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PRESERVATION OF METHANOGENIC, HYDROGEN-UTILIZING MICROBIAL
CULTURES

BACKGROUND

[0001] The field of the invention relates to preservation methods for bacterial cultares. In
particular, the field of the nvention relates to preservation methods for methanogenic,

hydrogen-utilizing cultures.

[0002] Methane 15 a commercially valuable fuel, as well as synthetic precursor, and can be
obtained via microbial fermentation processes. In addition, proper methane production 18
required for stabilization of municipal, industnial and agricultural wastes via anaerobic
digestion. Many eurvarchaeotal microorganisms can use hydrogen and carbon dioxide to
produce methane. These hydrogenotrophic methanogens are critical to proper functioning of
most anaerobic digester svstems in which complex substrates are broken down to simpler
molecules, such as hydrogen, that are then converted to the final product, methane. It
hydrogen utilization slows or stops, the entire biological system can be inhibited or may stop,
resulting in an inoperable digester system. In addition, hydrogenotrophs are mmportant in

some soil and other environments,

[0003] Anaerobic digester systems, agricultural soil, or other environments may be improved
if hydrogenotrophs are added. Unfortunately, preserving these organisms can be difficult
since they are typically strict anaerobes, and even traces of oxygen are assumed to be toxic to
them. In addition, they are thought fo be very sensitive to temperatures above about 70
degrees Celcius, and to drying/dessication.  On the other hand, it would be beneficial if
hydrogenotrophic methanogens could withstand oxygen, and could be heat dried in an air
atinosphere and stored 1 powder or solid torm.  The powder or solid may also contain
protectants and bulking agents. Air drving would potentially be much more economical than
freexze drving or other preservation methods. However, the conventional wisdom in the field 1s
that hvdrogenotrophs are very senstiive, and would therefore not survive air drying with or

without heat in an air atmosphere.
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[0004} Described herein 1s a method for preservation of methanogenic cultures, including
hydrogenotrophs, by air drving with or without heating. The cultures may be rebydrated with
an aqueous solution and utilized to bloangment angerobic digester systems to improve

production of methane.
SUMMARY

{0005} Disclosed herein are methods for preserving methanogens. The methods tvpically
mclude drying a liqud culture comprising the methanogens to obtain a dried culture
comprising the methanogens, Suitable dryving mwethods may mclude, bt are not limited to,

air-drying, freeze-drying, heat-drving, and spray-drving.

[0006] The hiquid cultures utilized w the disclosed methods comprise methanogens and
preferably comprise hyvdrogenotrophic methanogens, but may include methanogens other than
hydrogenotrophic methanogens.  In some embodiments, the hydrogenotrophic methanogens
belong to the order Methanomicrobiales or to the order Methanohacteriales.  Suitable
hydrogenotrophic methanogens belonging to the order Methanomicrobicles may include
Methanospirillhum spp. such as Methanospirithum hungatei or a related hydrogenotrophic
methanogen. In some embodiments, Methanospivitlum  Fungorel or  a  related
hydrogenotrophic  methanogens represent at least about 95% of hydrogenotrophic
methanogens belonging to the order Methanomicrobiales in the culture.  Other sultable
hydrogenotrophic methanogens belonging to the order Methanomicrobiales may include
Methenolinea spp. such as Methanolivea farda or a related hydrogenotrophic methanogen.
Suitable hydrogenotrophic methanogens belonging to the order Methanobacieriales may
include Adethanabacternum spp. such as  Methanobaciterium  beijingense or a related

hydrogenotropbic methanogen

{0007} The liquid culture utilized in the disclosed methods may include methanogens other
than hydrogenotrophic methanogens, such as  acetotrophic methanogens.  Suitable

acetotrophic methanogens may belong to the order Methanosarcinales,

[0008] In the disclosed methods, the hquid culture 1s dried to reduce the relative moisture
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content of the liquid culture. Preferably, the dried culture has a relative moisture content of
fess than about 20% by mass. More preferably, the dried culture has a relative moisture

content of less than about 153% by mass.

