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Carboxydotrophs are known for their ability to convert carbon monoxide (CO) to butanol through fermentation. Such a
platform offers a promising alternative approach to biofuel production from synthesis gas feedstocks. In this study, carboxy-
dotrophs were isolated from various manure compost. Out of 500 isolates, only 11 carboxydotrophs (7 mesophiles and 4
thermophiles) were found to utilize CO as the sole source of carbon and energy. To assess the biochemical basis for their
ability to produce biofuel (butanol), the level of activities of CO dehydrogenase (CODH), hydrogenase and butanol dehy-
drogenase (BDH) enzymes for these isolates against the known carboxydotroph, Butyribacterium methylotrophicum was
assessed. All isolates showed evidence of enzyme activities (0.16-2.20 wmol min~!), with the majority exhibiting higher
activities compared with the known carboxydotroph, B. methylotrophicum (0.33—0.71 wmol min~!). The level of activities
for CODH and BDH ranged from 0.163—3.59 wmol min—! and 0.19-2.2 jumol min~"!, respectively. Three isolates (M7-1,
T2-22, and T3-14) demonstrated enzymatic activity three to seven times higher than B. methylotrophicum. Of these, T2-22
exhibited the highest BDH activity and shows great promise in the conversion of toxic CO into butanol more so than other
carboxytotrophs known thus far. This study revealed some biochemical basis for butanol production from CO by carboxy-
dotrophs. However, more research is needed to discover a direct biological route for butanol production from CO to strengthen
their potential for synthesis gas bioprocessing. Follow-up work will focus on whole-genome sequencing of the promising
isolate T2-22 to provide system-level insights into how carboxydotrophs utilize and regulate their molecular machineries for

butanol production.
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1. Introduction

Most existing work on biofuel production from cellulosic
biomass have been focused on the sugar platform, that is,
decomposition of plant cell wall biopolymers (cellulose and
hemicellulose) to small sugar monomers (mainly glucose
and xylose) followed by sugar fermentation.[1-4] Some of
the biggest challenges in this process are the sturdiness of
the cellulosic material and the high cost associated with the
saccharification step. In addition, some components in the
cellulosic feedstock, such as lignin, are not degradable and
thus cannot be converted to biofuels by sugar fermentation.
An alternative might be to gasify organic biomass and to
use the produced synthesis gas (or syngas) as a feedstock
for the synthesis of ethanol and other valuable compounds.
Syngas, formed by the gasification or reforming of coal, nat-
ural gas or biomass, is a key intermediate in the production
of synthetic fuels.[5—-8] As syngas can be produced from
both fossil fuels and renewable resources, it also enables a
gradual transition to more sustainable energy and chemi-
cal production. The carbon monoxide (CO) and H, present
in syngas are substrates for microbial metabolism, which
can be exploited for the synthesis of various interesting
products.

Numerous studies indicate that CO participates in a
broader range of processes than any other single molecule,
ranging from subcellular to planetary scales.[9] Despite its
toxicity to many organisms, a diverse group of bacteria
that span multiple phylogenetic lineages metabolize CO.
[9—11] These bacteria are globally distributed and include
pathogens,[12] plant symbionts [13] and biogeochemi-
cally important lineages in soils and the oceans.[14,15]
The term ‘anaerobic carboxydotrophic bacteria’ refers
here to bacteria that can metabolize CO as a sole
source of carbon, where the energy driving reaction is
the oxidation of CO. Anaerobic carboxydotrophic bacte-
ria can be further divided into three groups: acetogens,
methanogens, sulphate reducers and elemental sulphur
reducers.[16,17] Acetogens have attracted the most atten-
tion because they offer several promising routes to
chemicals and fuels production.[17] They utilize CO as
a sole source of carbon and energy source and pro-
duce a variety of products including acetate, ethanol,
butyrate and butanol through syngas fermentation.[18]
Carboxydotrophs are ubiquitously distributed in nature;
however, locations of naturally enriched cultures are
unknown.
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They have been isolated from composts, sewage, fresh-
water and marine sediments, hydrotherms, coal heap, rhizo-
sphere, and volcanic so0il.[19-21] Enrichment and culture
of anaerobic carboxydotrophs from natural habitats are
usually done in liquid batch cultures incubated anaerobi-
cally and supplied with CO as a sole source of carbon and
energy.[22,23] Such conditions are highly specific because
of the inability of the contaminating aerobic microflora to
use CO for growth.

In the past two decades, new isolates and some known
anaerobic microorganisms were shown capable of growth
with CO and H, as substrates.[17,24-—27] These anaer-
obic carboxydotrophic bacteria produce H,, formate,
acetate, ethanol, butyrate and/or butanol. Predominantly,
mesophilic carboxydotrophs have been shown to form
organic compounds from syngas. So far, few attempts have
been made to isolate thermophilic carboxydotrophs that can
produce organic compounds from syngas. Growth by the
thermophiles at high temperatures could be advantageous,
as less cooling of the syngas is required before it is intro-
duced into the bioreactor. Additionally, higher temperatures
can lead to higher conversion rates and benefit separation of
the product by distillation. At present, suitable thermophiles
for the production of organic compounds from syngas are
not available. Their use could offer potential advantages
over the use of mesophiles.

Interest in bio-butanol synthesis has increased due to ris-
ing oil prices and concerns of surrounding climate change.
It has been increasingly regarded as a source of clean
energy and alternative fuel.[28,29] Butanol, like ethanol,
can be produced from sugars, synthesis gas, and glycerol.
Butanol has a number of notable qualities that make it a suit-
able alternative fuel. Its energy content is 30% more than
ethanol.[30] It can be mixed with gasoline in any propor-
tion or be used as sole fuel component (100% butanol) in
unmodified car engine.[31] It is less soluble to water and is
less corrosive; therefore, it can be transported through exist-
ing gasoline pipelines.[32,33] Although several anaerobic
carboxydotrophs have been isolated over the past 20 years,
many of these strains did not produce butanol. A majority
of the isolates produced acetate and a few (purple non-
sulphur bacteria) were able to convert CO to H, to organic
compounds.[17] Thus, it is necessary to isolate and charac-
terize new anaerobic carboxydotrophs that will synthesize
butanol from synthesis gas.

