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Abstract

Livestock manure emits reduced sulfur compounds and methane, which affect nature and

the climate. These gases are efficiently mitigated by addition of a tannic acid-sodium fluoride

combination inhibitor (TA-NaF), and to some extent by acidification. In this paper, TA-NaF

treatment was performed on swine manure to study the treatment influence on methano-

genic pathways and sulfur transformation pathways in various laboratory experiments. Sta-

ble carbon isotope labeling revealed that both untreated and TA-NaF treated swine

manures were dominated by hydrogenotrophic methanogenesis. However, in supplemen-

tary experiments in wastewater sludge, TA-NaF clearly inhibited acetoclastic methanogen-

esis, whereas acidification inhibited hydrogenotrophic methanogenesis. In swine manure,

TA-NaF inhibited s-amino acid catabolism to a larger extent than sulfate reduction. Con-

versely, acidification reduced sulfate reduction activity more than s-amino acid degradation.

TA-NaF treatment had no significant effect on methanogenic community structure, which

was surprising considering clear effects on isotope ratios of methane and carbon dioxide.

Halophile sulfate reducers adapted well to TA-NaF treatment, but the community change

also depended on temperature. The combined experimental work resulted in a proposed

inhibition scheme for sulfur transformations and methanogenic pathways as affected by TA-

NaF and acidification in swine manure and in other inocula.

Introduction

Livestock manure support a diverse microbial community, which drives the transformation of

organic matter into volatile compounds that influence our environment and climate [1, 2].

Methane is a greenhouse gas formed primarily by demethylation of acetate or by reduction of

carbon dioxide with hydrogen (H2) as electron donor [3, 4] in anaerobic environments such as

in livestock manure. Reduced sulfur compounds are other end products of microbially

degraded organic matter in livestock manure and these are particularly abundant in gas emis-

sions from swine manure [5]. The most important ones are hydrogen sulfide, methanethiol,
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and dimethyl sulfide, which originate from sulfate reduction and amino acid catabolism [6–8].

These compounds contribute to odor [8, 9] and secondary aerosol sulfate [5]. Sulfur com-

pound transformations and methanogenesis are closely related, as the microbes responsible

for these processes compete for some of the same substrates. For example, acetate is used as

carbon (C) source for acetoclastic methanogenesis and sulfate reduction [1, 10] with Gibbs

free energy of reaction at standard conditions (ΔG˚) of -31.0 kJ mol-1 [11] and -47.9 kJ mol-1

[12], respectively, indicating thermodynamic advantage for sulfate reducing bacteria [11]. Sim-

ilarly, H2 is an electron donor in both hydrogenotrophic methanogenesis (ΔG˚ = -135.6 kJ

mol-1) [13] and hydrogenotrophic sulfate reduction (ΔG˚ = -151.9 kJ mol-1) [10, 11]. Hydro-

gen is produced through e.g. syntrophic acetate oxidation, which is thermodynamically unfa-

vorable at standard conditions with ΔG˚ = +104.1 kJ mol-1 [11, 14]. However, the reaction

becomes feasible at low hydrogen partial pressure (<50 Pa), which can be reached by coupling

the reaction to H2 consuming reactions such as hydrogenotrophic methanogenesis or hydro-

genotrophic sulfate reduction [10, 15]. Despite the thermodynamic advantage of sulfate reduc-

ing bacteria, methanogens generally outcompete sulfate reducing bacteria in anaerobic

digesters due to higher growth rates [10]. Additionally, methylotrophic methanogens are

involved in sulfur and carbon cycling due to their ability to demethylate methanethiol to meth-

ane [16]. Methanethiol is a product of either hydrogen sulfide methylation or methionine deg-

radation [8]. Considering these relationships, it is highly probable that manipulating or

inhibiting one group of microbes affects the other and vice versa.

The detrimental effects of methane, reduced sulfur compounds and several other livestock

gases on the climate and environment have raised the demand for innovating sustainable miti-

gation technologies. In recent studies, methane and reduced sulfur compounds emissions

were significantly reduced from swine manure using tannic acid with sodium fluoride

(TA-NaF) as inhibiting agent [17]. It was shown that inhibition with TA-NaF was of synergis-

tic nature and it was proposed that the mode of inhibition was related to TA disrupting the cell

membrane, which allows toxic fluoride to flow into the cell and inhibit metabolism [17]. Dalby

et al. [18] studied isotope signatures of methane and carbon dioxide and suggested that aceto-

clastic methanogens were more susceptible to TA-NaF inhibition. However, isotope signatures

are not conclusive evidence of inhibition of a specific pathway. The effect of TA-NaF on sulfur

transformations has not been studied so far. Understanding the biochemical transformations

and their interactions with commercial (e.g. sulfuric acid treatment) or newly developed miti-

gation agents is crucial when optimizing their applications. For example, a mitigating agent

might be effective at reducing emission of methane by inhibiting the acetoclastic pathway, but

less so if methane comes from reduction of carbon dioxide. A widely deployed technique to

study such interactions is the usage of isotope-labeled precursors supported by microbial com-

munity analysis. The application of 33S-sulfate labeling in swine manure to examine sulfur

transformations has recently been demonstrated and it was shown that approximately 80% of

hydrogen sulfide came from sulfate reduction [7]. Likewise, the incorporation of 13C-labeling

of the methyl carbon in acetate has been used in numerous studies to trace methanogenic

pathway activity [19–21]. Labeling of the methyl carbon is advantageous because for acetoclas-

tic methanogenesis the methyl carbon is known to end up in methane, whereas the carbon in

carboxylic acid is converted to carbon dioxide [20]. Conversely, in the first step of syntrophic

acetate oxidation coupled to hydrogenotrophic methanogenesis both carbon atoms in acetate

are oxidized to carbon dioxide [20].

The aim of this study was to identify affected methanogenesis and sulfur transformation

pathways upon TA-NaF amendment to swine manure. This was accomplished in isotope label-

ing experiments using proton-transfer-reaction mass spectrometry (PTR-MS) and cavity ring-

down spectroscopy (CRDS). These analytical tools were supported by microbial community
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analysis targeting the 16S rRNA gene of bacteria and the mcrA gene of archaea. In some of the

experiments, manure acidification with sulfuric acid or hydrochloric acid was also examined

as a reference additive for reducing gas emissions. Similarly, some experiments were carried

out on cattle manure and wastewater sludge to understand whether microbial community

structure and substrate composition had an influence on the effect of TA-NaF. The following

main objectives were addressed:

i. Determine, which methanogenic pathway and methanogens dominate under the influence

of TA-NaF inhibition in swine manure and other inocula.

ii. Determine the degree of inhibitory effect on sulfate reduction or cysteine and methionine

degradation by TA-NaF and acidification treatment of swine manure.