[0009] In the disclosed methods, a crvoprotectant may be added to the liquid culture prior to

subjecting the hquid culture to drying. Suitable cryoprotectants may nclude carbohydrates.

[0010] Also disclosed herein are dried cultures comprising methanogens. The dried coltures

may be obtained by performing the disclosed methaods.

[0011] The hqud cultures utilized in the disclosed methods have a specific methanogenic
activity. The dried culture may be added to an aqueous solution {i.e., rehydrated) to provide a
reconstituted culture having a specific methanogenic activity, Preferably, the recoustituted
culture has a specitic methanogenic activity that s at least about 50% of the specific
methanogenic activity of the liquid culture prior to drying. The reconstituted culture may be
ulilized to bloaugment an anaervobic digester system, for example, by enbancing methane

production of the anaerobic digester system.
BRIEF DESCRIPTION OF THE FIGURES
[0012] FIG. 1. illustrates freeze-drving behavior of methanogenic cultures.

[0013] FIG. 2. illustrates methanogenic activity of cultures with cryoprotectant.  Ervor bars

represent standard deviation among three replicates,

[0014] FIG. 3. iHlustrates methanogenic activity of cultures without cryoprotectant. Error bars

represent standard deviation among three replicates
[0015] FIG. 4. illustrates percent Archaeal population based on total sequences

0016} FIG. 5. tllustrates percent activity of freeze-dried caltures with and without addition of
crvoprotectant with respect to wet cultures. Evror bars represent standard deviation among

three replicates.
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[0017} FIG. 6 illustrates methanogenic activity of cultures with protective agent. Error bars

represent standard deviation among three rephicates.

[0018] FIG. 7 illustrates methanogemic activity of cultares without protective agent, Error

bars represent standard deviation among three replicates.

[0019] FIG. 8 illustrates percent activity of air-dried cultures with and without addition of
crvoprotectant with respect to wet cultures,  Error bars represent standard deviation among

three rephicates.
DETAILED DESCRIPTION

{0020} The disclosed subject matter further may be described utibizing terms as defined

below.

(S SR T &

[0021] Unless otherwise specified or indicated by comtext, the terms “a”, “an”, and “the”

mean “one of more.”

[0022} As used herein, “about”, “approximately,” “substantially,” and “significantly™ will be
understood by persons of ordinary skill in the art and will varv to some extent on the context
in which they are used. I there are uses of the term which are not clear to persons of ordinary
skill in the art given the context in which it is used, “about™ and “approximately” will mean
plus or munus 210% of the particular term and “substantially”™ and “significantly” will mean

plus or mnus > 10% of the pamicular term.

[0023] As used herein, the terms “include” and “including” have the same meaning as the

terms “comprise” and “comprising.”

[0024] Dried cultures prepared by the methods disclosed herein may be reconstituted with an
aqueous solution and utilized to bioangment anaerobic digester systems. {See, e.g.. Schauer-
Gimenez et al., “Bicaugmentation for lmproved Recovery of Anaerobic Digesters After
Toxicant Exposure,” Wat, Res. 44 (2010), pp. 3535-3564; Tale et gl., “Bioaugmentation Can

Improve Anaerobic Digester Performance atter Organic Overload,” (2010) in proceedings of

o
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International Water Association (IWA) 12th. World Congress on Anaerobic Digestion,
(Guadalajara, Mexico, October 31st — November 4th, 5 pp; and Tale et al.| “Bloaugmentation
for Anacrcbic Digester Recovery After Organic Overload,” Water Environment Federation
Technical Exposition and Conference (WEFTEC 2010), New Orleans, LA, 14 pp); the
contents of which are incorporated herein by reference in their entiveties). For example, dried
cultures prepared by the methods disclosed herein may be reconstituted with an aqueous
sofution and utilized to improve methane production in anaerobic digester systems.
Anaerobic digestion 1s a series of processes in which microorganisms break down
biodegradable material in the absence of oxygen, used for industrial or domestic purposes to
manage waste and/or to release energy. The digestion process begins with bacterial
hydrolysis of input materials in order to break down insoluble organic polymers such as
carbohvdrates and proteinaceous material mto sugars and amino acids. Acidogenic bacteria
then convert the sugars and amino acids into carbon dioxide, hydrogen, ammonia, and organic
actds. Acetogenic bacteria then convert these resulting organic acids into acetic acid, and
produce addifional ammonia, hydrogen, and carbon dioxide. Finally, methanogens convert

these products 1o methane and carbon dioxide.