The main goals of this study were to isolate and
characterize anaerobic carboxydotrophic bacteria from var-
ious composts and elucidate their potential for butanol
production. Compost harbours a huge diversity of microor-
ganisms [34-38] and can be an ideal medium to iso-
late new anaerobic carboxydotrophs. There are aerobic
and anaerobic pockets within the compost,[39,40] which
is ideal for isolating aerobic and anaerobic microorgan-
isms. Composts also have a temperature gradient (20°C—
75°C),[36,41—44] which is ideal for isolating mesophilic
and thermophilic microorganisms. The enrichment and

culturing techniques were employed to isolate anaero-
bic carboxydotrophs from five different composts: (1)
dairy manure + straw 4 woodchips; (2) dairy manure +
compost; (3) mature dairy manure; (4) mature leaf compost;
and (5) dairy manure + sawdust. In addition to mesophilic
carboxydotrophs, suitable carboxydotrophic thermophiles
were isolated and characterize for their ability to utilize
CO as a sole carbon source. A set of cellular, biochemical
and molecular assays were performed to characterize the
physiology and metabolic capabilities of the newly isolated
strains.

2. Methods
2.1. Microorganism and culture conditions

The carboxydotrophic strain of Butyribacterium methy-
lotrophicum was obtained from American Type Culture
Collection, Manassas, Virginia, USA. A stock culture was
maintained in 152 ml serum bottles (Wheaton Scientific,
Millville, NJ) sealed with butyl rubber (Bellco Biotech-
nology, Vineland, NJ) and aluminium crimp seals (Bellco
Biotechnology, Vineland, NJ). These serum bottles con-
tained 50 ml of phosphate-buffered medium and an initial
gas headspace of 100% CO gas at approximately 2.1. When
applicable, 28 ml pressure tubes (Bellco Biotechnology,
Vineland, NJ) were substituted for the bottles, containing
10 ml of liquid media. The stock culture was grown in the
dark at 37°C on a shaking platform (Labnet 311DS Shak-
ing Incubator, Labnet International, Edison, NJ) at 100 rpm.
The culture was transferred to fresh bottles every two to
three weeks. A complete set of 5 ml glycerol containing cell
culture bottles was frozen at —80°C for extended storage.
Growth studies were initiated by inoculation with 0.5%—
2% (v/v) of actively growing B. methylotrophicum stock
culture.

2.2.  Culture media and gases

For the enrichments and cultures, a phosphate-buffered
basal medium was adapted from Lynd et al.[23] The cul-
ture medium contained the following components (per
1L of distilled water): 0.9g NaCl; 0.2g MgCI,H,O0;
0.1g CaCl, 2H,0; 1.0g NH4Cl; 10ml trace metal II;
and 1 ml of 0.2% resazurin. Trace element II solution is
aqueous mineral salts containing 12.8 gL ™! nitriloacetic
acid; 0.10gL~" FeSO, 7H,0; 0.10gL~! MnCl, 4H,0;
0.17gL~! CoCl, 6H,0; 0.10gL~" CaCl, 2H,0; 0.10¢g
L~! ZnCly; 0.02gL~! CuCl, 2H,0; 0.1gL~! H3BOs;
0.01 gL~! sodium molybdate; 1.0 gL~'NaCl; 0.017 gL'
Na,SeOs; and 0.026gL’1 NiSO4 6H,0. The nitriloacetic
acid is not a carbon source, but serves to prevent precipita-
tion of iron in the form of FeS. Resazurin is a colorimetric
indicator of dissolved oxygen in the pH range of 5-8.
After autoclaving, 10mIL™! of a 10% w/v yeast
extract (Difco Laboratories, Franklin Lakes, NJ) solution
and 25mlL~" of an aqueous phosphate buffer containing
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150gL~! KH,PO, and 290 gL~ K,HPO,; were added.
Also added was 10ml L~! aqueous vitamin solution
containing 0.002gL~! biotin; 0.002gL~' folic acid;
0.010 g L~! BgHCI (pyridoxine); 0.005gL~" B{HCI (thi-
amine); 0.005 gL~! B, (riboflavin); 0.005 gL ™" nicotinic
acid; 0.005gL~! pantothenic acid; 0.0001 gL~ crys-
talline By, (cyanocobalamin); 0.005gL~! PABA (para-
aminobenzoic acid). The final addition was 25mlIL~! of
a 2.5% w/v Na,S 9H,0 reducing aqueous solution. All
post-autoclaving additions above were sterilized separately,
either by autoclaving or filter sterilization. The medium thus
consists mostly of inorganic salts, minerals, yeast extract,
and vitamins and contains no carbon source except for small
amount present in yeast extract.

The CO, N,, H,-CO, 80:20 (vol/vol) premixed, and
N,-CO, 95:5 (vol/vol) premixed gases used in this study
were obtained from Cryogenic Gasses (Matheson Tri-Gas,
Montgomeryville, PA). Gas purity averages were 99.0% for
CO and 99.99% for N».

