic group of
OTUs related to Methanoculleus spp. was also the only one which
had a much higher relative abundance in HD-2 and HD-5 libraries
than in the control library (Table 4 and Fig. 5B).

Moreover, the OTUs related to Methanospirillum spp. exhib-
ited an increased abundance between control and HD-5 libraries
(but not the HD-2 library): from 0 to 4% in mcrA gene clone
libraries (Table 2) and from 3 to 18% in 16S rRNA gene clone
libraries (Table 4). However, the abundance of the 485-bp LH-
mcrA amplicon from the high-density DNA fractions at day 15 of
SIP incubation was not increased compared to the one from the
DNA at day 0 (Fig. 1B and C). The predominance, at day 0 of SIP
incubation, of Methanogenium and Methanocorpusculum spp.
(Tables 2 and 4, control library) at the same LH-mcrA amplicon
size (485 bp) likely masked this increase.

DISCUSSION

The analysis of mcrA and 16S TRNA clone libraries labeled with 2
mmol/gyss ' of [U-">Clacetate revealed that OTUs related to
Methanoculleus spp. were enriched in high-density DNA frac-
tions. Although some representatives of other genera may have

assimilated small amounts of >C that did not allow for SIP detec-
tion, our results indicate that Methanoculleus spp. were the metha-
nogenic archaea that mainly assimilated >C from acetate. Most
species within this genus use H, and CO, as catabolic substrates
and acetate as a carbon source for growth (30-32). Four possible
assimilation/dissimilation schemes could be consistent with the
assimilation of '>C from acetate by Methanoculleus spp. during
SIP incubation: (i) Methanoculleus spp. assimilated '>C from ace-
tate and catabolized acetate-derived H, and CO,, (ii) Methanocul-
leus spp. assimilated '*C from acetate and catabolized endogenous
H, and CO,, (iii) other hydrogenotrophs catabolized H, and CO,
derived from [U-"’Clacetate and used an endogenous C source,
and (iv) acetoclastic methanogens used [U-'CJacetate as an elec-
tron source and endogenic substrates as the carbon source. How-
ever, the carbon flow associated with the endogenic activity of
manure represented 18% of the total biogas production during
acetate utilization in SIP incubations (Table 3), indicating that
82% of C dissimilation resulted from the degradation of exoge-
nous acetate in SIP incubation. Furthermore, the C dissimilation
during acetate utilization represented the typical yield of 32% =
2% of metabolized acetate-C, suggesting that no major additional
endogenic source of C was assimilated. The estimation of C flow in
assimilatory and dissimilatory processes therefore suggests that
not only was acetate assimilated by Methanoculleus spp. but it also
provided the major part of the catabolic substrate to Methanocul-
leus spp. The Methanoculleus spp. that were enriched in high-
density DNA fractions thus represented major contributors to
methanogenesis during SIP incubation. Because known Metha-
noculleus spp. are hydrogenotrophs (30, 31, 33), this finding sug-
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TABLE 4 Analysis of phylotype abundance in 16S rRNA gene clone
libraries

Abundance in library” (%)

Control HD-2 HD-5

Phylotype n® (n=39) (n=39) (n=39)
Unidentified cluster

LB12B09 2 3 0 3

LB12B12 2 5 0 0

LB12Cl11 1 3 0 0

Total 10 0 3
Methanosphaera

LB12CO01 1 3 0 0
Methanosarcina

LB12D05 1 3 0 0

LB15G07 1 0 3 0

Total 3 3 0
Methanoculleus

LB18A09 50 23 54 51

LB15D01 9 3 21 0

LB12A03 2 3 0 3

Total 28 74 54
Methanogenium

LB12D12 31 46 15 18

LB18B12 3 3 0 5

LB12D11 3 5 0 3

Total 54 15 26
Methanospirillum

LB18F11 10 3 5 18

LB15A11 1 0 3 0

Total 3 8 18

“ Number of times that the phylotype was encountered across the three libraries.