[0025] As used herein, the term “methanogen” is mtended to mclude single celled
microorganisms belonging {o the domain drchaea such as those Archaea typrcally present in
anaerobic digester systems. Methanogens {or methanogenic drchaen) are responsible for
methane production i anaerobic digester systems and include the following genera:
Methanobacterium, Methanobacillus, Methanococeus, Methanosaeta, and Adethanosarcing.
Microorganisms belonging to these genera may be identified by techniques involving the

extraction and analysis of the 168 rRNA gene.

[0026} Methanogens utilize a lmited number of substrates 10 generate methane, including
carbon dioxide (CO;)-type substrates {e.g, €O, certain alcohols, formate, pyruvate, and
carbon monoxide), methyl sobstrates (eg, methanol, methylamine, dimethviamine,
trimethylamine, methyimercaptan, and dimethvlsulfide), and acetotrophic substrates (e,

acetate, pyruvate, and propionate).
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[0027} In anaerobic digester systems, the two primary substrates that are utilized by
methanogens are acetate and hydrogen. Methane (CHy) can be generated in anaerobic
digesters through transformation of either acetate or hydrogen by acetotrophic methanogens
or hydrogenotrophic methanogens, respectively.  Acetotrophic methanogens reduce acetate
directly to CHy and COy  Methanosarcing and Methanosaere (formerly known  as
Methanothrix), both belonging to the order Aethanosarcinales, are the only reported

acetotrophic methanogens.

[0028} The reduction of CO: using Hy as the electron donor is another method for the
generation of CHy via the equation: 4H.+ (0, —»CH,+2H.0. The myonty of the
methanogens can utilize H; and CO; to produce CHy, including members from the orders
Methanobacteriales, Methanococcales, Methanomicrobiales, and Methanopyrades. Some of
the genera 1n  the order Adethanchacteriales  include  Methanobacterivm  (e.g.,
Metharnohacterium  befjingense), Methanobrevibacter, Methanosphaera, Adethanothermus,
and Methanothermobacter.  Methanococcales are cocct that can be regular or irregular in
shape. Genera in  this  order include Adetharnococens,  Methanothersococous,
Methanocaldococens, and Methanotorris, The order Methanosiicrabiales includes a diverse
assemblage of methanogens. Genera m  this order include Adethanomicrobium,
Methanogenium,  Methanospreiltum  {e.g., Methanospivillum  hungatel}, Methanoplanus,
Methanocorpuscudum,  Methanocullens, Methanofollis, Methanolinea (e.g, Methanolinea

tardery and Methanolacinia.

[0029] The cultures subject to the dryving methods comtemplated herein may comprise
methanogens that are related to the aforementioned methanogens. A methanogen that is
related to another methanogen may be defined as a methanogen having a gene which has
substantial sequence identity to the corresponding gene in the other methanogen.  For
example, a methanogen that is related to one of the aforementioned methanogens may have a
165 rRNA gene that exhibits at least about 85%, 90%, 953%, 96%, 97%, 98%, or 99%
sequence identity to the 168 tRNA gene of one of the aforementioned methanogens (e, as

determined by aligning the 165 tRNA genes using the Basic Local Alignment Search Tool

o
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{BLAST) available from the National Center for Biotechnology Information (NCBI) at its
website).  Altematively, a methanogen that is related to one of the aforementioned
methanogens may have an merd gene that exhibits at least about 85%, 90%, 95%, 96%, 97%,
8%, or 99% sequence identity to the merd gene of one of the aforementioned methanogens.
Methyl coenzyme-M reductase (MCR)} is the terminal enzyme complex in the biological
methane generation pathway and catalyzes the reduction of the methvl group bound to
coenzyme-M, thereby releasing methane. This enzyme complex is thought to be unique to and
ubiquitous in methanogens which makes it a suitable marker for the detection and
characterization of methanogens. The MCR operon exists in two forms, MCRI and MCRIL
The MCRI form is thought to be present in all methanogens, while the MCRII form has been
found to be present only in the members of the orders Adethanchacreriales and
Methanococeales. Researchers have selected the merd gene, which encodes one protein of the
MCRI complex, as a suitable marker for the development of PCR-based detection and

