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Abstract Synergistetes strain MFA1 is an asaccharolytic ru-
minal bacterium isolated based on its ability to degrade
fluoroacetate, a plant toxin. The amino acid and peptide re-
quirements of the bacterium were investigated under different
culturing conditions. The growth of strain MFA1 and its
fluoroacetate degradation rate were enhanced by peptide-rich
protein hydrolysates (tryptone and yeast extract) compared to
casamino acid, an amino acid-rich protein hydrolysate. Com-
plete utilization and preference for arginine, asparagine, glu-
tamate, glycine, and histidine as free amino acids from yeast
extract were observed, while the utilization of serine, threo-
nine, and lysine in free form and peptide-bound glutamate was
stimulated during growth on fluoroacetate. A predominant
peptide in yeast extract preferentially utilized by strain
MFA1 was partially characterized by high-liquid performance
chromatography-mass spectrometry as a hepta-glutamate
oligopeptide. Similar utilization profiles of amino acids were
observed between the co-culture of strain MFA1 with
Methanobrevibacter smithii without fluoroacetate and pure
strain MFA1 culture with fluoroacetate. This suggests that

growth of strain MFA1 could be enhanced by a reduction of
hydrogen partial pressure as a result of hydrogen removal by a
methanogen or reduction of fluoroacetate.
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Introduction

The recently classified phylum Synergistetes consists of ami-
no acid-fermenting anaerobes from a wide variety of anaero-
bic habitats including wastewater sludge, human oral cavity,
and animal gastrointestinal tracts [1–5]. Fermenting amino
acids is thought to be the primary ecological role of
Synergistetes in nature [6], with some species using peptides
as their preferred energy source [3, 5, 7–11].

Similar to other fermentative bacteria, members of the
Synergistetes produce hydrogen and organic compounds (ac-
etate, propionate, and butyrate) from amino acid fermentation
[12, 13]. However, the increase in hydrogen partial pressure as
a result of amino acid fermentation can lead to inhibition of
further fermentation due to thermodynamic constraints [14,
15]. In the presence of suitable electron acceptors, some
Synergistetes are capable of switching from fermentative
pathways to anaerobic respiration to prevent the metabolic
constraints resulting from an increased hydrogen partial pres-
sure. Species from the genera Dethiosulfovibrio and
Thermanaerovibrio have the ability to use elemental sulfur
and thiosulfate as hydrogen sinks [5, 16–18], whilst other
species from the genus Anaerobaculum reduces crotonate
[11], sulfite [9], or cystine [16].

The Synergistetes bacterium strain MFA1 is most closely
related to members of the genera Synergistes and
Cloacibacillus [19]. Strain MFA1 was isolated from the
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bovine rumen and appears to be a low-abundance ubiquitous
member of the gastrointestinal tracts of various herbivores
[19]. This bacterium is asaccharolytic and ferments amino
acids for growth [19], which are characteristics shared across
the Synergistetes phylum [6]. Moreover, strain MFA1 is capa-
ble of anaerobically degrading fluoroacetate, a toxic com-
pound found in some Acacia plant species and heartleaf
(Gastrolobium spp.) shrubs. These fluoroacetate-bearing
plants are periodically associated with poisoning of ruminant
livestock, particularly in southern hemisphere countries [20,
21]. Livestock that accidentally graze these plants usually die
within 30 hours of ingestion of the shrubs [22]. Therefore,
understanding the fluoroacetate metabolism of strain MFA1
and its growth has potential for the development of antidotal
therapy for fluoroacetate poisoning in cattle.

Preliminary biochemical characterization of strain MFA1
was reported by Davis et al. [19], but further investigation of
the factors that influence its survival and growth in gut eco-
systems is required. The primary aim of this study was to
investigate the nutritional requirement of strain MFA1 with
an emphasis on amino acid and peptide utilization under var-
ious culturing conditions, which may facilitate the establish-
ment and maintenance of strain MFA1 in the rumen. Different
types of protein hydrolysates (casamino acids, phytone pep-
tone, tryptone, and yeast extract) added at 0.4 % (w/v) were
initially used to examine their effects on the growth of strain
MFA1. Amino acid and peptide utilization by strain MFA1
from a yeast extract-rich medium were then examined by
comparing utilization profiles in the presence of fluoroacetate.
Additionally, the metabolic versatility of strain MFA1 was
explored by investigating its amino acid utilization and
fluoroacetate-degrading capacity in a methanogenic environ-
ment which is analogous to conditions in the rumen. Co-
cultivation of MFA1 with the hydrogen-scavenging
methanogen, Methanobrevibacter smithii, revealed a compe-
tition for hydrogen between the two in the presence of
fluoroacetate. Our results provide insight into the nutritional
ecology of strain MFA1 and its potential to degrade
fluoroacetate under methanogenic conditions, as found in the
rumen.