Based on a recent study [17] and earlier observations by Ottosen et al. [22], the hypothesis

was that TA-NaF would strongly inhibit methionine degradation, whereas acidification would

inhibit sulfate reduction to a higher degree. We expected that both TA-NaF would primarily

inhibit acetoclastic methanogenesis, leading to the dominance of hydrogenotrophic methano-

genesis [18]. Dominance of hydrogenotrophic methanogenesis has repeatedly been observed

in environments under chemical stress [23, 24].

Materials and methods

This study comprises experiments conducted on different swine manures treated with tannic

acid combined with sodium fluoride (TA-NaF) or by acidification. While the treatment effects

on different swine manures might limit direct comparison, it provides a fuller picture of the

generic inhibition mode. For experiment 1, a lower TA-NaF dose was used to ensure that

methanogenesis was not inhibited to the extent where methane would be unmeasurable, but at

the same time would influence the methanogenesis activity. The experimental work is summa-

rized in Fig 1 and details are shown in Table 1.

Experimental setup for gas measurements

A headspace gas monitoring setup shown in Fig 2 was used in all experiments except experi-

ments that examined microbial community structure (experiment 4). A mass flow controller

(MFC) (Bronkhorst EL-FLOW, Ruurlo, Netherlands) continuously dosed 100–500 mL min-1

of nitrogen or pressurized room air through a PTFE block distributing the flow to the head-

spaces of up to 16 incubation bottles containing inocula. An impinger flask filled with distilled

water was inserted before the PTFE distribution block to humidify the dry nitrogen and pre-

vent desiccation of the inocula. The incubation bottles outlets in the lids were directed to a

16-port distribution manifold (Picarro, Santa Clara, CA, USA), that switched between the

incubation bottles every 15th min. Consequently, nitrogen was only flowing through the incu-

bation bottle headspace when the manifold port was open for that particular incubation bottle.

For experiments that did not involve measurement of reduced sulfur compounds the manifold

port outlet directed the gases emitted from the incubation bottles to a 0.1 M aqueous CuCl2

scrubber solution and further onwards through a Nafion tube (length 90 cm, inner diameter

1.1 mm) with a continuous counter air flow of approximately 3 L min-1 to remove cross-inter-

fering compounds as described previously [21]. Methane and carbon dioxide isotopologues

(12CH4, 13CH4, 12CO2, 13CO2) were measured with a cavity ring-down spectrometer (Picarro,

Santa Clara, CA, USA) throughout the experimental period. For experiments involving mea-

surement of reduced sulfur compounds the aqueous CuCl2 scrubber solution was removed

from the setup and reduced sulfur compounds were measured with a proton-transfer-reaction

mass spectrometer (PTR-MS) (Ionicon Analytik, Innsbruck, Austria).
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Incubation and isotope labeling of swine manure

Methanogenesis pathways—Experiment 1. Swine manure was collected at Aarhus Uni-

versity Pig Production Facility (Foulum, Denmark) from a pre-storage tank. The manure was

sampled into 10 L PTFE containers and stored at room temperature for more than 5 months.

Before experiment start the manure was sieved through 1.2 mm pores to remove larger parti-

cles and straw. Samples for manure characterization were collected and stored at -18˚C until

analysis. The pH of the bulk manure was measured with a pH-meter (Portamess 911, Knick,

Germany). While agitating the bulk manure with a magnet stirrer (MR 3001 K, Heidolph, Ger-

many), 100 g of sieved swine manure was added to each of 12 x 100 mL DURAN bottles. This

ensured even particle distribution in the manure while pouring it into the incubation bottes.

Subsequently, four of the manure bottes (DURAN incubation bottes with manure) were

treated with tannic acid (Merck, CAS 1401-55-4) and sodium fluoride (Merck, CAS 7681-49-

4) to final concentrations of 2.5 mM and 1 mM, respectively and the remaining eight manure

bottles were not treated. Then 2.15 mL of 1.67M Sodium acetate (Merck, CAS 127-09-3,

anhydrous > 99%) stock solution and 0.25 mL of 1.67M Sodium acetate-2-13C (Merck, CAS

13291-89-9, 99 atom % 13C) stock solution were added as substrates to all four treated bottles

and to four untreated bottles. The remaining four untreated bottles were only amended with

2.40 mL of the unlabeled 1.67M Sodium acetate stock solution. The swine manure reactors

were then incubated at 23˚C in the experimental setup shown in Fig 2. The nitrogen flow

Fig 1. Overview of experiments conducted in this study. Blue text indicates the measured components. The inocula were treated with

tannic acid with sodium fluoride (TA-NaF) or acidified with sulfuric acid or hydrochloric acid. Experiment 4 was carried out with both swine

and cattle manure.

https://doi.org/10.1371/journal.pone.0257759.g001

PLOS ONE Effects of additive on microbial transformation in manure

PLOS ONE | https://doi.org/10.1371/journal.pone.0257759 September 23, 2021 4 / 22

https://doi.org/10.1371/journal.pone.0257759.g001
https://doi.org/10.1371/journal.pone.0257759


through the reactor headspaces were initially set to 100 mL min-1 and then increased to 350

mL min-1 after two days till experiment end after 14 days. The flow adjustment was done to

stay within the methane and carbon dioxide operational range of the CRDS analyzer. The 13/

12C isotope ratios of methane and carbon dioxide as well as the production of methane and

carbon dioxide were measured throughout the experiment.

Reduced sulfur compounds production—Experiment 2. Swine feces and urine were col-

lected separately from three fattening pigs placed in metabolism cages at Aarhus University

Pig Production Facility (Foulum, Denmark). The swine urine was tapped from the bladders

through a catheter into 10 L PTFE containers and the produced feces was collected from a tray

underneath the metabolism cages. The feces and urine was no more than 6 hours old before it

Table 1. Detailed experiment overview.