2.3. Enrichment and isolation of carboxydotrophs
from composts

Five different composts were obtained from Ohio Agricul-
tural Research and Development Center, The Ohio State
University. These composts include: (1) dairy manure +
straw + woodchips; (2) dairy manure + compost; (3)
mature dairy manure; (4) mature leaf compost; and (5) dairy
manure+sawdust. To obtain enrichments of CO-utilizing
anaerobes, 158 ml serum vials (Wheaton Scientific, Mil-
lville, NJ) inoculated with composts (2 cm?) were incubated
at 37°C or 55°C. The enrichment was carried out in serum
bottles containing phosphate-buffered medium containing
glucose as the C source, and incubated at 37°C or 55°C.
Growth was determined using light microscopy and forma-
tion of gaseous products. The enrichments underwent serial
dilutions and were spread directly on the surface thiogly-
colate agar plates and incubated anaerobically at 37°C (to
isolate mesophilic bacteria) or 55°C (to isolate thermophilic
bacteria) for one week. Colonies arising on the plates
were selected for isolation based on gross morphological
features.

2.4. Characterization of isolates from composts

Fifty isolates were randomly selected from each of the five
compost mesophilic and thermophilic enrichments. A total
of 500 isolates were initially recovered, which included 250
mesophiles and 250 thermophiles. The isolates were charac-
terized based on Gram reaction, O, requirements, motility,
and physiological attributes. Morphological characteris-
tics were determined by standard methods.[45] For the
O, requirement assay, the stab inoculation technique was
used to determine if the bacterial isolate is aerobic, anaero-
bic, facultative anaerobe or microaerophilic. The carbohy-
drate fermentation test was used to observe the carbohydrate

fermentation patterns of the different isolates to screen for
successful fermentation of an end product consisting of
either an acid, gas (CO,), alcohol or a combination thereof
on glucose, lactose and sucrose. The methyl-red test was
used to detect the production of varying acids in the end
products to determine which of the isolates were mixed
acid fermenters. The Vogues—Proskauer (VP) test was used
to detect the presence of acetoin in the medium, which is a
precursor in the synthesis of the compound 2,3-butanediol.
The catalase test helped detect the presence of the catalase
enzyme in the organisms, which plays an important role in
destroying toxic compounds that can accumulate in the cell,
such as O,.

2.5. Growth on different carbon sources (glucose, CO
and formate)

The cells were grown anaerobically in 10 ml phosphate-
buffered medium containing either CO, formate (sodium
formate), or glucose as the carbon source. Culture turbidities
at 660 nm were determined by inserting anaerobic culture
tubes into a Spectronic 20 spectrophotometer (Bausch &
Lomb, Inc., Rochester, NY). When the turbidity exceeded
an ODgg of 0.4, the cells were diluted or a curve of diluted
versus non-diluted ODgg values was used. In serum bot-
tle experiments, turbidities were measured by withdrawing
1 ml of the culture suspension, followed by dilution. Fre-
quently, we used a curve relating ODggp to dry weight.
This relationship was linear with 344 mg of cells per litre
at an ODggp of 1.0 for CO-grown cells. Absorbance read-
ings were taken at the following time intervals: 0, 30, 60,
90, 120, 180, 240 and 300 min. The growth of the iso-
lates at different time intervals was compared with the
growth of B. methylotrophicum, which served as a positive
control.

2.6. Enzyme analysis

All assays were performed at 30°C spectrophotometri-
cally, under strictly anaerobic conditions in plastic cuvettes
(1.0 ml total volume) with 100% N, (unless otherwise spec-
ified) in the headspace as described by Rengpipat et al.[46]
The cells were grown anaerobically until the late exponen-
tial phase (20 h) in 300 ml serum bottles (Bellco Biotechnol-
ogy, Vineland, NJ) containing 55 ml of phosphate-buffered
medium and CO as the carbon source. The phosphate-
buffered medium was gassed with CO at 0.5 psi for 10 min.
After 20h of incubation at 37°C (thermophilic isolates)
and 55°C (mesophilic isolates), the cells (~0.2 g) were
harvested by centrifugation at 4000g in a GT-2 table-
top centrifuge (MSE, London, UK) and stored at —20°C
prior to the enzyme assay. The assays were performed in
1.0ml cuvettes that were made anaerobic by repeatedly
evacuating and flushing with N;. All enzyme activity was
induced using 1.5 mM isopropyl-S-thiogalactoside in com-
bination with phosphate-buffered medium, reducing agent,
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and phosphate-buffered solution in a stoppered 300 ml
serum bottle, then letting the cells grow overnight or until
they reached a spectrophotometric reading of at least 0.2
at 660 nm. The cells were centrifuged at 4000 g for 10 min
MSE GT-2 (London, UK) until 0.2 g of the cells were recov-
ered and resuspended in lysis buffer (100 mM Tris pH 8.0;
150 mM NaCl; mgml~! lysozyme; 1 mgml~! antiprotease
DNAse [; 2mM MgCl,).[47,48] The cells were then incu-
bated 55°C for 10 min in a dry heating block (Accublock
Digital Dry Bath, Labnet, Edison, NJ) and vortexed every
2min. After 10 min of incubation, 0.1 mg of glass beads
(Bio 101 systems) was added to the cells and vortexed for
10 min at maximum speed. Thereafter, the cells were then
pelleted for Smin at 16,000 g in a high-speed microcen-
trifuge (Eppendorf 5415D centrifuge, Happauge, NY). The
crude cell extracts were used for the enzyme assays.

For the CO dehydrogenase (CODH) assay,[49] 0.25 ml
of crude cell extracts were injected in cuvettes containing
0.75 ml of CODH standard reaction mixture (20 mM methyl
viologen (MV) and 2mM dithioerythritol in 50 mM 4-

(2-hydroxyethyl)-1-piperazineethanesulphonic acid—NaOH).