Methods

Strain and Culture Conditions

Synergistetes bacterium strain MFA1 was isolated from a bo-
vine rumen as described by Davis and colleagues [19], and a
pure culture was stored at −80 °C in 20 % (v/v) glycerol solu-
tion. Strain MFA1 was grown at 39 °C and maintained by
daily subculture on an artificial rumen fluid basal medium
described by Davis et al. [19], which contains mineral salts
and 10 % (v/v) clarified rumen fluid. Casamino acids (0.8 %,

w/v) and yeast extract (0.2 %, w/v) were supplemented as
carbon/energy sources. The autotrophic methanogen,
M. smithii ATCC35061, was purchased from American Type
Culture Centre and grown in medium recommended by the
ATCC (Medium 1340) under a H2/CO2 (80:20) atmosphere at
150-kPa pressure.

Growth on Different Sources of Amino Acids and Peptides

A minimal concentration of the protein hydrolysates at 0.4 %
(w/v) was used to clearly elucidate the effect of each hydroly-
sate on strain MFA1’s growth and its fluoroacetate degrada-
tion capability. Filter-sterilized protein hydrolysates
(casamino acids, acid hydrolysate of casein; phytone peptone,
enzymatic digest of soy peptone; tryptone, enzymatic digest of
casein; and yeast extract, water soluble portion of autolyzed
Saccharomyces cerevisiae cells) (BD Biosciences, CA, USA)
were added separately to a final concentration of 0.4 % (w/v)
in the artificial rumen fluid PA basal medium with 0.002 %
yeast extract. Similar concentration of the protein hydrolysates
was also added separately into a medium containing 20 mM
fluoroacetate and 0.002 % yeast extract. All experiments were
performed in triplicate in anaerobic 27 ml Balch tubes with a
headspace of 17 ml that consisted of 95 % CO2 and 5 % H2.
Strain MFA1 cultures were inoculated and incubated at 39 °C
for 120 h. Growth and fluoroacetate degradation by strain
MFA1 were monitored by measuring optical density (OD) at
600 nm and fluoride production using a Thermo Scientific
fluoride ion-selective electrode (Thermo Fisher Scientific,
MA, USA), respectively, as described by Davis et al. [19].

Utilization of BFree^ and BPeptide-Bound^ Amino Acids

Amino acids and peptides utilized by strain MFA1 in a
nutrient-rich yeast extract medium (0.8 %, w/v) were investi-
gated to determine the growth factors for the bacterium. The
utilization profiles of strain MFA1 at its exponential phase of
growth were performed using the medium with either 0.8 %
yeast extract (BYE medium) or 0.8 % yeast extract and
20 mM fluoroacetate (FYE medium). Strain MFA1 was inoc-
ulated and incubated for 120 h. Cultures were centrifuged at
13,000g for 10 min, and supernatants were collected for ami-
no acid and peptide analyses.

Free and total amino acid compositions of culture samples
and uninoculated sterile BYE medium (blank) were analyzed
by the Australian Proteome Analysis Facility (Macquarie
University, Sydney, Australia) on a Waters ACQUITY™
Ultra Performance Liquid Chromatography (UPLC) system
(BEH RP C18, 2.1×100 mm, 1.7-μm column) (Waters Cor-
poration, MA, USA). During the amino acid analysis, two
independent UPLC runs were performed for each sample.
Peptide-bound amino acids were estimated as the difference
between total and free amino acids. The analysis was
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performed by firstly adding internal standards α-
aminobutyric acid and norvaline to each sample for free ami-
no acid analysis. Samples were filtered through 10-kDa mo-
lecular weight cutoff (MWCO) centrifugal units (Merck
Millipore, Victoria, Australia). The filtrates were then
derivatized using a Waters AccQ-Tag Ultra derivatization
kit [23] prior to amino acid analysis using the UPLC system.
Amino acids were separated by a gradient elution with eluent
A following 20-fold dilution and eluent B provided by the
Waters AccQ-Tag Ultra Chemistry kit, with a flow rate of
0.7 ml min−1 at 57 °C and a 10.2-min analysis time per
sample. The amino acid peak intensities were measured using
UV absorption at 260 nm.

For total amino acid analysis, samples were treated for 24 h
to vapor-phase hydrolysis using 6 M HCl at 110 °C [24],
followed by pretreatment and analysis with the UPLC systems
as described above. Due to the deamination of glutamine to
glutamic acid and asparagine to aspartic acid under acidic
conditions, the amounts of these acids are reported as the
sum of those respective components.