characterization of methanogens,

[00306] As examples, a methanogen that 15 related 1o Methanospirillum hungatei may have a
168 tRNA gene or an merd gene which has at least about 85%, 90%, 95%, 96%, 97%, 98%,
or 99% sequence identity to the corvesponding gene in Merthanospirillum hungatei (i.e., SEQ
ID NO:1 and 2, respectively). A methanogen that is related to Methanodinea farda may have
a 1685 rRNA gene or an merd gene which has at least about §5%, 90%, 95%, 96%%, 97%, 98%,
or 99% sequence identity to the corresponding gene in Methanolinea tarda (1e., SEQ 1D
NO:3 andd, respectively). A methanogen that is related to Methumobacierinm beijingense
may have a 168 tRNA gene or an merd gene which bas at least about 5%, 90%, 95%, 96%,
97%, 8%, or 99% sequence identity to the corresponding gene in Adethanobacterium

hefjingense {f.e., SEQ 1D NO:S and 6, respectivelv).

0031} Cultures subjected to the drving methods contemplated herein may comprise or
consist of one or more of the foregoing deseribed methanogens.  In some embodiments,
cultures subjected to the drying methods conteroplaied berein comprise a substantially

homogenous population of one of the foregoing described methanogens.  In other
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embodiments, cultures subjected to the drving methods contemplated herein comprise a
heterogenous population of more than one of the foregoing described methanogens.
Contemplated populations of methanogens may be enriched in or depleted of one or more of
the foregoing methanogens.  For example, in a culture comprising a population of
methanogens, one or more of the foregoing methanogens may represent at feast about 1%,
%, 3%, S%, 10%, 259, S0%, 7S8%, 90%, 95%, 96%, 97%, 98%, or 99% of total
methanogens in the population.  Altematively, in a culture comprising a population of
methanogens, one or more of the foregoing methanogens may represent no more than about
1%, 2%, 3%, 5%, 10%, 23%, 50%, 75%, 90%, 953%, 90%, 97%, 98%, or 99% of total

methanogens in the p@pulation.

{0032} Cultures subjected to the drying methods contemplated berein may be obtained from
sources which include, but are not limited to, wastewater treatment plants, for example,
biomass obtained from wastewater treatment plants such as sludge. As discussed above,
cultures subjected to the drving methods contemplated hereln may comprise or consist of a
heterogenous population of nucrecorganisms including methanogens.  Alternatively, coltures
subjected to the dryving methods contemplated herein may comprise or consist of a
homogenous population of microorganism., Methods of isolating a single microorganism

from a heterogenous population of microorganisms are known o the art.

[0033] Cultures subjected to the drying methods contemplated herein mayv be subjected to
treatment, selection, or enrichment prior to performing drving.  In some embodiments, the
cultures are grown in the presence of oxygen prior to drying. For example, the cultures may
be grown in the presence of oxygen given at a daity dose of at least about 2.5 mg/l.-day {or at
a dose of at Jeast about 2.5 mg/L-day, 5 mg/L-day, 10 mg/L-day, 15 mg/l.-day, 20 mg/L-day,
25 mg/fd-day, 30 mgl-day, 35 mg/l-day, 40 mg/L-day, 45 mgl-day, 50 mg/l-day, 35
mg/L-day, 60 mg/L-day, 65 myg/L-day, 70 mgfL—day‘ 75 mg/L-dav, 80 mg/l.-day, 85 mg/lL-
day, 90 mg/L-day, 95 mg/L-day, 100 mg/L-day, 105 mg/l-day, 110 mg/L-day, 115 mg/L-
day, 120 mg/L-day, 125 mg/l~day, 130 mg/L-day, 135 mg/l.-day, 140 mg/l.-day, 145 mg/l-