The reaction was followed by monitoring the change in
absorbance at 578 nm. Rates of MV reduction were cal-
culated using an absorption coefficient of 9.7mM~! cm™!.
One unit of CO or H; oxidation activity is defined as the
reduction of 2 mmol of MV min~!, which is equivalent to
1 mmol of CO or H, oxidized per min~'.[49]

For the formate dehydrogenase (FDH) assay,[47,48]
0.25ml of crude cell extracts were re-suspended in
0.75ml of FDH standard reaction mixture (15 pmol
2-mercaptoethanol, 45 pmol potassium phosphate buffer
(pH 7.5), 15pmol MV and 13mM sodium formate).
The reaction was followed by monitoring the change in
absorbance at 603 nm. Rates of MV reduction were calcu-
lated using an absorption coefficient of 11.3mM~! cm~!.
A unit was the amount of enzyme that reduced 1 mmol of
MYV per minute.[48].

For the hydrogenase assay,[50,51] 0.25 ml of crude cell
extracts was injected into the assay cuvette containing
0.75 ml of gas-free hydrogenase reaction mixture (50 mM
Tris pH 8.5 and 1 mM MV. The reaction was followed
by monitoring the absorbance at 578 nm. Rates of MV
reduction were calculated using an absorption coefficient
of 13.6mM~! cm™!. One unit (U) of hydrogenase activity
was defined as the amount of enzyme, which catalyses the
oxidation of 1 mmol H; per min.[50]

For the butanol dehydrogenase (BDH) assay,[32,52]
0.25 ml of crude cell extract was injected into an airtight
cuvette flushed with CO at 0.5 psi for 1 min contain-
ing 0.75ml of BDH standard reaction mixture (0.39 mM
NAD+, 73.5mM semicarbazide hydrochloride, 68.8 mM
Tris-HCI pH 7.8). The reaction was monitored by observ-
ing the change in absorbance at 365,,. Rates of NAD+
reduction were calculated using an absorption coefficient
of 3.4mM~! cm~!. A unit was the amount of enzyme that
reduced 1 mmol NAD+ per minute.[32]

2.7. DNA isolation and 168 rRNA sequencing of
isolates

The cells were centrifuged to obtain pellets for DNA
extraction using DNeasy kit as suggested by manufacturer
(Qiagen, Valencia, CA) to break up the cells and iso-
late the genomic DNA. Thereafter, nanodrop (Nanodrop
1000, Wilmington, DE) quantification was done to deter-
mine the DNA concentration values and quality (260:280
ratio) of the extracts. Identification of isolates was
performed by amplifying the full-length 16S rRNA genes
using bacteria-specific primers sequence FD1 (5 AGA
GTT TGA TCC TGG CTC AG 3') and 1540r (5’ > AAG
GAG GTG ATC CAG CC < 3') with cycling conditions
described previously.[53—55] Polymerase chain reaction
(PCR) was performed in an iCycler Thermal cycler (Bio-
Rad Laboratories, Inc., Hercules, CA) as 25 jul reactions
consisting of 12.5 il Choice Tag Blue DNA Polymerase
Mastermix (Denville Scientific, Metuchen, NJ), 1.25ul
of each 10 uM primer, 0.15 nl BSA (bovine serum albu-
min), 0.75 1l DMSO (dimethyl sulphoxide), and 1-2 pl
DNA template.[53—55] PCR products (~1500bp) were
verified on a 1% agarose gel and then purified using
QIAquick PCR Purification Kit (Qiagen, Valencia, CA).
The purified PCR products were sequenced and analysed
directly without cloning. Chimeric sequences were checked
by Check_Chimera program available at the Ribosomal
Database Project (RDP II).[56] The similarity searches for
sequences were carried out using the BLAST (N) pro-
gram of the National Center for Biotechnology Information,
MD, USA.

2.8. Absorbance spectra of the cell supernatant

The absorbance spectra of the cell supernatants (B. methy-
lotrophicum and M3-29) were determined to detect the
expected fermentation products (acetic acid, butyrate,
ethanol and butanol). For the ultraviolet and visible regions,
measurements were made using a UV /Vis spectrophotome-
ter (Beckman Coulter DU 700 Series). The absorption peaks
observed were then compared against the detection wave-
lengths of acetate (200235 nm), butyrate (191-200 nm),
ethanol (205240 nm) and butanol (215245 nm).[57—61]

3. Results
3.1. Characterization of isolates

Of the 250 mesophilic isolates, 93 (37%) were strict anaer-
obes; 145 (58%) were facultative anaerobes; and 3 (1%)
were microaerobes (Table 1). Majority of the mesophilic
isolates were from Gram-negative taxa. Fifty-nine per cent
(147 isolates) and 41% (103 isolates) were Gram-positive.
Cell morphologies tended to be more rods than cocci at
133 (53%) and 109 (44%), respectively, and others were
filamentous or spiral. Most of the mesophilic isolates were
motile and possess the enzyme catalase. Overall, 55 isolates
tested positive for methyl-red test and 89 for VP test.
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Table 1. Characterization of mesophilic and thermophilic iso-
lates from composts.

Mesophilic Thermophilic

Test isolates isolates
Strictly anaerobes 93 (37%) 96 (38%)
Facultative anaerobes 145 (58%) 149 (60%)
Microaerophiles 3 (1%) 4 (2%)
Gram+ 147 (59%) 140 (56%)
Gram— 103 (41%) 110 (44%)
Cell morphologies

Cocci 109 (44%) 101 (40%)

Rods 133 (53%) 115 (46%)

Other morphologies 5(2%) 19 (8%)
Catalase test 162 (65%) 65 (26%)
Methyl-red test 55 (22%) 38 (15%)
VP 89 (36%) 168 (67%)

Motility

Motile 139 (56%) 135 (54%)
Non-motile 83 (33%) 83 (33%)

Fermentation capabilities
Lactose fermentation

Acid 165 (66%) 25 (10%)

Gas 65 (26%) 1 (0%)

Alcohol 3 (1%) 0
Sucrose fermentation

Acid 247 (99%) 162 (65%)

Gas 207 (83%) 1 (0%)

Alcohol 0 0
Glucose fermentation

Acid 231 (92%) 141 (56%)

Gas 215 (86%) 2 (1%)

Alcohol 8 (3%) 0

When lactose was provided as a carbon source, 165 isolates
produced an acid, 65 produced a gas, and 3 produced an
alcohol; when given sucrose as a carbon source, 247 isolates
produced an acid, 207 produced a gas, but none produced an
alcohol. On the other hand, when glucose was provided as
a carbon source, 231 isolates produced acids, 215 produced
gases, and 8 produced alcohols (Table 1).