Measured components Substrate Treatment Temp (˚C) n δ13C2-C-Ac (‰) Rex(33/32S)SO4(%)

Swine manure experiments

Methanogenesis pathways–experiment 1, Fig 3
δ13CCH4, δ13CCO2 Swine manure 1 2.5:1 mM TA:NaF 23 4 7719 ± 451 0

CH4 production, Swine manure 1 None 23 4 7719 ± 451 0

CO2 production Swine manure 1 None 23 4 -28.5 0

Reduced sulfur compounds production–experiment 2, Fig 4
H2S production Swine manure 2 5:1 mM TA:NaF 23 3 -28.5 0

CH3SH production Swine manure 2 H2SO4 acidification (pH 5.5) 23 3 -28.5 0

Swine manure 2 None 23 3 -28.5 0

Reduced sulfur compounds pathways–experiment 3, Fig 5
R(33/32S)H2S Swine manure 3 5:1 mM TA:NaF 23 4 -28.5 5.3 ± 0.2

R(33/32S)CH3SH Swine manure 3 HCl acidification (pH 5.5) 23 4 -28.5 5.3 ± 0.2

Swine manure 3 None 23 4 -28.5 5.3 ± 0.2

Swine manure 3 None 23 3 -28.5 0

Microbial community structure–experiment 4, Figs 6 and 7
Microbial community structure Swine manure 4 5:1 mM TA:NaF 23 2 -28.5 0

Swine manure 4 None 23 2 -28.5 0

Swine manure 4 5:1 mM TA:NaF 38 2 -28.5 0

Swine manure 4 None 38 2 -28.5 0

Cattle manure 1 5:1 mM TA:NaF 23 2 -28.5 0

Cattle manure 1 None 23 2 -28.5 0

Cattle manure 1 5:1 mM TA:NaF 38 2 -28.5 0

Cattle manure 1 None 38 2 -28.5 0

Supporting experiments with cattle manure and wastewater sludge

S1 Appendix–experiment 5, S1 Fig
13/12RCH4, 13/12RCO2 Cattle manure 2 7.5:1 mM TA:NaF 23 3 27690 ± 818 0

CH4 production, Cattle manure 2 H2SO4 acidification (pH 5.5) 23 3 27690 ± 818 0

CO2 production Cattle manure 2 None 23 4 27690 ± 818 0

S2 Appendix–experiment 6, S2 Fig
13/12RCH4, 13/12RCO2 Wastewater sludge 5:1 mM TA:NaF 23 2 5152 ± 355 0

CH4 production, Wastewater sludge HCl acidification 23 2 5152 ± 355 0

CO2 production Wastewater sludge None 23 2 5152 ± 355 0

Wastewater sludge None 23 2 -28.5 0

δ13C2-C-Ac refers to the isotope ratio on the methyl carbon in acetate using delta notation. Where 13C-acetate was not added to manures δ13C2-C-Ac is assumed to be -28.5

‰. Rex(33/32S)SO4 is the excess isotope ratio between 33S and 32S in sulfate.

https://doi.org/10.1371/journal.pone.0257759.t001
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was put at -18˚C until experiment start. Before experiment start the urine and feces were

thawed over 20 minutes in a water bath at 38˚C. Then 10 g thawed swine feces and 30 g thawed

swine urine was added to each of 9 x 100 mL DURAN incubation bottles, which were then

thoroughly mixed with a spatula. Three of the bottles were then treated with tannic acid

(Merck, CAS 1401-55-4) and sodium fluoride (Merck, CAS 7681-49-4) to final concentrations

of 5 mM and 1 mM, respectively and three bottles were treated with 1 M sulfuric acid stock

solution to pH 5.5. Three bottles were not treated. The bottles were incubated into the experi-

mental setup shown in Fig 2. On a daily basis, one gram swine feces and three gram swine

urine were added as additional substrate to the manure reactors. In addition, TA-NaF or sulfu-

ric acid was added to the manure reactors on a daily basis to maintain the inhibitor concentra-

tions of 5:1 mM TA:NaF or the pH at 5.5. The headspace exchange gas was pressurized room

air dosed with a flow rate of 0.5 L min-1 per reactor independent of the valve position, meaning

that gases were not accumulating in the headspace of each reactor. The experiment was con-

ducted without the CuCl2 scrubber and Nafion tube for two reasons; 1) The CuCl2 scrubber

removes reduced sulfur compounds and, 2) the CRDS was not used in this experiment, there-

fore it was not necessary to remove compounds that are known to cause spectral interference.

Reduced sulfur compounds pathways—Experiment 3. Swine manure was collected

from a storage tank at Aarhus University Swine Production Facility (Foulum, Denmark). The

manure was stored at 5˚C in closed 10 L PTFE containers for 8 months and then sieved

through 1.2 mm pores. Samples for sulfate concentration analysis were taken before experi-

ment start and measurement of the bulk manure was done with a pH-meter (Portamess 911).

Forty grams of the sieved swine manure was added to each of 15 x 100 mL DURAN reactors.

The manure bottles were then treated with tannic acid with sodium fluoride to final concentra-

tions of 5 mM and 1 mM, respectively, or treated with 0.5 M hydrochloric acid to a pH of 5.5.

In addition, the manure bottles were amended with 17 mg sodium sulfate, (Merck, CAS 7757-

82-6) and 0.6 mL sodium sulfate-33S (Merck, PubChem ID 329763644, 98%) from a 20 mM

stock solution. Finally, all manure bottles were put into the experimental setup in Fig 2. The

CuCl2 scrubber was removed from the setup to allow reduced sulfur compounds to be detected

by a high sensitivity proton-transfer-reaction mass spectrometer (PTR-MS) with a quadrupole

mass separator (Ionicon Analytik, Innsbruck, Austria). A PTR-MS with a time of flight mass

analyzer, PTR-TOF4000 (Ionicon Analytik, Innsbruck, Austria), was used to examine poten-

tial cross-interference on nominal mass to charge (m/z) ratios. The cavity ring-down spec-

trometer shown in Fig 2 was not used in this experiment.

Microbial community structure—Experiment 4. Swine manure was collected from a

local farmer near Leipzig, Germany and stored at 5˚C for approximately one month until

Fig 2. Gas measurement setup with incubation experiments. MFC is mass flow controller; PTR-MS is proton transfer reaction mass

spectrometry; CRDS is cavity ring-down spectroscopy.

https://doi.org/10.1371/journal.pone.0257759.g002
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experiment start. In addition and for comparative purposes, cattle manure was collected from

a storage tank of a biogas plant at the Deutsches Biomasseforschungszentrum, Leipzig, Ger-

many. Before starting the experiment, the manure was diluted to equal volatile solids (VS) con-

tents of 2% (w/w). Diluted swine manure or cattle manure in amounts of 120 g were added to

16 x 200 mL serum flasks. Four swine and four cattle manure flasks were then treated with tan-

nic acid with sodium fluoride to final concentrations of 5 mM and 1 mM and the remaining

eight flasks (four swine and four cattle) were left untreated. The serum flask headspaces were

flushed with nitrogen prior to incubating all treatments in duplicates at both 23˚C and 38˚C

(using a heating chamber). Since microbial community changes occur gradually and relatively

slowly compared to gas production, 38˚C was chosen as an additional incubation temperature

to speed up microbial community adaptation. All 16 flasks were flushed with nitrogen every

2–3 day to minimize potential product inhibition and effects of biogas pressure buildup in the

headspace on methanogenesis during the experimental period, which lasted 30 days. Samples

for microbial community analysis and characterization of manure components were taken at

experiment start and after 30 days and stored at -18˚C until analysis.