day, 150 mg/l-day, 155 mg/l-day, 160 mg/L-day, 165 mg/l-day, 170 mg/l-day, 175 mgil.-
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day, 180 mg/l.-day, 185 mg/L-day, 190 mg/L-day, 195 mg/L-day, 200 mg/L-day, 205 mg/l.-
day, 210 mg/L-day, 215 mg/L-day, 220 mg/L-day, 225 mp/L-day, 230 mg/L-day, 235 mg/L-
day, 240 mg/L-day, 245 mg/L-day, or 250 mg/L-day. The cultures may be grown in the
presence of the dose of oxvgen for a suitable period of time, such as at least about 1, 2, 3, 4, §,

6,7, 8,9, 10, 15, 20, or 25 days.

[0034] In other embodiments, cultures subjected to the drying methods contemplated herein
mav be grown in the presence of a selected substrate. For example, cultures subjected to the
drying methods conternplated herein may be grown in the presence of an organic acid or a salt
thereof. Suitable organic acids or salts thereof may mclade carboxylic acids or salts thereof
having at least three carbon atoms  Typically, the carboxylie acids are volatile carboxylic
acids. Suitable carboxyhic acids or salts thereol may aclude, but are not limited to propionic
acid or propionate salts {(eg, calcium propionate), butysic acid or butyrate salts. For
example, cultures subjected to the drying methods contemplated herein may be grown in the
presence of an organic acid or a salt thereof given at a dailv dose of at least about 0.01 g/L-
dav {or at & daily dose of at least about 0.02 g/L-day, 0.03 o/L-day, 0.04 ¢/L-day, 0.05 o/L-
dav, 0.06 g/L~day, 0.07 g/l-dav, 0.08 g/L-day, 0.09 g/l~dav, 0.10 g/l.-day, 0.11 g/L-day, .12
g/l-day, 0.13 g/l.-day, 0.14 gfl.~day, 0.15 g/l.-day, 0.16 g/l.-day, 0.17 g/L.-day, 0.18 g/l.-day,
0.19 gil.~day, 0.20 g/l~day, 0.21 g/l.~day, 0.22 g/l.-day, 0.23 g/l.~day, (.24 g/l.-day, 025 g/L-
day, 0.30 g/l-day, 0.35 g/L-day, 0.40 g/L.-day, 0.45 g/l.-day, or 0.50 g/l.-day). The cultures
may be grown in the presence of the dose of the organic acid or the salt thereof for a suitable

period of time, such as atleastabout 1,2, 3,4, 5,6, 7, 8,9, 10, 15, 20, or 25 days.

[0035] In the presently disclosed methods, a culture comprising one or methanogens is dried
by exposure to air, which should be understood to comprise oxygen (e.g., at a concentration
of abowt 21% by volume). in the presently disclosed methods, a culture comprising one or
more methanogens is dried to prepare a dry composition having a relatively low molsture
content. For example, relative moisture content (RMC) of the dried compositions prepared by
the disclosed methods typically are less than about 20%, 15%, 109, 9%, 8%, 7%, 6%, or 3%

by mass.
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[0036} In the presently disclosed methods, steps for diving a culture comprising one or
methanogens may include air-drying {(e.g., where the culture s exposed to ambient conditions
such as a room temperature of about 15-25°C (preferably about 20°C) and standard
atmospheric pressure), heat-drying {e.g, where the culture is heated to g temperature of at
feast about 30°C, 40°C, 530°C, 60°C, 70°C, 80°C, 90°C, 100°C, 110°C, 120°C, 130°C, 200°C,
400°C, 800°C, 1000°C, or 1200°C, or to temperature within a range of about 80-130°C, 90-
120°C, or 100-110°C, for example. for a period of time of at least about 10 minutes, 20
nnnutes, 30 minutes, 45 munutes, 1 hour, 2 hours, 4 hours, 8 hours, 1 day, 2 days, 3 days, 1
week, 2 weeks, or 3 weeks), freeze~drving {e.g., via freezing the culture at a temperature of
fess than about -20°C, -30°C, -40°C, -50°C, -100°C, or -200°C, subsequently raising the
temperature to at least about -10°C, -15°C, -20°C, -25°C, -30°C, -35°C, 40°C, -45°C, -50°C,
or -100°C and subjecting the frozen calture to a vacuum of at feast about 1, 2, 3, 4, 5, 10, 15,
20, 25, or 50 pascals, which may be a vacuum sufficient to cause sublimation), or spray-
drying. The steps for drying the culture may mclude a combination of one or more of heating,

freezing, and/or exposures to a vacuum as described above.