Of the 250 thermophilic strains isolated, most were fac-
ultative anaerobes (60%) and the rest were either strict
anaerobes (38%) or microaerobes (4%) (Table 1). Gram
staining results showed that 44% of the thermophilic iso-
lates were Gram-negative and the rest were Gram-positive.
The majority of the isolates were motile rods, cocci and spir-
illi. The catalase test results included 65 positives (26%) and
181 negatives (72%). The methyl-red test showed 38 posi-
tive (15%) and 212 negative (85%) results, whereas the VP
test generated 168 positives (67%) and 82 negatives (33%).
Most of the isolates were capable of fermenting sucrose and
glucose and very few were able to ferment lactose. None of
these isolates produced alcohols as fermentation products
(Table 1).

3.2. Growth and metabolism of the isolates on CO

Majority of the isolates (402 out of 500 isolates) did grow on
CO, suggesting that they are not carboxydotrophs (Table 2).

Table 2. Growth of CO of the mesophilic and thermophilic
isolates.

Mesophilic ~ Thermophilic

Growth rate on CO? isolates isolates

No growth on 189 213

Low growth rate (10-50% 54 33
growth change)

Medium growth rate 4 3
(51-200% growth
change)

High growth rate (>200% 3 1
change)

Total number of isolates 61(24%) 38(15%)

3The per cent change in growth was calculated as follows:
(final absorbance—initial absorbance)/initial absorbance
reading®100. The CO isolates were then grouped together
based on low (10-50% growth change), medium (51-200%
growth change), and high growth (>200% growth change).

The rest of the isolates (61 mesophiles and 38 thermophiles)
either grew at low (10-50% growth change); medium
(51-200% growth change), high rate (>200% growth
change). Most of the isolates that grew on CO fell within
the low growth rate category, with only 11 falling within the
medium and high growth rate categories (Table 2). These
strains include 7 mesophiles (M2-32, M3-9, M3-28, M3-
29, M6-36, and M7-1) and 4 thermophiles (T1-16; T2-22,
T3-14, and T7-10). The thermophilic isolate that grew best
on CO was taken from the dairy manure + compost (T2)
composts, while the mesophilic isolates that grew best
on CO were retrieved from the dairy manure + compost
(M2), mature dairy manure (M3) and mature leaf com-
post (M6). The mesophilic isolates retrieved from the dairy
manure + compost (M2) showed the highest growth rates
on CO.

3.3. Growth comparison between CO-utilizing strains
and B. methylotrophicum

The growth of the 11 CO-utilizing strains on differ-
ent substrates (glucose, CO and formate) was compared
with the known carboxydotroph, Butyribacterium methy-
lotrophicum. B. methylotrophicum is a mesophilic, anaer-
obic, acid-producing bacterium that ferments one carbon
compounds.[23] It has been known to grow on a wide
range of substrates including glucose, CO, and formate as
a sole source of carbon.[22,58] The growth curves of the
11 isolates and B. methylotrophicum in on glucose, CO
and formate are shown in Figure 1. While all the isolates
demonstrated growth in each medium, there were some dif-
ferences noted in the growth characteristics of the isolates
in the three culture media. The mesophilic isolates M2-32,
M3-16,M6-36, and M7-1 grew better than B. methylotroph-
icum on glucose (Figure 1(a)). Growth of these isolates
increased from 0.02 to 0.18. The mesophilic isolates grew
better than the thermophilic isolates on glucose (Figure 1(a)
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Figure 1. Growth of isolates on glucose (a = mesophilic; b = thermophilic), CO (¢ = mesophilic; d = thermophilic), and formate

(e = mesophilic; f = thermophilic). B. methylotrophicum (control).

and 1(b)). The growth of the thermophilic isolates was
lower than that of the mesophilic B. methylotrophicum
(Figure 1(b)). When grown on CO, the thermophilic iso-
lates showed better growth than the mesophilic isolates
(Figure 1(c) and 1(d)), and grew at the same rate as
B. methylotrophicum (Figure 1(d)). The growth pattern
of the mesophilic isolates on formate was similar to that
of B. methylotrophicum (Figure 1(e)), with growth rate
ranging from 71 to 350%. Growth of the thermophilic iso-
lates was comparable to the mesophilic isolates with the
exception of T1-16, which demonstrated the lowest growth
(Figure 1(e) and 1(f)).

The doubling time of the isolates and B. methylotroph-
icum varied depended on the substrate used (Table 3). While
the isolates were able to grow both on organic (formate and
glucose) and inorganic (CO) carbon, the doubling time was
shorter when CO was used as the carbon source. The dou-
bling times varied between 2 and 24 h on glucose; 1 and
6h on CO and 1 and 11 h on formate. Thermophilic iso-
lates had shorter doubling times than the mesophilic isolates
for each provided carbon source. The doubling time of the
known carboxydotroph B. methylotrophicum was the fastest
on CO when grown at mesophilic temperature (37°C). On

the other hand, it has the fastest (~2h) doubling time on
glucose when grown at thermophilic temperature (55°C)
(Table 3). Among the 11 isolates, M6-36 and T2-22 had the
fastest doubling time on CO. The period of time it takes for
these isolates to double on CO was shorter than that of the
B. methylotrophicum (Table 3).