HPLC Peptide Isolation and Mass Spectrometry
Identification

In order to characterize the peptides utilized by strain MFA1
from yeast extract, culture medium was analyzed for peptide
composition using high-performance liquid chromatography
(HPLC) and fractions representing peptide peaks that had de-
creased were collected and sequenced using mass spectrome-
try by the following methods. Initially, strain MFA1 culture
medium samples (after 120 h of incubation) and uncultured
sterile medium (blank media) were collected after centrifuga-
tion at 13,000g for 10 min. The supernatant was further fil-
tered through a 10-kDa MWCO centrifugal unit by centrifu-
gation at 14,000g. The peptides were separated using a Grace
Vydac C18 HPLC column (Polymeric 300 Å, 5 μm, 2.1 mm×
250mm) (Grace Davison Discovery Sciences, IL, USA) using
a gradient elution with a mixture of two solvents; solvent A
was 0.1 % (v/v) trifluoroacetic acid (TFA) in water, and sol-
vent B was 0.1 % TFA in 90 % (v/v) aqueous acetonitrile. The
gradient elution was performed as follows: 0–5 min, 0 % B;
5–45 min, 0–45 % B; 45–48 min, 45–80 % B; 48–58 min,
80 % B; and 58–68 min, 0 % B. The flow rate was
0.2 ml min−1, and the column was used at 30 °C and detected
at 215 nm.

The peptide fractions separated by HPLC were col-
lected manually and dried in a SpeedVac concentrator
(Savant Inc., MI, USA). The samples were resuspended
in 0.1 % TFA and 45 % acetonitrile. The matrix (α-
cyano-4-hydroxycinnamic acid (CHCA)) (Sigma-Aldrich
Co., MO, USA) was dissolved in 2:1 (water/acetonitrile)
with 0.1 % TFA. The concentrated peptide samples
were added to the CHCA matrix in 1:1 ratio onto a

matrix-assisted laser desorption/ionization (MALDI)
plate. Peptide de novo sequencing was performed by
an Applied Biosystems 4700 Proteomics Analyzer (Life
Technologies, CA, USA) with time of flight/time of
flight (TOF/TOF) ion optics. The MS spectra and tan-
dem MS spectra were carried out in reflector mode with
external calibration using the 4700 calibration mixture
kit (Life Technologies). MS/MS data was interpreted
using MASCOT and PARAGON algorithms within the
ProteinPilot 2.0 software.

Co-Cultivation of Strain MFA1 and M. smithii

Co-cultivation with M. smithii in a medium containing a
non-growth-limiting amount of yeast extract (0.8 %, w/
v) was investigated to determine the effect of hydrogen
on strain MFA1. The methanogen was initially grown
under a H2/CO2 (80:20) atmosphere at 150-kPa pressure
in BYE medium at 39 °C. Strain MFA1 and M. smithii
were then separately transferred to BYE and FYE me-
dia. Both organisms were subcultured twice separately
under the same culture conditions before inoculating
each culture with similar cell densities (0.1 OD;
600 nm) into serum bottles containing 100 ml of BYE
or FYE medium with 150 ml of headspace in triplicate.
Pure cultures of each microorganism from the two dif-
ferent media served as controls. The headspace of the
co-culture study contained an atmosphere of 95 % CO2

and 5 % H2 with no additional hydrogen, but pure
M. smithii control cultures were further supplemented
with 50 kPa of hydrogen. Two-milliliter culture samples
were removed from fermentations at 0, 15, 27, 39, 51,
63, and 74 h after inoculation for determination of OD,
fluoride ion production as an indicator of fluoroacetate
degradation, and amino acid and short-chain fatty acid
(SCFA) analyses.

Chemical Analyses

Headspace gas analysis for hydrogen and methane was per-
formed throughout the co-culture study by withdrawing 2 ml
of the headspace gas from each bottle at 0, 15, 27, 39, 51, 63,
and 74 h after inoculation. Culture supernatants for SCFA
(acetic, propionic, n-butyric, isobutyric, n-valeric, and
branched C5 acid) determination were obtained at 0 and 74 h
from cultures during co-culture study. Gas and SCFAs were
analyzed by a gas chromatography (GC-2014, Shimadzu,
Japan) using previously described methods [19].

Statistical Analysis

Sample means from amino acid and peptide utilization data
were analyzed using one-way analysis of variance.
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Differences were considered significant at p<0.05. Error bars
shown in graphs represent standard error of the mean.

Results

Growth of StrainMFA1 onDifferent Protein Hydrolysates

Growth of strain MFA1 was enhanced when 20 mM
fluoroacetate was added to cultures (Fig. 1a). During the ex-
ponential phase, the fluoroacetate-supplemented cultures ex-
hibited a significantly shorter doubling time (p<0.05, two-
tailed paired t test) than the non-fluoroacetate-supplemented
cultures. Strain MFA1 in fluoroacetate medium with individ-
ually supplemented casamino acids, phytone peptone,
tryptone, and yeast extract had a doubling time of approxi-
mately 5 to 6 h. Growth in the absence of fluoroacetate result-
ed in longer doubling times in media supplemented with only
casamino acids (10 h), phytone peptone (12 h), tryptone
(10 h), and yeast extract (7 h) (Fig. 1a). Variations in apparent
cell densities with different types of protein hydrolysates in
fluoroacetate-supplemented media were observed, with yeast
extract or tryptone both reaching an OD600 of 0.38, followed
by phytone peptone with an OD600 of 0.25, and casamino
acids demonstrating the least growth with an OD600 of 0.13.