Supporting experiments. Additional experiments on cattle slurry and wastewater sludge

were carried out to ensure that the methods used were applicable to other substrates than

swine manure, and to better understand how substrate type and origin affect microbial path-

ways. In the supporting experiments only methanogenesis was investigated. In general the sup-

porting experiments were carried out in with similar methods as to experiment 1 where

methanogenesis pathways were examined in swine manure. A detailed description is provided

in S1 Appendix for cattle slurry (experiment 5), and in S2 Appendix for wastewater sludge

(experiment 6).

Gas analysis

Methane and carbon dioxide. The cavity ring-down spectrometer was a Picarro G2201-i

analyzer (Picarro, Santa Clara, CA, USA) running at a cavity pressure and temperature of 148

Torr and 45˚C, respectively. The instrument measured in the iCH4-iCO2 dynamic measuring

mode at a frequency of 0.2 Hz. The raw HR iCH4, raw HR CH4, raw iCO2, and raw CO2 out-

puts were used in the data processing. In experiment 1, 5, and 6, each time the accumulated

gas in the headspace of each reactor was released by the valve, the production of methane and

carbon dioxide was quantified by integration underneath the concentration curves.

Hydrogen sulfide and methanethiol. The quadrupole PTR-MS was set at a drift tube

pressure, temperature and voltage of 2.15 mbar, 75˚C and 600 V, respectively, yielding a

reduced electric field number (E/N) of 142 Townsend. The instrument measured hydrogen

sulfide isotopologues at nominal m/z ratios of 35 and 36 for the [H2
32SH]+ and [H2

33SH]+

ions. Similarly, methanethiol isotopologues were measured at nominal m/z ratios of 49 and 50,

for the [CH4
32SH]+ and [CH4

33SH]+ ions. The humidity dependence of hydrogen sulfide was

accounted for by using the calibration procedure described by Feilberg et al. [25]. The proton-

transfer-reaction rate constants of methanethiol was taken from Cappellin et al. [26]. The

quadrupole PTR-MS dwell time was 200 ms for all relevant m/z ratios measured.

The PTR-TOF4000 was run at a drift tube pressure, temperature, and voltage of 2.2–3.3

mbar, 80–119˚C, and 600–960 V, respectively, yielding E/N ratios between 152–159 Town-

send. The [H2
33SH]+ ion and the [NH4H2O]+ cluster ion were measured at m/z 35.995 and m/

z 36.045, respectively. The instrument resolving power, R, was ~ 1300–1500 according to R =

m/Δm, where m is the ion mass at peak maximum and Δm is the full width at half maximum

of the peak [27]. The PTR-TOF4000 single spectrum time, extraction time, and estimated

mass range was 1000 ms, 2000 ns, and 248.3 atomic mass units, respectively.
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Calculation of isotope ratios

The 13/12C isotope ratio in methane, carbon dioxide, and acetate is reported using the standard

delta notation in Eq 1.

d
13C ¼

13=12Csample

13=12CVPDB
� 1 ð1Þ

where VPDB is the Vienna Peedee belemnite reference, which is defined as 0 ‰ on a scale

anchored to consensus values assigned to the reference materials, NBS-19 calcium carbonate

(+1.95 ‰) and L-SVEC lithium carbonate (-46.6 ‰) [28]. Consequently, the VPDB 13/12C

ratio is 0.01118 [29].

The relative methanogenesis pathway contribution was calculated from the quantities,

δ13CCH4 and δ13CCO2 by fitting measured δ13CCH4 and δ13CCO2 to a carbon mass balance

model and a known isotope ratio in the methyl carbon of the acetate in the inocula

(δ13C2-C-Ac). The best fit of the model was found by minimizing the difference between mea-

sured and modelled δ13CCH4 and δ13CCO2 values by adjusting the fraction of methane derived

from acetate and the fraction of acetate derived methane from acetoclastic methanogenesis. In

the mass balance model it is assumed that methane from acetate is derived from either aceto-

clastic methanogenesis or syntrophic acetate oxidation coupled to hydrogenotrophic methano-

genesis (SAO-HM). For acetoclastic methanogenesis, the carbon in the methyl group of

acetate is incorporated into methane and the carbon in the carboxyl group ends up in carbon

dioxide. In synthrophic acetate oxidation both carbons goes into two carbon dioxide mole-

cules, before conversion to methane by hydrogenotrophic methanogenesis according to avail-

able hydrogen. Consequently, higher δ13CCH4 ratios can be expected if acetoclastic

methanogenesis occurs when the methyl group of acetate is 13C-labeled than would be the case

for SAO-HM. A detailed description with a full overview of the mass balance model is

described in [21].

The δ13C2-C-Ac was derived from measurements of acetate concentration in the inocula

before addition of known amounts of 2-13C-acetate and unlabeled acetate to the inocula. We

assumed that the δ13C of organic matter in the manure was -28.5 ‰ and that further isotope

fractionation associated with fermentative acetate production is negligible [30]. Using these

assumptions we assigned a δ13C2-C-Ac value of -28.5 ‰ to the unlabeled aceate. These are fair

assumptions and often done in isotope signature studies of methanogenic pathways [30]. It is

noteworthy to mention that the δ13C2-C-Ac is typically slightly lower than the δ13C1-C-Ac [30,

31], but this technical nuance is insignificant for the results considering the large pool of

labeled acetate in the manures used in this study. Uncertainty in reported δ13C2-C-Ac in Table 1

is an artifact of the uncertainty related to the measurement of acetate concentration in the

inocula.

The 33/32S isotope ratio in sulfate (R(33/32S)SO4), hydrogen sulfide (R(33/32S)H2S), and metha-

nethiol (R(33/32S)CH3SH) is reported as excess R(33/32S) in units of percentage (%) as no consen-

sus δ33S value has been assigned to the Vienna Canyon Diablo Troilite (V-CDT) reference

material [32], and because the PTR-MS was not calibrated against a known δ33S of a reference

material. Instead we used a reference R(33/32S) value of 0.0078791 as calculated for the IAEA-S-

1 reference material by Ding et al. [33]. Excess R(33/32S) was calculated according to Eq 2.