3.4. Engzyme assay

The activities and concentration of the enzymes involved
in CO-metabolism and butanol synthesis for the 11 iso-
lates and B. methylotrophicum are summarized in Figures
3—6. The enzyme CODH is responsible for oxidizing CO
to CO, and is also responsible for the formation of acetyl-
CoA from bound methyl group (Figure 2). Results of the
CODH assay indicated that the enzyme could be detected
in all 11 isolates (Figure 3). The concentration of the
enzyme varied between 0.04 and 0.50 mMcm~'. Among
the 11 isolates, M3-16 has the highest CODH concen-
tration (0.50mM cm~") (Figure 3). The CODH activities
ranged between 0.16 and 2.01 umolmin~! per mg of
protein. The mesophilic isolates M2-32, M3-16, M3-29
and M6-36, and thermophilic isolates T1-16 and T3-14
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Table 3. Doubling time of the isolates and B. methylotroph-
icum (control) on glucose, CO, and formate as substrates.

Doubling time (h)?

Isolate Compost type Glucose CO Formate
Mesophiles
M2-32  Dairy manure and compost 3.5 3.1 1.4
M3-9 Mature dairy manure 5.7 2.9 9.5
M3-16  Mature dairy manure 6.0 2.1 11.4
M3-28 Mature dairy manure 14.7 1.6 3.5
M3-29  Mature dairy manure 24.1 2.1 23
M6-36  Mature leaf compost 6.0 1.4 6.8
M7-1 Dairy manure and sawdust 11.0 5.7 2.7
Control B. methylotrophicum 5.7 1.8 3.1
Thermophiles
T1-16  Dairy manure straw and 6.0 3.7 6.1

woodchips
T2-22  Dairy manure and compost 2.2 32 2.5
T3-14  Mature dairy manure 2.2 4.3 1.4
T7-10  Dairy manure and sawdust 26 43 4.6
Control B. methylotrophicum 1.8 3.7 6.9

4Doubling time was determined based on the absorbance values
obtained during the initial and final exponential phase of growth.
The following formula was used to determine the doubling time of
the isolates: (final absorbancejog - initial absorbanceyog)/(0.301)*
length of the log phase (h).

exhibited higher CODH activities (0.77-2.01 umol min~!)
than B. methylotrophicum (0.63 pmol min~'). The CODH
activities of M3-16, M3-29 were higher than the ther-
mophilic isolates (Figure 3).

FDH oxidizes formate to produce CO, and provide a car-
bon source for the pathway (Figure 2). FDH can be detected
in all isolates (Figure 4). The activities of this enzyme were
higher in the isolates than B. methylotrophicum. Highest
FDH activities were observed on M3-29, T2-22 and T7-
10 isolates. The lowest FDH activities were observed on
M3-28 isolate and B. methylotrophicum (Figure 4).

Hydrogenase plays a vital role in anaerobic metabolism
especially with bacterial fermentation. In CO-metabolism,
hydrogenase is responsible for the oxidation of diatomic
hydrogen (Figure 2). The concentration of hydrogenase
enzyme in the isolates was lower (0.07-0.19mMcm™!)
than the CODH enzyme (Figures 3 and 5). The thermophilic
isolates T1-16 and T3-14 showed the highest levels of
hydrogenase activity (0.54 and 0.76 pmolmin~' per mg
of protein, respectively) (Figure 5). Their activities were
higher than B. methylotrophicum (0.29 wmol min~! per mg
of protein). The hydrogenase activities of the mesophiles
on the other hand were lower (0.16-0.38 76 umol min~!
per mg of protein) than B. methylotrophicum (0.52 pmol
min~! per mg of protein) (Figure 5).

BDH is the final enzyme in the butanol synthesis,
which catalyses the reduction of butyraldehyde to butanol
(Figure 2). The BDH concentration for the mesophilic
and thermophilic isolates ranged from 0.03—0.59 mM cm ™!
and 0.001-0.89 mM cm™!, respectively (Figure 6). Isolates

CO,
.

HCOOH H,O
CO,
HCO-THF 2[H] 2H)

CH-THF

i, 2[H]

CH,-THF

r 2[H)

CHy-THF
S HSCoA

CH4-CO-S-CoA

Figure 2. Proposed carbon and electron flow scheme to explain
the mechanism of CO tolerance and the production of butanol via
metabolism of CO and formate by carboxydotrophs.
Source: Jones and Woods [64] and Henstra et al.[17]

M3-29, T2-22 and T3-14 exhibited higher BDH activities
(0.99—2.21 wmol min~") compared to B. methylotrophicum
(0.71 pmol min~!). The thermophilic isolates performed
better than mesophilic isolates. Their activities are higher
than that of the mesophilic isolates. Among the 11 isolates,
the thermophilic isolates T2-22 (2.2 pmol min~! per mg of
protein) and T3-15 (1.21 wmolmin~! per mg of protein)
showed the highest BDH activities (Figure 6).

3.5. Identification of the CO-utilizing isolates

The 11 isolates were identified using by 16S rRNA gene
sequencing. All of the isolates belong to the phylum Firmi-
cutes with the exception of T1-16, which belongs to the phy-
lum Actinobacteria (Table 4). The mesophilic isolates were
associated with the families Enterococcaceae, Carnobacte-
riaceae, and Lactobacillaceae, while the thermophilic iso-
lates were associated with the families Brevibacteriaceae
and Bacillaceae. The isolates that exhibited higher CODH
activities than B. methylotrophicum were related to the
16S rRNA sequences of Enterococcus devriesei (M2-32;
95% sequence similarity); Isobaculum melis (M3-16; 98%
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Figure 3. CODH concentration and activities of the isolates and the known carboxyudotroph, B. methylotrophicum (control).
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Figure 4. FDH concentration and activities of the isolates and the known carboxyudotroph, B. methylotrophicum (control).
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Figure 5. Hydrogenase concentration and activities of the isolates and the known carboxyudotroph, B. methylotrophicum (control).

sequence similarity; Carnobacterium funditum (M3-29; 99% sequence similarity). The isolate that displayed the
95% sequence similarity); Enterococcus ratti (M6-36; 94% highest BDH activities was related to the 16S rRNA
sequence similarity); Brevibacterium halotolerans (T1-16; sequences of Bacillus carboniphilus (T2-22; 92% sequence

93% sequence similarity); and Bacillus sonorensis (T3-14; similarity) (Table 4).
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Figure 6. BDH concentration and activities of the isolates and the known carboxyudotroph, B. methylotrophicum (control).