The extent of fluoroacetate degradation was strongly cor-
related to MFA1 growth on different types of protein sub-
strates (r2 value of 0.979). Strain MFA1 was able to complete-
ly degrade 20 mM fluoroacetate in cultures containing either
yeast extract or tryptone after 77 h of incubation (Fig. 1b).
However, only 14 mM fluoride ions were produced from
fluoroacetate degradation in the culture containing phytone
peptone and 20 mM fluoroacetate. When the fluoroacetate
medium was supplemented with casamino acids, strain
MFA1 only degraded 10 mM fluoroacetate.

Amino Acid and Peptide Utilization from Yeast Extract

The yeast extract-rich BYE medium contained 49.6 mM of
total amino acids (Table 1). Glutamate was the most abundant
amino acid in yeast extract, with approximately 7.4 mM of
free and peptide-bound glutamate in the sterile medium.

During growth on high amounts of yeast extract, strain
MFA1 preferentially used hydrophilic amino acids, metabo-
lizing 11.4 mM (39 %) of hydrophilic amino acids compared
to 1.4 mM (7 %) of hydrophobic amino acids (Table 1). Ar-
ginine, asparagine, glutamate, glycine, and histidine from
yeast extract were completely utilized. Leucine was the most
utilized hydrophobic free amino acid (508 μM), followed by
247 μM of proline and 180 μM of phenylalanine.

When the growth medium was supplemented with 20 mM
fluoroacetate, a significantly higher amount of free amino
acids from yeast extract was degraded by strain MFA1
(Table 1). Elevated utilization for cysteine, lysine, serine,
and threonine was observed, with percentage increases of
9.8, 30.0, 40.1, and 19.7 %, respectively. Glutamate, glycine,
histidine, and asparagine as free amino acids were completely
used similar to the non-fluoroacetate-containing medium. Hy-
drophobic free amino acids that were utilized to a greater
extent (p<0.05) during improved growth in the presence of
fluoroacetate compared to basal medium were leucine, methi-
onine, phenylalanine, and tyrosine, with 28.9, 45.9, 29.0, and
18.6 % increase, respectively.

Peptide-bound lysine was the most metabolized peptide
containing amino acids from yeast extract and was the pre-
ferred form compared to the utilization of the free form
(1264 μM compared to 176 μM, respectively). The addition
of fluoroacetate did not significantly alter the utilization pro-
file of peptide-bound lysine. Conversely, greater quantities
(p<0.05) of peptide-bound glutamate were metabolized from
the fluoroacetate-containing medium, with a further increase
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Fig. 1 Effect of different peptide sources on a the bacterial growth of
Synergistetes isolate strain MFA1 and b fluoroacetate degradation. Solid
markers represent media containing 20 mM fluoroacetate and 0.4 % of
the respective protein digests (casamino acids (circles); phytone peptone

(squares); tryptone (triangles); yeast extract (diamonds)) and 0.002 %
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of 628μMglutamate peptides from 162μMutilized during its
growth in the basal yeast extract medium.

Utilization of Glutamate-Containing Peptides from Yeast
Extract

HPLC separation of yeast extract peptides from sterile FYE
medium identified two dominant peptide peaks at 17- and 23-
min retention times (fractions 1 and 4, respectively; Fig. 2).
The peptide profile of FYE medium following 120 h of incu-
bation with strainMFA1 shows a reduction of these peaks and
the appearance of two major peaks at 29 and 32 min (fractions
5 and 6, respectively; Fig. 2). The most depleted peptide,
fraction 4, was characterized using MALDI-TOF/TOF. A
clean mass spectrum consisting of three major peptide ions
of m/z 1230.4, 1101.4, and 714.2 was generated (Fig. S1a).
The difference between the first and second peaks was
387.1 Da, followed by 129.0-Da difference between the sec-
ond and last peaks. These differences represent the loss of
three and one glutamate, respectively. From the MS/MS lad-
der sequencing, the spectrum demonstrated fragment y ions
separated by a mass difference of 129 Da, indicating that the

peptide sequence is composed of mainly glutamate (Fig. S1b).
The amino (N) terminal amino acid was predicted to be a
glutamate due to the mass change of the first fragment peak
(m/z 1101.2) at exactly 129.0 Da., resulting in the prediction of
the peptide to be composed of a hepta-glutamate sequence at
the N-terminus (Fig. 2).