Rexð
33=32SÞx ¼

33Sx
32Sx
� Rð33=32SÞref ð2Þ

Where x denotes the sulfur containing compound, Rex is the excess isotope ratio, and R(33/

32S)ref is the reference R(33/32S) equal to 0.0078791. The Rex(
33/32S)SO4 in the swine manure was
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calculated based on sulfate concentrations measured in the swine manure before addition of

known amounts of sodium sulfate and sodium 33S-sulfate.

Hydrogen sulfide isotopologues were measured at m/z ratios of 35 and 36 and methanethiol

isotopologus were measured at m/z ratios of 49 and 50. Contribution of 13C to measured m/z
ratios were subtracted by assuming an R(13/12C) of 1.086 (%), which is equivalent to a δ13C

value of -28.5 ‰. Uncertainty in reported Rex(
33/32S)SO4 in Table 1 is derived from the uncer-

tainty of the sulfate concentration measurement in the unlabeled inocula.

Inoculum characterization

The volatile fatty acids content was analyzed on a HP 6850 Series GC system (Agilent Technol-

ogies, Santa Clara, CA, USA) using the sample preparation described by Mulat et al. [34]. Sul-

fate concentrations in the manure (prediluted 50–2000 times) were analyzed with a Sulfate

Test Kit 1.01812.0001 (Merck) on a Spectroquant NOVA 60 (Merck). Total ammonia nitrogen

was measured with a Spectroquant NOVA 60 (Merck) using an ammonium test kit 1.00683

(Merck) or measured by the standard Nessler method using a DR 3900 benchtop spectrometer

(Hach-Lange, Loveland, CO, USA) [35]. Total solids and volatile solids content were analyzed

gravimetrically by the standard method [36] by heating 20 g manure at 105˚C for 24 h and sub-

sequently burning it at 550 for 6 h in a furnace oven (Nabertherm).

Microbial community structure

Two different approaches were used to study microbial community structure. For methano-

gens the alpha subunit of the methyl coenzyme M reductase was analyzed with the terminal

restriction fragment length polymorphism method. This method is a robust fingerprint tech-

nique and a legitimate approach for analyzing archaeal taxonomy down to the family level [37,

38]. For sulfate reducers we targeted the domain-specific 16S rRNA gene, which is ubiquitous

in all bacteria, and have been targeted specifically to study sulfate reducer populations [39–41].

DNA extraction. Thawed manure samples (400–500 μL) were used to extract DNA using

a NucleoSpin soil kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany). The DNA quality

was checked with a 0.8% agarose gel electrophoresis and the concentration was determined

using a NanoDrop ND-1000 UV/visible spectral photometer (PeqLab, Germany) and a Qubit

dsDNA BR Assay kit (Invitrogen, Waltham Massachusetts, USA).

Terminal restriction fragment length polymorphism. The alpha subunit of the methyl

coenzyme M reductase (mcrA) gene was polymerase chain reaction (PCR) amplified using the

mlas and mcrA-rev primer set and PCR program described earlier [42], which produces PCR

products of approximately 500 bp. The mcrA-rev primer was 5’-labeled with the phosphorami-

dite fluorochrome, 6-carboxyfluorescein (FAM). The PCR products were purified using a Sur-

eClean plus kit (Bioline, Germany). The quality was checked by gel-electrophoresis using a

1.5% agarose gel and quantified with a NanoDrop ND-1000 UV. Following purification, the

PCR products (10–30 ng per sample) were digested with BstNI (2 hours incubation at 60˚C)

and MwoI (37˚C overnight) restriction enzymes. The digested PCR products were precipitated

with 30 μL absolute ethanol and 2.5 μL EDTA, and the centrifuged pellet was washed in 70%

ethanol. The washed and dried digested PCR products were resuspended in HiDi formamide

with the fragment size standard GeneScan-500 ROX (Applied Biosystems GmbH, Weiterstadt,

Germany). The fluorescently labeled terminal restriction fragments were separated via capil-

lary electrophoresis with an automatic sequencer (ABI Prism 3130xl genetic analyzer; Applied

Bio-systems, Weiterstadt, Germany). The taxonomy was assigned to the terminal restriction

fragments using the database described in [43].
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16S rRNA gene analysis

Sulfate reducing bacteria community structure was assessed by PCR amplifying the V3-V4 var-

iable regions of the bacterial 16S rRNA gene using the 341f (5’-CCTACGGGNGGCWGCAG-
3’) and 785r (5’-GACTACHVGGGTATCTAATCC-3’) primer set [44]. The PCR products

were purified with Agencourt AMPure XP magnetic beads and a magnetic stand (Beckman

Coulter, Brea, California, USA). An index PCR on the purified PCR products was carried out

using a Nextera XT DNA Library Preparation Kit (Illumina, San Diego, Californien, USA).

The cleaned index PCR products were diluted and sequenced with the Illumina MiSeq ampli-

con sequencer (Illumina V3, 2X300bp). The raw sequencing data was processed in QIIME2

bioinformatics platform 2018.11 [45]. Denoising of paired-end reads, dereplication, chimera

filtering, and generation of Amplicon Sequence Variants (ASVs) were made with the DADA2

plugin [46]. The taxonomy was assigned to the ASVs using the MiDAS 2.1.3 reference database

built for the V3 –V4 hypervariable regions, respectively [47]. The ASV frequency table, taxon-

omy, and DNA sequences were exported from QIIME2 objects to text and FASTA files for

data analysis. The sequences obtained from this study were deposited in the NCBI SRA public

database under the accession numbers SRR12046941—SRR12046973.

Statistics

Statistical significance of gas measurements was tested with one-way ANOVA with a level of

significance (α) of 0.05 using Microsoft Excel (2016). After one-way ANOVA a Tukey Kramer

post hoc test was performed and the pairwise comparison between groups was evaluated based

on the q statistic using α = 0.05. For microbial community analysis the non-metric multidi-

mensional scaling (NMDS) plots were made in R [48] using the vegan package and the “envfit”

function. Uncertainties reported in the main text are 95% confidence intervals unless stated

otherwise.

Results

This section describes results from the main experiments that is incubations with swine

manure treated with TA-NaF or acidification. Results of supporting experiments are men-

tioned briefly in the relevant context, but for further details see S1 and S2 Appendices. Charac-

teristics of all studied inocula are presented in S4 Appendix.