Table 4. Identity of isolates that is based on 16S gene sequence comparison from known bacteria from GenBank.

Closest matched Taxonomic % nucleotide Accession
Isolate sequence from GenBank classification sequence identity number
Mesophiles
M2-32 Enterococcus devriesei Firmicutes | Enterococcaceae 95 NR-042389
M3-9 Enterococcus saccholyticus Firmicutes | Enterococcaceae 99 NR-041707
M3-16 Isobaculum melis Firmicutes /| Carnobacteriaceae 98 NR-025445
M3-28 Enterococcus casseliflavus Firmicutes | Enterococcaceae 96 NR-041704
M3-29 Carnobacterium funditum Firmicutes | Carnobacteriaceae 95 NR-041703
M6-36 Enterococcus ratti Firmicutes | Enterococcaceae 94 NR-041933
M7-1 Lactobacillus animalis Firmicutes /Lactobacillaceae 94 NR-041610
Thermophiles
T1-16 Brevibacterium halotolerans Actinobacteria/Brevibacteriaceae 93 NR-042638
T2-22 Bacillus carboniphilus Firmicutes/Bacillaceae 92 NR-0.24690
T3-14 Bacillus sonorensis Firmicutes/Bacillaceae 99 NR-025130
T7-10 Bacillus aerius Firmicutes/Bacillaceae 94 NR-0423381

3.6. Detection of fermentation products

The absorption wavelengths that correspond to butyrate,
acetate, ethanol, and butanol were detected in super-
natant (Figure 7); however, the true identity of these
fermentation products needs to be confirmed by gas
chromatography-mass spectrometry or high performance
liquid chromatography-mass spectrometry analysis.

4. Discussion

Even though several anaerobic carboxydotrophs have been
isolated with the ability to convert synthesis gas to
biofuels,[17] the list is still small and extensive physiolog-
ical and metabolic research is deficient for these isolates.
We have demonstrated in this study that carboxydotrophic
bacteria can be isolated from various manure composts.
Most of the CO metabolizing strains were isolated from
the mature dairy manure composts, suggesting that mature
manure compost served as a better natural environment for

carboxydotrophs than immature composts (partially com-
posted manure). Attempted enrichment and isolation of
carboxydotrophs from composts, however, yielded growth
of a minority of isolates. While the CO in the culture
medium made the isolation procedure highly selective,
many of the isolates were inhibited by and unable to grow on
high CO (100% in the headspace). Out of 500 isolates, only
11 (7 mesophiles and 4 thermophiles) proved to utilize CO
as the sole source of carbon and energy. These isolates grew
well on high CO and were considered true carboxydotrophs.

All 11 carboxydotrophs isolated in this study were
Gram-positive facultative anaerobes (Table 5) and were
able to grow in various organic (glucose and formate)
and inorganic (CO) carbon sources. The 16S rRNA gene
sequences of these isolates were very similar (92-99%)
to the 16S rRNA gene sequences of Bacillus (Bacillus
carboniphilus, Bacillus sonorensis and Bacillus aerius),
Enterococci (Enterococcus devriesei, Enterococcus sac-
cholyticus, Enterococcus casseliflavus and Enterococ-
cus ratti), Isobaculum (Isobaculum melis), Lactobacillus
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Figure 7. Absorption spectra of (a) B. methylotrophicum and (b) M3-29 cell suspension.

Table 5. Characteristics of carboxytrophic isolates.

M2-32  M3-9 M3-16 M3-28 M3-29 M6-36 M7-1 TI1-16 T2-22 T3-14 T7-10

O3 requirement FA FA FA FA FA FA FA FA FA FA FA
Gram reaction + + + + + + + + + + +
MOtility + + —+ — — — + — + + +
Shape C C R C C C R R R R R
Catalase test + + + + + + + + + + +
Note: ‘—’, negative result; ‘+’, positive result; FA, facultative anaerobe; R, rod-shaped; C, coccus-shaped.

(Lactobacillus animalis), Carnobacterium (Carnobac-
terium funditum) and Brevibactrium (Brevibacterium
halotolerans) (Table 4). Currently known microorgan-
isms capable of fermentating syngas into ethanol, butanol
and other bioproducts are mesophilic,[17,62] which
grow favourably at temperatures between 37 and 40°C.
Mesophilic microorganisms that have been widely used in
butanol synthesis from CO fermentation belong to the gen-
era Clostridium, Acetobacterium, and Butytibacterium.[62,
63] None of the mesophiles isolated in the present study
belong to these microbial groups, nor have been identified as
carboxydotrophs in the past. Thus, these carboxydotrophic
mesophiles may represent new microbial groups that can be
used to explore butanol synthesis from CO.