Co-Culture Experiment with M. smithii

Growth, Fluoroacetate Degradation, and Gas Production

Maximum growths of pure cultures of strain MFA1 and
M. smithii in BYE medium were OD600 of 0.33 and 0.06,
respectively (Fig. 3a). Co-cultivation of strain MFA1 with
M. smithii reached a maximum OD600 of 0.50. In the presence
of 20 mM fluoroacetate, cell densities of strain MFA1 alone
and the co-culture of strain MFA1 with M. smithii reached an
OD600 of 0.80. Fluoroacetate degradation through the detec-
tion of fluoride ions as an end product showed no difference in
the rates or extent of strain MFA1 growth on its own or in co-
culture with M. smithii (Fig. 3b)

Table 1 Changes in the
concentrations of free and
peptide-bound amino acids from
Synergistetes isolate strain MFA1
cultures in BYE and FYE
media

Amino acids (μM) Total amino acids
in blank media

Free forma Peptide-bound forma

BYE FYE BYE FYE

Hydrophilic

Glu 7396 −4673 −4727 −162 −790
Gln 0 0

Asn 4474 −1160 −1171 −112 −120
Asp 34 −643
Ser 2905 −884 a −2050 b −218 132

Thr 2485 −371 a −860 b −361 −193
Lys 4004 −176 a −1377 b −1264 −905
His 831 −350 −357 −113 −77
Arg 1738 −877 −883 −208 −160
Gly 4254 −1840 −1866 −578 −438
Cys 1193 −1057 a −1174 b − −

Hydrophobic

Ala 5110 −28 −682 −7 −21
Pro 2105 −247 −520 −262 −67
Tyr 679 −37 a −165 b −113 −77
Met 732 −57 a −393 b −91 −23
Phe 1602 −180 a −645 b −146 20

Val 3684 −187 −363 −454 −267
Leu 3563 −508 a −1538 b −274 13

Ile 2556 −150 −305 −327 −185
Trp 336 −30 −98 – –

Values show the mean of two culture sample replicates with two independent UPLC runs for each sample. Total
amino acids were measured from uncultured sterile 0.8 % yeast extract in BYE and FYE media (blank media).
Free amino acids with complete utilization are indicated in italics
a Values with different letters between the pairs were significantly different (p<0.05)
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Changes in the composition of the culture headspace gases
were observed throughout the study. In BYE medium, there
was a net accumulation of approximately 200 μmol of hydro-
gen by strain MFA1 (Fig. 3c), while no accumulation of hy-
drogen was observed by strain MFA1 in FYE medium, where
approximately 40 μmol of hydrogen was maintained through-
out the study. M. smithii grew in both BYE and FYE media
with the addition of 50 kPa of hydrogen (approximately
3500μmol). Hydrogenmetabolismwas continuously coupled
with methane production in both media by the pure culture of
M. smithii.

Co-cultures of strain MFA1 and M. smithii (without the
addition of 50 kPa of hydrogen) in BYE medium generated
no excess hydrogen and were continuously consumed to an
undetectable level by 74 h. Similarly, in co-culture experi-
ments with fluoroacetate, hydrogen levels were detected at
relatively low levels throughout the study, at approximately
20 μmol. However, methane production during co-culture
with fluoroacetate (FYE medium) was significantly lower
compared to the co-culture in BYE medium (Fig. 3d). A total
of 37μmol ofmethanewas detected from the headspace of the
co-culture grown on fluoroacetate at 74 h, while

Fig. 2 Separation and
identification of peptides from
FYE medium. C18 reverse-phase
HPLC reveals chromatograms of
FYE uninoculated medium (black
line) and after 120-h incubation
with Synergistetes isolate strain
MFA1 (grey line). The major
peptide peak (fraction 4) consists
of an oligopeptide with N-
terminal hepta-glutamate
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approximately 470 μmol of methane was produced by
M. smithii in co-culture grown on BYE medium.

Amino Acid Utilization

There was an overall utilization of approximately 10.9 mM of
total amino acids by strainMFA1when cultured alone in BYE
medium, with the production of 574 μM ornithine and
200 μM alanine (Table 2). In co-culture withM. smithii, there
was a 27 % increase in the utilization of total amino acids
(13.8 mM), which includes utilization of 213 μM ornithine.
In addition, the co-culture utilized a substantial amount of
lysine (1338 μM) and serine (1565 μM) compared to strain
MFA1 alone. Glutamate utilization was not significantly dif-
ferent between the pure culture of strainMFA1 and co-culture.
An actively growing M. smithii in pure culture supplemented
with 50 kPa hydrogen only consumed 0.4 mM of total amino
acids.

SCFA Production

In BYEmedium, strain MFA1 produced approximately 2 mM
acetate and 4 mM propionate (Table 3) as the metabolic end
products of fermentation. The co-culture in BYE medium

produced higher concentrations of acetate (7.4 mM) and pro-
pionate (6.1 mM), while the actively growing pureM. smithii
culture assimilated approximately 2 mM of acetate from the
BYE medium. The production of branched C5 acid was un-
detectable in the pure culture of strain MFA1 culture, but trace
amounts of branched C5 acid were produced in the co-culture
(0.2 mM).