Methanogenesis pathways–Experiment 1

Fig 3 shows δ13CCH4, δ13CCO2, methane, and carbon dioxide production from 2-13C-acetate

labeled swine manure amended with TA-NaF or left untreated. The δ13C2-C-Ac in the swine

manures was estimated to 7719 ± 451 ‰. Cumulative methane emission was slightly lower in

TA-NaF treated manure than in untreated manure, but the reduction was not statistically sig-

nificant. This is in agreement with Dalby et al. [17], where no difference was found in methane

production during the first 14 days of incubation with 2.5:1 mM TA:NaF. Carbon dioxide pro-

duction in TA-NaF treated swine manure was not significantly different from untreated swine

manure either (Fig 3B). In Fig 3C and 3D, δ13CCH4 and δ13CCO2 values were lower in TA-NaF

treated manures during the initial 4–5 days but higher for rest of the experiment. This stresses

an important point–that methanogenesis was affected by TA-NaF treatment, even though it

was not clearly reflected in the cumulative gas production. δ13CCH4 and δ13CCO2 values were

very similar in absolute values and in temporal evolution irrespective of treatment, which sug-

gest that syntrophic acetate oxidation coupled to hydrogenotrophic methanogenesis

(SAO-HM) was dominating in both TA-NaF treated and untreated swine manure. This was
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concluded since pure acetoclastic methanogenesis from a stoichiometric perspective will only

increase δ13CCH4. By fitting the carbon mass balance model with measured isotope ratios it

was estimated that more than 99% of the acetate derived methane came from SAO-HM, and

21% of the total methane was derived from acetate at peak δ13CCH4 values. Untreated swine

manure that was not amended with labeled acetate suggested likewise that the swine manure

was dominated by hydrogenotrophic methanogens having δ13CCH4 values of -79.9 ± 0.9 ‰ in

the start and -67.4 ± 4.4 ‰ by experiment end, and δ13CCO2 values 7.8 ± 2.1 ‰ in the start and

10.5 ± 4.6 ‰ by experiment end. Such large differences between methane and carbon dioxide

isotope signatures are typically observed when methanogenesis mainly occurs via the hydroge-

notrophic pathway [30].

Consequently, the experiments were inconclusive to whether acetoclastic methanogenesis

was inhibited by TA-NaF treatment. We therefore applied the same isotope labeling approach

to cattle manure and wastewater sludge, hoping that the acetoclastic methanogenesis was more

pronounced in the untreated inocula. In wastewater sludge, isotope ratios clearly indicated

that the untreated inocula as dominated by acetoclastic methanogenesis. With TA-NaF treat-

ment a switch in δ13C values were observed, that clearly indicated inhibition of acetoclastic

methanogenesis. Acidification with hydrochloric acid inhibited, on the other hand, SAO-HM.

The TA-NaF treated and untreated cattle manures were almost exclusively dominated by

SAO-HM. Cattle manure, which was acidified with sulfuric acid showed very high δ13CCO2

values, which were inexplicable if accounting solely for methanogenesis processes. Instead, this

suggested that sulfate reducing bacteria, rather than methanogens, consumed the 2-13C-ace-

tate. The detailed description of the method and results are found in S1 and S2 Appendices.

Fig 3. Production of methane (a) and carbon dioxide (b). Isotope ratios of methane (c) and carbon dioxide (d). TA:

NaF is tannic acid to sodium fluoride ratio. Data is presented as the mean ± SD of triplicates. Curves with different

number of � are different by experiment end according to one-way-ANOVA. p-value is for one-way-ANOVA.

https://doi.org/10.1371/journal.pone.0257759.g003
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Reduced sulfur compounds production–Experiment 2

We conducted headspace experiments on fresh swine manure while measuring hydrogen

sulfide and methanethiol emissions. Fig 4A shows that TA-NaF treatment reduced hydro-

gen sulfide emission significantly by 82.1 ± 7.0%, whereas a smaller and not statistically

significant reduction of 29.2 ± 34% was observed for acidification (H2SO4) treatment to

pH 5.5. Hydrogen sulfide emission was also reduced upon acidification in similar studies

on swine and cattle manure [22, 49], which supports our findings. In Fig 4B methanethiol

emission was reduced significantly by 94.5 ± 2.5% with TA-NaF treatment. On the con-

trary, acidification increased methanethiol emissions by 33.8 ± 27.6%, which is consistent

with other studies [49, 50].

Reduced sulfur compounds pathways–Experiment 3

The Rex(
33/32S)SO4 was estimated to be 5.28 ± 0.53% based on the amount of unlabeled sulfate

present in the inoculum and the amount of 33S-sulfate added. Potential interference at the

[H3
33S]+ ion on the PTR-MS was reduced by applying a Nafion tube as described in S3 Appen-

dix. Fig 5 presents isotopologue ratios of hydrogen sulfide and methanethiol from the 33S-sul-

fate labeled swine manure bottles after four days of incubation in the headspace gas

monitoring setup (Fig 2). The isotope ratio in unlabeled control manure was in close agree-

ment with the theoretical isotope ratio based on a reference R(33/32S) of 0.788% [33]. The

labeled controls indicate that approximately 80% of the hydrogen sulfide was produced by

reduction of sulfate (Fig 5A), which is consistent with previous estimates of 77 ± 3% in swine

manure [7]. Treatment with TA-NaF yielded a Rex(
33/32S)H2S value similar to the Rex(

33/32S)SO4

value, suggesting that more than 95% of the emitted hydrogen sulfide was derived from sulfate

reduction. This implies that cysteine catabolism was severely inhibited upon TA-NaF treat-

ment. At the same time Fig 4A shows that sulfate reduction must also have been partially

inhibited by TA-NaF to account for the large reduction in hydrogen sulfide emission. Con-

trarily, acidification resulted in relatively low Rex(
33/32S)H2S values, which indicated that sulfate

reduction was inhibited relatively more than cysteine degradation. Fig 5B shows that acidifica-

tion resulted in a low Rex(
33/32S)CH3SH values, resembling the isotope ratio to be expected in

Fig 4. (a) Hydrogen sulfide (H2S) emission and (b) methanethiol (CH3SH) emission from fresh swine manure

treated with TA-NaF or acidified with sulfuric acid to pH 5.5. Data is presented as the mean ± SD of triplicates.