[0037} A crvoprotectant optionally may be added to the liquid cultures prior to being
subjected to the disclosed drying methods.  Suitable cryoprotectants may  include
carbohydrates such as sugars {e.g., glucose} and may be added at a suitable concentration to
the liquid culture (e.g., to at least about 195, 2%, 5%, 10%, or 20% by mass). Cryoprotectants
are known in the art. (See Morgan et al, 2006; and Hubalek, 2003, the countents of which are

incorporated by reference in their entireties).

(0038} The cultures subjected to the drying methods contemiplated herein may comprise or
comsist of one or more of the foregoing described methanogens and exbibit speaitic
methanogenic activity (SMA). After the cultures are dried and reconstituted with an aqueous
sotution, preferably the reconstituted cultures have an SMA {eg, as measured against
H1:CO;) that is at least about 10 m] CHy/hr-g VSS (alternatively reported as CHu/g VSS-h), or
more preferably at least about 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 225, or

250 ml CHy/hr-g VSS. After the cultures are dried and reconstituted with an aqueous solution,

~10-
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preferably the reconstituted cultures have an SMA that is substantially similar 1o the SMA for
the original culture prior to drying. In some embodiments, the reconstituted cultures have an
SMA that is at least about 20%, 30%, 40°%%, 50%, 60%, 70%, 80%, 90%, or ¥5% of the SMA

for the original cultore prior to dryving,
HLLUSTRATIVE EMBODIMENTS

[0039] The following embodiments are illustrative and not intended to limit the claimed

subject matter.

[0040] Embodiment 1. A method for preserving methanogens, the method comprising dryving

a liquid culture comprising the methanogens by drving the lguid cultore to obtain g dried

culture comprising the methanogens.

{0041} Embodiment 2. The method of embodiment 1, wherein drying is petformed by one or

more of air-drving, freeze-drving, heat-drving, or spray drying.

[0042] Embodiment 3. The method of embodiment 1 or 2, wherein the methanogens

comprise hydrogenotrophic methanogens.

-«

{0043} Embodiment 4. The method of embodiment 3, wherein the hydrogenotrophic

methanogens belong to the order Methanomicrobiales or the order Methanohacteriades.

[0044] Embodiment 5. The method of embodiment 4, wherein the hydrogenotrophic
methanogens  comprise  Methanospivillum  hungatei or  a  related  hydrogenotrophic

=

methanogen.

[0045] Embodiment 6. The method of embodiment S, wherein Methanospiriltum hungatei or
the related hydrogenotrophic methanogen represent at least about 93% of hyvdrogenotrophic
methanogens belonging to the order Methanomicrobiales in the culture (preferably at least
about 96%, 97%, 98%, or 99% of hydrogenotrophic methanogens belonging to the order

Methanomicrobiales in the culture).

11~
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[0046} Embodiment 7. The method of any of embodiments 3-6, wherein the
hydrogenotrophic methanogens comprises Methanolinea farda or a related hydrogenotrophic

methanogen.

{0047} Embodiment 8. The method of any of embodiments 3-7, wherein the
hydrogenotrophic  methanogens comprise Methanobacterivm  beijingense or a  related

hydrogenotrophic methanogen.

[0048] Embodiment 9. The method of any of embodiments -8, wherein the methanogens

comprise acetotrophic methanogens.

[0049] Embodiment 10, The method of embodiment 9, wherein the acetotrophic

methanogens belong to the order Merhanosarcinales.