With the addition of 20 mM fluoroacetate to the media,
strain MFA1 in pure culture produced approximately 23 mM
of acetate, 6 mM propionate, and 0.4 mM branched C5 acid.
Similar values of acetate and propionate were detected in the
FYE medium after 74 h of incubation with strain MFA1 and
M. smithii in co-culture. SCFAs were undetectable from pure
M. smithii culture in FYE medium. Production or assimilation
of n-butyric, isobutyric, and n-valeric acid was not detected in
any of the cultures.

Discussion

We sought to gain a better understanding of the metabolic
capabilities of Synergistetes isolate strain MFA1 with the ul-
timate goal of promoting its growth in the rumen and provid-
ing a microbial strategy to protect cattle from fluoroacetate

Table 2 Changes in total amino acid concentrations in BYE medium of co-culture and single culture of Synergistetes isolate strain MFA1 and
Methanobrevibacter smithii

Total amino
acids (μM)a

Sterile BYE
medium

Strain
MFA1

Co-culture M.smithii-
b

Hydrophilic

Glu/Gln 7161 −5235 a −5271 a −68 b
Asp/Asn 4077 −828 a −985 a −47 b
Ser 2441 −713 a −1565 b −19 c
Thr 2126 −319 a −803 b −19 c
Lys 2937 −374 a −1338 b −6 c

His 742 −338 a −333 a −5 b

Arg 1579 −848 a −853 a −5 b

Gly 3353 −1577 a −1622 a −24 b
Hydrophobic

Orn 342 574 a −213 b −4 c

Ala 4215 199 189 −53
Pro 1735 −128 a −290 a −14 b
Tyr 650 −57 a −88 a −2 b

Met 628 −2 −2.5 −8.5
Phe 1450 −33 −78 −6.5
Val 3056 −47 −28 −36
Leu 3139 −148 −329 −32
Ile 2232 −9 −16 −20

Values show the mean of two culture sample replicates with two independent UPLC runs for each sample
a Values with different letters in the same row were significantly different (p<0.05)
b Changes in total amino acid concentration were taken from a pure M. smithii culture supplemented with 50 kPa hydrogen
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poisoning. This study revealed that protein hydrolysates exert
a stimulatory effect on strain MFA1 growth, regardless of the
animal or plant origin and nitrogenous composition of the
protein hydrolysates. The growth of strain MFA1 was signif-
icantly (p<0.01, two-tailed t test) higher in tryptone, a pancre-
atic digest of casein with a higher peptide content, as com-
pared to its growth in casamino acids, an amino acid-rich
hydrolysate of casein. Yeast extract, a protein hydrolysate
from autolyzed yeast, resulted in similar growth promotion
as tryptone. Moreover, the growth of strain MFA1 was mod-
erately induced by phytone peptone, an enzymatic digest of
plant protein, likely due to its high peptide content despite its
low total nitrogen content [25].

The differences in growth of strain MFA1 on the respective
protein hydrolysates are primarily due to their total nitrogen
composition and secondarily to their peptide abundance. The
amino acid utilization profile of strain MFA1 from this study
on yeast extract and from a previous study on casamino acids
[19] demonstrated a complete utilization of arginine, aspara-
gine, glutamic acid, glycine, and histidine amino acids regard-
less of the type of protein hydrolysate. These amino acids may
represent the fundamental energy source for the growth of
strain MFA1. However, certain peptides potentially promote
the growth of strain MFA1. This notion is supported by the
enhanced growth of strain MFA1 in protein hydrolysates that
consist of a higher proportion of peptide than free amino acids.
Furthermore, it was noted that glutamate- and lysine-
containing peptides were preferentially utilized by strain
MFA1 from yeast extract in the presence of fluoroacetate.
Therefore, peptides, particularly the glutamate-containing
peptides, promote the growth of strain MFA1, over the addi-
tion of just essential amino acids. Both tryptone and yeast
extract have a higher abundance of glutamate peptides than
phyptone peptone, while casamino acids consist of mainly
free glutamate [26]. It is also worth noting that free glutamate
is metabolized extensively by the predominant non-

cellulolytic ruminal bacteria (Prevotella bryantii B14,
Selenomonas ruminantium HD4, and Streptococcus bovis
ES1) [27]. In addition, hydrophilic peptides containing a large
proportion of arginine, aspartate, lysine, and glutamate are
preferentially used by mixed ruminal bacteria in vitro [28].
Many factors other than peptide concentration may also influ-
ence their uptake, and therefore, a growth competition study
of strain MFA1 with other predominant proteolytic ruminal
bacteria may reveal the competitive attributes of strain MFA1.