The use of thermophiles in syngas fermentation is still
in infant stage. Thermophiles grow favourably at temper-
ature between 55°C and 80°C although some thermophilic
microbes, however, can operate at higher temperature.[17]

In the past few years, there has been an increase in
the number of carboxydotrophic thermophilic bacteria
being isolated and characterized. In 2008, four moderate
carboxydotrophic thermophiles were isolated including
Methanothermobacter thermautotrophicus, Moorella ther-
moautotrophica, Thermoanaerobacter kivui, and Moorella
perchloratireducens.[18] Since 1991, when the first
hydrogenogenic carboxydotrophic thermophilic bacterium
was isolated from the marine hydrothermal vents of
Kuril Islands, 15 species of such organisms have been
isolated from hot environments relating to Firmicutes,
Dictyoglomi, FEuryarchaeota, and Crenarchaeota.[18]
These thermophilic strains are predominantly carboxy-
dotrophs that grow chemolithotrophically through the con-
version of CO and H,O to H, and CO,. Some of these strains
can grow organotrophically or can reduce various electron
acceptors using CO or H,. However, none can produce
ethanol or butanol from CO.[17,18,49] In the present study,
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four thermophiles belonging to the genera Bacillus (T2-22,
T3-14, and T7-10) and Actinobacteria (T1-16) isolated
from composts grew on CO at rates higher than the known
carboxydotroph B. methylotrophicum. These thermophilic
isolates possess the enzymes important to CO metabolism
(CODH) and butanol synthesis (BDH). This study demon-
strated that if conditions are chosen properly, it is possible to
isolate thermophiles that will grow well on CO and produce
organic compounds of great interest (i.e. butanol).

The synthesis of butanol from CO begins with the anaer-
obic CO oxidation via CODH (Figure 2). The oxidation
of CO by CODH yields CO,, which is then reduced to
formic acid and complexed with tetrahydrofolate (THF),
a methylating molecule. Utilizing the enzyme FDH, for-
mate can also be oxidized to produce CO; and provide a
carbon source for the pathway. After the formic acid is
complexed with THF, this carbon group is reduced sev-
eral times to produce a methylated THF ready to transfer
its methyl group to another molecule. The reducing power
used to synthesize the methyl group comes from the initial
oxidation of CO, the oxidation of diatomic hydrogen by
hydrogenase, as well as the oxidation of formate by FDH.
Acetyl-CoA synthase can then utilize the methyl group
from the methylated THF, as well as another CO molecule
and Coenzyme A to synthesize Acetyl-CoA. Acetyl-CoA
becomes the first organic molecule in the pathway to be
reduced. After a series of reactions involving the reduc-
tion of these organic intermediates, butyraldehyde can be
reduced to butanol by the enzyme BDH. During these fer-
mentative reactions, NADH, H (7) is oxidized to NAD (),
regenerating the electron acceptors necessary for the oxida-
tion of carbon molecules earlier in the pathway.[17,65] All
of'the isolates used in this study possessed the four enzymes
(CODH, FDH, hydrogenase and BDH) involved in the CO
to butanol pathway. Key isolates that showed higher levels
of enzyme CODH activities than B. methylotrophicum (a
known carboxydotroph) were the thermophilic isolates T1-
16 and T3-14, and the mesophilic isolates M3-16, M3-29
and M6-36. These isolates exhibited similar growth rates
to the control (B. methylotrophicum) when grown on CO,
except for the thermophiles which had lower growth and
consequently slower doubling time than B. methylotroph-
icum. Thermophilic isolates were shown to express higher
levels of CODH activity compared to mesophilic isolates
which may help catalyse enzymatic activity. However, in
this study, the mesophilic isolates seemed to express higher
levels of CODH activity than the thermophilic isolates
(Figure 3). Doubling times for the mesophilic isolates also
were much greater when grown on CO (Table 3). The ther-
mophilic isolates, on the other hand, expressed higher levels
of BDH activities than the mesophilic isolates (Figure 6),
suggesting that these thermophilic isolates may be the ideal
microorganisms for syngas conversion to butanol. The key
isolate that stood out in this study was T2-22. It exhibited
BDH activity seven times greater than B. methylotroph-
icum. Such elevated levels of the final enzyme in the

butanol pathway (BDH) may make this isolate an ideal
organism for further biochemical analysis. Hydrogenase
activities were evident in all isolates indicating their ability
to metabolize H,. Hydrogenase is very important in anaer-
obic metabolism. Various types of hydrogen-consuming
anaerobes obtain energy from hydrogen to produce methane
(methanogens) or acetate (acetogens) from carbon dioxide;
sulphide from sulphate (sulphate reducers); ferrous from
ferric form (iron-reducers) and nitrite from nitrate (nitrate-
reducers).[66] In this study, the hydrogen gas was not used
as an electron donor. When CO and H; are present in the cul-
ture medium, anaerobic caboxydotrophs preferentially use
CO before consumption of H, started,[67] which is consis-
tent with the results obtained by Kerby and Zeikus.[62]
Carbon dioxide is thermodynamically more favourable
electron donor for the reduction of CO, than H, because
the CO,/CO pair has lower standard redox potential than
the H* /H, pair in all organisms that contain CODH. The
H; in the present study is oxidized by hydrogenases to
2H* to provide the reducing equivalents for the reduc-
tion of CO; to formate (HCO,H) and the energy (protons)
necessary in the reductive steps to acetyl-CoA synthe-
sis (Figure 2). For the synthesis of butyrate and butanol,
anaerobic carboxydotrophs depend on acetyl-CoA.[17]

Solvent production by microorganisms, in particular, the
production of butanol, holds great promise as a means for
generating sustainable transportation fuel and commodity
chemicals. This study demonstrated that anaerobic carboxy-
dotrophs can be isolated from composts. The mesophilic
and thermophilic carboxydotrophs isolated in this study rep-
resent new microbial groups that can be used to explore
butanol synthesis from CO. In future work, we will focus
on quantifying the fermentative butanol outputs of the iso-
lates, as well as CO uptake to determine a ratio for CO input
to biofuel output. We may also seek to sequence the entire
genome of this isolate to better understand the regulation of
enzymes pertaining to butanol synthesis. Bioreactors with
enhanced efficiencies for this specific type of fermentation
and tailored for the isolated anaerobic carboxydotrophic
strains will also be developed.
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