{0058} Embodiment 11. The method of any of embodiments 1-1¢, wherein the dried culture
has a relative motsture content of less than about 20% by mass (preferably less than about

158%, 10%, 9%, 8%, 7%, 6%, or 5% by mass).

{0051} Embodiment 12, The method of any of embodiments 1-11, wherein after the dried
culture s reconstituted, the reconstituted culture has a specific methanogenic activity that is at
feast about 20% of the specific methanogenic activity of the liguid colture prior to drying
{preferably at least about 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 95% of the specific

methanogenic activity of the liquid culture prior to drying).

{0052} Embodiment 13, The method of anv of embodiments 1-12, wherein after the dried
culture is reconstituted, the reconstituted cultures has a specific methanogenic activity against
Hy:CO; that 1s at feast about 10 ml CHy/he-g VSS (alternatively reported as CHy/g VSS-h), or
more preferably at least about 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 225, or
250 ml CHy/hr-g VS8,

{00331 Embodiment 14, The method of embodiment 2, wherein drving comprising heat-

drving and the hquad colture is heated to a temperature of at least about 35°C {preferably to a
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temperature of at least about 40°C, 40°C, 50°C, 60°C, 70°C, 86°C, 90°C, 100°C, 110°C,
120°C, 130°C, 200°C, 400°C, 800°C, 1000°C, or 1200°C, or to temperature within a range of
about BO-130°C, 90-120°C, or 100-110°C) and preferably for a period of time of at least about
10 minutes, 20 minotes, 30 minutes, 45 minutes, 1 hour, 2 hours, 4 hours, 8 howrs, § day, 2

days, 3 davs, 1 week, 2 weeks, or 3 weeks.

[0054] Embodiment 15, The method of embodiment 14, wherein the hquid culture is
subjected t0 a vacunm during the heating (preferably to a vacuum of at least about 1, 2, 3, 4,

5, 10, 15,20, 25, or 50 pascals).

[0035] Embodiment 16, The method of any of embodiments 1-15, comprising adding a
cryoprotectant to the hiquid culture (e.g., a sugar) to a suitable concentration {e.g., to at least

1%, 296, 5%, 10%, or 20%) prior to drying the liquid culture.

{0056} Embodiment 17. The method of any of embodiments 1-16, wherein prior to dryving
the liguid culture, the tiquid culture was grovwn 1 the presence of oxygen {e.g., administered

at a dose of at least about 20 mg/l-day for at least about 2 days).

[0057} Embodiment 18, The method of any of embodiments 1-17, wherein prior to drving
the hiquid cultore, the liquid culture was grown in the presence of an organic aad or a salt
thereof {e.g.. propionate administered at a dose of at least about 0.1 g/l.-day for at least about

2 days).

[0038] Embodiment 19, A dited culture comprising methanogens prepare by any of the

methods of embodiments 1-18,

[0039] Embodiment 20, A method for bicaugmenting methane production in an anaerobic
digester system, the method comprising adding the dnied culture of embodiment 18 1o the

anaerobic digester system.
EXAMPLES
{0060} The following examples are tHustrative and are not intended to limit the claimed
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subject matter.

[0061] Example 1

[0062] Reference is made to Bhattad, U, H., Maki, J. 8., Struble, C. A, Schauer-Gimenez, A.
E., and Zitomer, B. H, © Culture Conditions and Cryoprotectant Addition Influences
Methanogenic Activity After Freeze-Drying in Air,” in proceedings of International Water
Assoctation {TWA) 12th. World Congress on Anaerobic Digestion, Guadalajara, Mexico,
October 315t — November 4th | 5 pp, the content of which is mcorporated herein by reference