Curves with different number of � are different by experiment end according to one-way-ANOVA. p-value is for one-

way-ANOVA.

https://doi.org/10.1371/journal.pone.0257759.g004
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unlabeled methanethiol. The Rex(
33/32S)CH3SH was lower than in Rex(

33/32S)H2S, which could be

an effect of inhibited hydrogen sulfide methylation combined with a relatively higher contri-

bution from methionine. We observed no significant difference between TA-NaF treatment

and labeled control reactors at m/z 50: m/z 49. However, the difference between Rex(
33/32S)H2S

(Fig 5A) and Rex(
33/32S)CH3SH (Fig 5B) was relatively larger for TA-NaF treated manure

(3.57 ± 0.78%) than for the untreated control manure (2.10 ± 0.25%). It is thus likely that

TA-NaF exhibits a pronounced inhibition effect on hydrogen sulfide methylation.

Microbial community structure–Experiment 4

Methanogens. Fig 6A shows the relative abundance of methanogens at a family level for

untreated and TA-NaF treated swine and cattle manure. Methanomicrobiaceae was abundant

in swine manure at both 23˚C and 38˚C and in cattle manure at 38˚C. On the other hand,

Methanosarcinaceae was almost absent in swine manure, but well represented in cattle

manure. Untreated cattle manure at 38˚C seemed to be dominated more by Methanomicrobia-
ceae. This dominance was not seen for TA-NaF treated cattle manure at 38˚C where the com-

munity structure resembled that in cattle manure incubated at 23˚C, suggesting that TA-NaF

inhibited the growth of Methanomicrobiaceae.
Fig 7 shows a Non-metric multidimensional scaling plot. TA-NaF treatment had no signifi-

cant effect on methanogenic community structure after 30 days. There were no statistically sig-

nificant correlations between TA-NaF treatment and the methanogenic community structure

in swine or cattle manure. However, Methanosarcinaceae was correlated with cattle manure

whereas Methanobacteriaceae was correlated with swine manure. There were no clear correla-

tions between temperature and methanogen community structure.

Sulfate reducing bacteria. Sulfate reducing bacteria were detected only within the Delta-
proteobacteria and Clostridia classes, where most sulfate reducing bacteria genera belong [51].

The relative abundance of sulfate reducing bacteria are presented in Fig 6B. In general, Desul-
fovibrio was more dominant at 38˚C and Desulfobacterium was more dominant at 23˚C for

Fig 5. Isotopologue ratios of (a) hydrogen sulfide (H2S) and (b) methanethiol (CH3SH) from 33S-sulfate labeled swine manure

treated with TA-NaF or acidified with hydrochloric acid (HCl). The dashed line is the Rex(
33/32S)SO4. Data is presented as the

mean ± 95% confidence interval. Bars with different number of � are different according to one-way-ANOVA. p-value is for one-

way-ANOVA test. The data used is averaged over 2 hours and was measured at day 4.

https://doi.org/10.1371/journal.pone.0257759.g005
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both swine and cattle manures. Desulfocella in swine manure and the Desulfohalobiacea family

in cattle manure adapted well to TA-NaF treatment, irrespective of incubation temperature.

On the contrary, Desulfatiglans was inhibited in both manure types at 23˚C. The same genera

adapted well at 38˚C, where particularly Desulfobacteraceae, Desulfosporosinus, and Desulfomi-
crobum were outcompeted in cattle manure. TA-NaF treatment had no statistically significant

effect on the community structure of sulfate reducing bacteria in the NMDS plot in Fig 7.

Manure type was more important and Desulfomicrobiaceae was correlated with swine manure,

but for cattle manure there were correlations with Desulfohalobiaceae and

Desulfovibrionaceae.

Fig 6. Relative abundance of methanogens at a family level in untreated and TA:NaF treated swine and cattle manure (a). Relative

abundance of sulfate reducing bacteria (b), with taxonomic levels specified with (g) for genus, (f) for family, and (o) for order.

https://doi.org/10.1371/journal.pone.0257759.g006
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Discussion

Methanogenesis pathways

The effect of TA-NaF in swine manure was not very pronounced for the production of meth-

ane and carbon dioxide. This could be associated with the lower treatment dose (2.5:1 mM)

compared to previous studies [17, 18] where 5:1 or 10:1 mM were used. A low treatment dose

was, however, chosen to ensure that severe inhibition would not limit gas production to the

extent where isotope ratios could not be measured. In addition, the volatile solids content of

the inocula had to be considered as the TA-NaF inhibition effect is reduced in inoculum with

higher organic content, as tannic acid may precipitate with proteins rather than binding to the

cell membranes of methanogens and bacteria [17]. The dominance of hydrogenotrophic

methanogens in swine manure is consistent with earlier measurements of the isotope signa-

tures of methane with gas chromatography combustion isotope ratio mass spectrometry [18].

In that study, isotope signatures from TA-NaF inhibited swine manure were not different

from the signatures of untreated manure. To avoid such inconclusive results, it is necessary to

use inocula with a balanced methanogenic community structure, where both methanogenesis

pathways are equally active. For that reason wastewater sludge, which is often dominated by

acetoclastic methanogens [52, 53], and cattle manure was also examined in this study.

The methane reduction in sulfuric acid acidified cattle manure is consistent with several

studies on acidification effects on gas emissions [22, 54, 55]. The acidic environment, which

can cause volatile fatty acid uncoupling effects inside cells [56], might partially explain meth-

ane reduction upon acidification treatment. However, in wastewater sludge acidified by hydro-

chloric acid, reductions in methane emission were not observed, which indicates that sulfate,

Fig 7. Non-metric multidimensional scaling of microbial community analysis and environmental parameters after 30 days of

manure incubation. (f) is family taxonomy level.

https://doi.org/10.1371/journal.pone.0257759.g007
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derived from sulfuric acid, plays a possible role in reducing methane production. This deduc-

tion was supported by the extremely high 13CCO2 values from acidified cattle manure, indicat-

ing that sulfate reducers, rather than methanogens, were consuming the 13C-labeled acetate.

Furthermore, 13CCO2 values were very low in hydrochloric acid acidified wastewater sludge in

which the sulfate content was orders of magnitude lower.

When the sulfate content is high, sulfate reducing bacteria may outperform methanogens

[51] or even inhibit methanogenesis due to sulfide production [57, 58]. The chemical oxygen

demand/sulfate ratio has been reported to be an important factor ultimately determining

whether sulfate reducers or methanogens dominate, but the critical value where the domi-

nance tip occurs vary considerably in the literature [59]. Molybdate is an inhibitor of sulfate

reduction [60, 61] and it could be applied to rule out and quantify the importance of acetate

consumption by sulfate reduction.