Fluoroacetate results in a marked increase in the growth of
strain MFA1, as demonstrated from this study and previous
work [19]. Interestingly, the rate of fluoroacetate degradation
by strain MFA1 in the four different protein hydrolysates
strongly correlated to its growth rate in the respective protein
sources, suggesting that the fluoroacetate degradation is
linked to bacterial cell density. This is in accordance with
other Synergistetes bacteria, where despite the increase in
growth of these bacteria due to the presence of a suitable
electron acceptor (e.g., crotonate and elemental sulfur), their
reduction could be influenced by the type of nitrogen source
[5, 29].

The degradation of fluoroacetate by strain MFA1 appeared
to be consistent with other anaerobic respiratory mechanisms,
and this bacteriummay potentially use the intermediate organ-
ic acids and reducing agents generated from the fermentation
of these protein hydrolysates such as formate, pyruvate, and
hydrogen as the electron donor for the reduction of
fluoroacetate. From the amino acid and peptide analyses, it
is noted that more amino acids (e.g., serine, threonine, and
lysine) were fermented in the presence of fluoroacetate. This
observation is commonly associated with many organotrophic
Synergistetes, where the presence of a suitable electron accep-
tor stimulates the growth of these bacteria on fermentable
substrates [5, 11, 17, 18]. Moreover, the lack of a measureable
production of fermentative hydrogen in the strain MFA1 cul-
ture during its growth with fluoroacetate is consistent with

Table 3 Changes in SCFA concentration in BYE and FYE media during co-cultivation of Synergistetes isolate strain MFA1 andMethanobrevibacter
smithii

End products (mM)a BYE medium FYE medium

Strain MFA1 Co-culture M. smithiib Strain MFA1 Co-culture M.smithii-
b

Acetate 2.37±0.20 a 7.38±0.88 b −1.86±0.64 c 22.88±0.56 d 24.99±0.39 d nd

Propionate 3.79±0.13 a 6.14±0.04 b nd 5.6±0.03 c 6.09±0.09 b nd

Branched C5 acid nd 0.23±0.03 a −0.08±0.02 b 0.46±0.12 c 0.56±0.04 c nd

No changes were observed for n-butyric, isobutyric, and n-valeric acid concentration in uncultured sterile and spent media. Values show the mean of
triplicate culture samples

nd not detectable
a Values are mean of data from triplicate cultures after 74 h of growth. Values with different letters in the same row were significantly different (p<0.05)
bMeans of pure M. smithii culture supplemented with 50 kPa hydrogen
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other Synergistetes bacteria during anaerobic respiration pro-
cesses with inorganic/organic compounds [5, 12, 18].

Co-cultivation with a hydrogen-scavenging methanogen in
the absence of fluoroacetate showed that the growth of strain
MFA1 can be enhanced when fermentative hydrogen is re-
moved by the methanogen. Many methanogenic archaea, in-
cluding M. smithii, derive their energy from autotrophic
growth through the coupling of hydrogen oxidation to carbon
dioxide reduction, leading to exclusive production of methane
[30]. Accordingly, previous studies have estimated the growth
of methanogens in batch culture from the accumulation of
methane in the system [30–33]. The final growth ofM. smithii
in co-culture with strain MFA1 in basal yeast extract medium
was predicted to be relatively similar to the pure M. smithii
culture at an OD (600 nm) of approximately 0.05 based on the
comparable methane gas production by the methanogen in
pure and co-culture. Therefore, the major increase in OD in
the co-culture is likely due to strain MFA1.

Moreover, the increase in SCFA production from the co-
culture in BYE medium is consistent with an increase in strain
MFA1.M. smithii assimilates acetate during its growth in non-
fluoroacetate-supplemented medium. This is in agreement with
the genomic andmetabolomic study conducted by Samuel et al.
[34] that demonstrated the assimilation of acetate byM. smithii
and up-regulation of genes involved in assimilation through an
incomplete reductive tricarboxylic acid (TCA) cycle. However,
no assimilation of acetate by M. smithii was observed during
growth on fluoroacetate-containingmedium. Early studies have
shown that fluoroacetate is a powerful inhibitor of acetate oxi-
dation in animals, yeast, and bacteria [35, 36] and completely
inhibits acetoclastic methanogenesis [37]. M. smithii is not an
acetolastic methanogen, but it has been demonstrated that ace-
tate is a crucial growth-inducing compound for this hydrogen
scavenger. Therefore, the presence of fluoroacetate potentially
inhibits the growth of M. smithii. Conversely, the growth of
strain MFA1 was not inhibited by fluoroacetate because this
bacterium does not naturally assimilate acetate.