¥ Control, control sample, day 0 of SIP incubation; HD-2, high-density DNA fraction of
[U-'*Clacetate incubation at day 6; HD-5, high-density DNA fraction of
[U-"*Clacetate incubation at day 15.

gests that syntrophic bacteria oxidized acetate into H, and CO,
during SIP incubation (34). Syntrophic association of acetate-ox-
idizing bacteria with hydrogenotrophic methanogens has been re-
ported in the natural environment and engineered systems (34—
37). However, the enrichment of bacterial phylotypes in high-
density DNA fractions could not be detected by LH-PCR
fingerprinting using primers that target the bacterial 16S rRNA
gene (data not shown), probably because of the higher richness of
bacterial communities than archaeal communities (9) and low
abundance of syntrophic bacteria.

Comparisons of clone libraries suggested that Methanospiril-
lum spp. were also active but only during the final phase of SIP
incubation (days 6 to 15). The lower acetate concentration be-
tween 6 and 15 days of incubation (Fig. 3) may have affected the
competition between methanogens due to the interspecies differ-
ences in terms of sensitivity to inhibition by acetate and affinity for
acetate as a carbon source among the methanogens. In addition,
the concentrations of H, and CO, also might have changed over
the incubation period, which could affect the competition be-
tween methanogens due to the interspecies differences in terms of
affinity for these methanogenesis substrates. The specific growth
rates of Methanoculleus and Methanospirillum spp. are similar (32,

38). In contrast, the minimal threshold for hydrogen metabolism
reported for Methanoculleus submarinus (39) is lower than that
reported for Methanospirillum hungatei (40): 0.1 and 3.0 Pa, re-
spectively. Due to interspecies differences in terms of threshold
and affinity for hydrogen, the variations of H, concentration
could have affected the competition between methanogens over
the incubation period.

However, the results obtained over the initial 1 to 6 days are
likely a better representation of the metabolically active methano-
gen community in storage conditions, as the acetate concentra-
tion better reflects that found in situ and short SIP incubation time
avoids any cross-feeding interferences (41).

Although 0.4 mmol/gyss of metabolized acetate is usually ad-
equate for SIP experiments in terrestrial and aquatic environ-
ments (10), our results showed that it was insufficient to label the
DNA from high-biomass manure communities. One possible rea-
son is that the assimilation of the '*C-labeled substrate back-
ground associated with the endogenic activity of this system was
comparable to the assimilation rate of [U-'?CJacetate. The assim-
ilation rate of '>C-labeled substrate background can hardly be
estimated. Nonetheless, the dissimilatory rate of '*C-labeled sub-
strate background estimated when the exogenous acetate was
starved represented 24 mmol. kg~ ' day ™', i.e., approximately
half of the total dissimilatory rate during the utilization of exoge-
nous acetate. These estimates indicate that the assimilated U-'>C-
labeled substrate was diluted by background organic carbon by a
2-fold factor. This dilution may have resulted in an undetectable
increase in DNA density, which represents a well-identified limi-
tation of DNA-SIP (11, 41).

Two weaknesses are attributable to the experimental design of
this study. The first weakness concerns the preincubation prior to
SIP incubations. As discussed previously, the increase of DNA
density was not detected when the ratio between the dissimilation
rates of °C from exogenous acetate and '°C from background was
1:1. The dissimilation rate from exogenous acetate degradation
during SIP incubation at 6.5 g/liter represented 117 mmol
kgyss | day” ', although the biogas production rate at the begin-
ning of the preincubation of the manure sample was equivalent to
116 mmolg kgyss~ ' day™". The SIP incubation of freshly sampled
manure therefore would have resulted in a 1:1 ratio between the
assimilation rates of exogenous acetate and endogenous sub-
strates, i.e., a likely undetectable increase of DNA density. This
estimate underlines the necessity of a preliminary starvation step
for this swine manure, although this preliminary incubation did
influence the structure of the archaeal community. A similar star-
vation approach has also been used for other substrate-rich com-
munities (42). The second caveat that should be stated concerns
the single sample used for SIP incubations. Previously, we re-
ported that methanogenic activity at 25°C in samples from the
bottom of this manure storage tank were more than 2-fold higher
than those found in samples taken at shallow depths (9). Studying
the bottom communities is thus of higher importance. Further-
more, the bacterial and archaeal communities in two samples
taken from the bottom of the storage tank were very similar on the
sampling day and after long-term anoxic incubations (9). On this
basis, the single sample used here for DNA-SIP is likely a reason-
able representation of the starved manure communities from this
storage tank.