Reduced sulfur compounds

In TA-NaF treated swine manure, production of reduced sulfur compounds was severely

reduced. Though cysteine degradation was almost completely inhibited, it remains unclear exactly

how methionine degradation was affected. It has been shown that methanethiol from swine

manure originates primarily from methionine degradation [7], and hence a huge reduction in

methanethiol production, as those seen for TA-NaF treatment in this study, is likely to result

from inhibition of methionine degradation. The limited production of methanethiol made it chal-

lenging to achieve the precision needed to differentiate between the untreated control manure

and TA-NaF treated manure. A modified approach, which accounts for the low methanethiol

emission from TA-NaF treated manure, should be developed in order to make more accurate

assessments of the effect on methanethiol formation. This might be realized by reducing the

inhibitor dose or by concurrent TA-NaF and methionine supplementation. Hydrochloric acidifi-

cation increased methanethiol emission slightly and reduced sulfate reduction activity in swine

manure. This is in agreement with other studies using sulfuric acid acidification [17, 22, 49, 50].

Microbial community structure

In general, there was no significant changes in methanogen community upon TA-NaF treated

manure at 23˚C compared to untreated manure, which was surprising considering the large influ-

ence TA-NaF at a 5:1 mM dose had on methane production in another study [18]. This could

suggest that TA-NaF inactivates metabolic activity but is not lethal [17] or that the DNA of dead

cells was still present when PCR analysis was conducted. This testifies to the fact that the TA-NaF

treatment effects are complex and our understanding of its influence on a cellular level is yet very

limited. The dominant sulfate reducers in TA-NaF treated manure was halophile sulfate reducing

bacteria, which are found in hyper-saline environments [62]. This discovery suggests that

TA-NaF induces cellular stress in a similar manner to high salt concentrations. Whitehead et al.

[63] previously examined the sulfate reducer community in pig slurry and found that particularly

Desulfobulbus was sensitive to quebracho tannin treatment. However, in our experiments, Desul-
fobulbus was more abundant in TA-NaF treated swine manure than in the control manure. Here

it is noteworthy to mention that Whitehead et al. used quebracho tannin [63], which is funda-

mentally different in chemical structure to TA and their results were based on sequencing of the

subunit A of the dissimilatory sulfite reductase gene (dsrA).

Effect on biological transformations

The foregoing knowledge combined with previous fundamental studies on acidification [22,

49, 54] and TA-NaF effects [17, 18] on sulfur transformations and methanogenic pathways in
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swine manure led to the proposed inhibition scheme in Fig 8. Fig 8 portrays inhibition mecha-

nisms observed mostly for swine manure but may also be valid for cattle manure, wastewater

sludge, and maize silage. It is plausible that different inocula and methanogenic environments

will lead to different inhibition mechanisms. For example, acidification can lead to both aceto-

clastic and hydrogenotrophic dominance depending on the rate of change in pH in sludge

flocs [64]. It also remains unclear whether acetoclastic, hydrogenotrophic, or sulfate reducing

bacteria utilizing numerous fermentation products as electron donors [10, 51] are affected to

differing degrees by either treatment method. Ultimately, a more comprehensive labeling strat-

egy involving simultaneous 13C-substrate and 33S-sulfate could shed more light on this matter.

Since acidification does not reduce methanethiol emission, the combination of TA-NaF treat-

ment with acidification is an attractive idea, as these additives seems to inhibit all the critical path-

ways in production of methane and reduced sulfur compounds (Fig 8). A natural extension of the

presented work should therefore include test of combined TA-NaF and acidification treatment

but also large scale testing in e.g. livestock buildings or slurry storage containers.

Supporting information

S1 Appendix. Methanogenesis in cattle manure. Production of methane (a), emission of car-

bon dioxide (b), δ13CCH4 values (c), and δ13CCO2 values (d-e) from degassed cattle manure

treated with tannic acid and fluoride (TA-NaF) or acidified with sulfuric acid to around pH

5.5.

(DOCX)

S2 Appendix. Methanogenesis in wastewater sludge. Production of methane (a), emission

carbon dioxide (b) from acidified and TA-NaF treated wastewater sludge. δ13CCH4 values (c)

and δ13CCH4 values (d).

(DOCX)

S3 Appendix. PTR-MS interference. (a) NH4H2O+ cluster ions with and without a Nafion tube

prior to the PTR-MS inlet from swine manure emitting ammonia at concentrations between 30

Fig 8. Inhibition (dashed arrows) of sulfur transformations and methanogenesis by TA-NaF (tannic acid with

sodium fluoride) or acidification treatment of swine manure and other inocula. Blue arrows and text indicate

inhibition effect seen for TA-NaF treatment. Red arrows and text indicate inhibition effect seen for acidification

treatment. Thicker arrows indicate stronger inhibition than thin arrows of the same color. When inhibition arrows

point at compounds, it indicates that emission of that compound was reduced but the inhibited pathway was not

identified. Ref 1 is this study, ref 2 is Dalby et al. 2020, Bioresour. Technol, ref 3 is Dalby et al. 2020, Environ. Sci.

Technol., ref 4 is Ottosen et al. 2009, ref 5 is Eriksen et al. 2012, ref 6 is Petersen et al. 2012. For the references, (s)

indicates swine manure was used, (c) indicates cattle manure, (ww) indicates wasterwater sludge, and (ms) indicates

maize sillage.

https://doi.org/10.1371/journal.pone.0257759.g008
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and 40 ppm (measured at a reduced electric field of 159 Townsend). In the upper right corner of

(a) spectral overlap between NH4H2O+ and H2
33SH+ ions is observed at 5 ppm ammonia and

4–5 ppm hydrogen sulfide (measured at a reduced electric field of 152 Townsend). “Nafion” and

“Background” in (a) indicate at what time a Nafion tube and a charcoal filter (reflecting back-

ground signal) were applied in the measurement setup, respectively. (b) Measured ion ratios cor-

responding to the m/z ratios were hydrogen sulfide and methanthiol isotopologues are measured

(Nafion tube applied). Full black lines in (b) indicate theoretical m/z ratios of the [H3S]+ and

[CH4SH]+ ions (measured at a reduced electric field of 152 Townsend).

(DOCX)

S4 Appendix. Manure characterization. Chemical characterization of the inocula used in this

study. Uncertainty is presented as the standard deviation of triplicate samples. N/A denotes

that the quantity was not measured. TS = Total solids, VS = Volatile solids, TAN = Total

ammonia nitrogen, TN = Total nitrogen, and VFA = Volatile fatty acids.
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