However, along with other fermentative bacteria, the
growth of strain MFA1 may be inhibited with an increase in
hydrogen partial pressure. Accumulation of hydrogen, unlike
other fermentation products such as ammonia, causes feed-
back inhibition to fermentation processes, and the disposal
of hydrogen using interspecies hydrogen transfer or anaerobic
respiration leads to better growth [11, 12, 17, 38–42]. Orni-
thine is usually produced by strain MFA1 as a fermentative
product in the basal medium [19]. But, ornithine was con-
sumed by strain MFA1 when M. smithii (this study) or
fluoroacetate [19] was used as an electron acceptor. The me-
tabolism of ornithine and other amino acids such as serine by
strain MFA1 is likely to account for the increase in acetate and
propionate production in the co-culture. Similar observations
have been made in Clostridium sporogenes and a phylogenet-
ically distant Synergistetes bacterium, Thermanaerovibrio

acidaminovorans [12, 43]. From these studies, it was pro-
posed that hydrogen is a strict barrier for ornithine metabo-
lism, which could be overcome by the addition of an electron
acceptor [12, 43]. The significance of hydrogen disposal for
growth of fermentative bacteria is that the oxidation process of
reducing agents such as NADH and FADH2 coupled to proton
reduction is only thermodynamically feasible under low-
hydrogen conditions [44, 45]. In the rumen ecosystem, where
hydrogen partial pressures are maintained at low levels due to
the presence of methanogenic archaea, strain MFA1 would
most likely metabolize ornithine from arginine catabolism to
ammonia and SCFAs.

Similar to ornithine utilization during syntrophic growth,
strain MFA1 also metabolized this non-proteinogenic amino
acid in the presence of fluoroacetate [19]. Although both ap-
proaches for the disposal of hydrogen resulted in relatively
similar amino acid utilization profiles, fluoroacetate degrada-
tion may have advantages over interspecies hydrogen transfer.
This is clearly demonstrated from the enhanced bacterial
growth in the presence of fluoroacetate compared to those in
the syntrophic association. The degradation of fluoroacetate
may be coupled with the oxidation of organic compounds
during a respiratory process similar to halorespiration, which
creates an electrochemical gradient that provides the chemical
energy required for bacterial growth [46–48]. These results
demonstrate that the syntrophic association may have resulted
in the enhanced growth of strain MFA1 by promoting fermen-
tation, but halorespiration of fluoroacetate may be more ad-
vantageous by facilitating ATP synthesis through electro-
chemical gradients in addition to amino acid fermentation.

During the growth of strain MFA1 in medium containing
only amino acids, conditions may not be favorable for the
fermentation of amino acids through Stickland reactions,
which usually involve one amino acid acting as an electron
donor for the reduction of another amino acid (electron accep-
tor) [49]. This is apparent from the production of hydrogen
[19], which causes feedback inhibition to amino acid fermen-
tation processes at higher concentrations. Whilst the introduc-
tion of peptides provides better growth due to a higher rate of
amino acid fermentation, strain MFA1 can potentially benefit
from both fermentative- and respiratory-type metabolism in
the presence of an appropriate electron acceptor (e.g.,
fluoroacetate). This is indicated by the absence of measurable
hydrogen production or detectable consumption of hydrogen
by M. smithii in the co-culture with fluoroacetate. Strain
MFA1 has the metabolic flexibility for energy conservation
through fermentation, facultative syntrophy, or anaerobic res-
piration. This characteristic is shared with some other
Synergistetes bacteria [5, 11, 18, 50]. For example,
Anaerobaculum mobile can grow in syntrophy with a
methanogen or through anaerobic respiration using either
thiosulfate, sulfur, cystine, or crotonate as its electron acceptor
[11].
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In summary, strain MFA1 predominately used five differ-
ent hydrophilic amino acids for its growth, and use of peptides
containing lysine or glutamate from yeast extract was stimu-
lated during its syntrophic and respiratory growth. Fermenta-
tion of these amino acids and peptides during syntrophic
growth with other hydrogen-scavenging methanogens in the
rumen produces acetate, propionate, and hydrogen. However,
in the presence of an electron acceptor, strain MFA1 readily
switches to a respiratory-type metabolism using amino acids
and fermentation intermediates as electron donors for the syn-
thesis of ATP. We have begun to unravel the molecular under-
pinnings of these metabolic observations by sequencing the
3.5 Mb genome of strainMFA1 (data not shown). Preliminary
analyses indicate that MFA1 encodes a high percentage of
amino acid metabolism and transport genes, corresponding
to 13 % of the total COG functional categories, which is a
characteristic of the Synergistetes phylum and higher than the
bacterial average (~8 %) [6]. Furthermore, multiple complete
pathways exist for the metabolism of glutamate to carboxylic
acid and other amino acids such as glutamine and γ-
aminobutyric acid (data not shown).

Further studies to promote the growth of strain MFA1
in vitro and in vivo using a range of peptides consisting of
glutamate or lysine in conjunction with an appropriate elec-
tron acceptor should be conducted. In addition, this study has
provided us with an opportunity to investigate an approach to
alter fermentative pathways resulting in the reduction of hy-
drogen availability for methane formation in the rumen.
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