Theoretically, the U-'>C-labeled substrate selected for this ex-
periment can be metabolized by methanogenic consortia through



both the hydrogenotrophic and acetoclastic pathways. However,
our identification of Methanoculleus spp. as major contributors to
methanogenesis together with the fact that species within this ge-
nus utilize H, and CO, and formate as electron sources (30-32)
suggests that under these test conditions the hydrogenotrophic
pathway predominated. The important question is whether this
also holds true in situ. Several factors control acetoclastic versus
hydrogenotrophic methanogenesis and competition between hy-
drogenotrophs. Inhibitor concentrations represent one factor.
The hydrogenotrophic pathway was shown to be dominant at the
high ammonia (43) and acetate (44) concentrations that are typ-
ical of swine manure, with the hydrogen-utilizing methanogens
being less sensitive to inhibition by these compounds. The second
factor is hydrogen availability, which is thought to represent a
limiting factor for hydrogenotrophic methanogens (45). In the
swine manure storage tank, the hydrogen availability may be dif-
ferent from that in SIP incubations with acetate. Indeed, the fer-
mentation of other manure substrates represents an additional
source of hydrogen, and hydrogen transfer within the bulk and
during the gas phase is different, because storage tanks are mixed
more seldomly (only prior to land spreading), the partial pressure
of hydrogen at the surface of the storage tank is probably lower,
and the manure height is higher than that in laboratory incuba-
tions. The final factor is temperature. A switch from the acetoclas-
tic to hydrogenotrophic pathway was observed in rice soil when
the temperature of incubation was increased from 25 to 50°C (12).
Our laboratory incubations were carried out at 25°C, whereas the
temperature in this storage tank had an annual mean of 10°C with
peaks at approximately 25°C (data not shown). The storage con-
ditions might not favor the hydrogenotrophic versus acetoclastic
pathway to the same extent as the experimental conditions during
laboratory incubations did. The storage conditions might also fa-
vor other hydrogenotrophic genera over Methanoculleus spp. that
have different hydrogen affinities, growth rates, and temperature
optima. More research is needed to verify if, in situ, hydrog-
enotrophic methanogenesis predominates over the acetoclastic
pathway and if Methanoculleus spp. are in fact major contributors
to in situ methanogenesis.

While Methanoculleus spp. represented major contributors to
methanogenesis during SIP incubations, they were not numeri-
cally dominant methanogens in the storage tank (9). The potential
discrepancy between the most abundant microorganisms in the
swine manure community compared to those which may repre-
sent the most active methanogens as suggested by our SIP incuba-
tions could be related to several factors. First, the fed-batch oper-
ation of storage tanks implies that the stored manure is fed with
communities indigenous to fresh manure. These communities,
adapted to the ecological niche of the pig digestive tract, are not
necessarily active when their environmental conditions change to
those of the storage tank (e.g., different substrate availability, in-
hibitor concentrations, pH, and temperature). Second, the low
temperatures associated with this storage tank (annual mean of
10°C with peaks at 25°C; data not shown) may not allow sufficient
growth to enrich the metabolically active microorganisms in situ.
Both factors imply that the major contributors to in situ metha-
nogenesis are not abundant in storage tank communities.

Several recent studies have found that the hydrogenotrophic
pathway and the Methanoculleus genus were predominant in re-
actors fed with liquid swine manure (46, 47) or with manures
mixed with other agricultural wastes (48, 49). Not only are Metha-

noculleus spp. active in controlled and engineered systems, these
archaea also may be important contributors to methanogenesis
within the manure storage tank studied here. More research is
needed to investigate the phylogenetic variability of active meth-
anogens between different manure storage tanks, taking into ac-
count the spatial and temporal variations of microbial communi-
ties and environmental conditions in storage tanks. This first SIP
study of swine manure storage tank samples provides new infor-
mation that will help improve the assessment and modeling of
methane emissions during manure storage.
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