m s entivety.
[0063} Abstract

{0064} Practitioners often rely on undefined microbial communities that predominate in an
anaerobic system. In the near future, however, more methanogenic communities may be
customized 1o fit different applications. Therefore, practical methods to preserve and store
customized methanogenic cultures would be helpful. In this study, freeze-drying in air to
preserve methanogenic coltures was studied.  All cultures were enriched for over one vear and
received Ha/COy; one also received air (40 mg Oy/L-day), and another received glucose (40
mg/l-day).  All cultures maintained 30 to 79% of their onginal He-utilizing activity after
being freeze dried in air. The culture receiving air during entichment consistently exhibited
higher activity before freeze-drving, after freeze-drying and after being held under conditions
simulating 20 vears of storage subsequent to freeze-drving. Archaeal clone libraries for each
were constructed. The micro-aerobic culture clone library contained a high relative abundance
of unstudied phylotypes that could only be classified as archaea; some may represent unmique
methanogens that are more tolerant of diving and storage in an air atmosphere.
Cryoprotectant addition {10% glucose) also resulted in higher activities after freeze drying as

well as storage.

[0066] Methanogenesis requires the presence of specific microbial communities composed of

BEN
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different trophic groups in syntrophic relationships (Speece, 2008} The different
comnunities present in various bioreactors are complex and relatively difficult to define.
Therefore, the typical, current enginecring approach is to pump waste into a digester and rely
on the microorgamsms that predominate. However, molecular tools are now being used to
wdentify the orgamsms involved and understand the link between microbial community
structure and digester function or activity (Kolukivik et al,, 2004), U is possible that, mn the
near future, methanogenic microbial communities will be customized for different

applications.

{0067} In general, methanogens are slow-growing organisms and require significant time to
reproduce. Therefore, it would be beneficial if various defined methanogenic cultares could
be eastly preserved for research and practical applications. Preserved methanogenic cultures
could be developed for the following: (1) future research or easy shipment to other
faboratories, (2) dissemination and use for standardized tests, such as biochemical methane
potential and anaerobic toxicity assays, (3) seeding or re-seeding of laboratory and full-scale
reactors, and {(4) bioangmentation of full-scale digesters to increase biogas production and
process stability. Bioaugmentation may be an especially beneficial approach to improve
anaerobic bioprocesses. Bioaugmentation has been applied to improve the anaerobic
degradation rate of difficult-to-degrade compounds such  as  phenols, cresols,
tetrachloroethylene, fat, oif and grease, cattle manure, cellulose and hemicellutose (Schauer-
Gimenez et al., 2010). Bioaugmentation has also been used to reduce odor (Duran et al.,
20006), shorten the start-up time of new digesters, and decrease the recovery time of
orgamically overloaded reactors {Saravanane et al., 2001), and digesters exposed to a toxicamt

{Schaver-Gimenez et gl 2010).

[0068] The use of wet cultures may be incompatible with some commercial needs. Drying
reduces the mass and facilitates less expensive shipping and handling (Aguilera and Karel,
1997). Freezing followed by drying (e, freeze-diving) is a preferred technique for
preserving and storing microbial cultures in the laboratory as well as in full-scale bio-
dustries, but “it appears to still be a science based on empirical testing rather than facts and

~13~
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tested theories. The methodologies could be different for different species™ {(Morgan et al,,
2006). Malik (1990) describes several microbial cultures that are sensitive to freezing or
frecze-drving ncluding various anacrobes. Major losses in cell viability may occur during

each of the three stages of preservation: freezing, drying. and storage.

(0069} Culiure Freezing.  The process of freezing and, especially, the rate of freezing
influence the viability of cells. Freezing can be done either stowly or rapudly. Extra-cellular
ice crystal formation, long-termy exposure to high solute concentrations, and excessive cell
debydration n slow freezing can countribute to extensive cell damage (Aguilera and Karel,
1997). As Simione and Brown (1991) have wntten, “[i]n rapid freezing, cell damage may be
reduced, and intracetiular ice formation 1s the major contributing factor to cell injury. Rapid
freezing in hiquid mitrogen is considered to result 1n less cell damage, but can result i more
difficulty during the subsequent drving process.” Staab and Ely (1987) emploved a shell-
freezing method using liguid nitrogen to freeze sensitive anaerobic bacteria including 15
species from the genera Clostridivm, Propionichacterium, Bifidobacterium, Fubacterim,
Bacterioides, Fusobacterium, Peptococeus, and Peptostrepiococcus. For this method, the
culture was swirled in a flask immersed in liquid nitrogen and the material frozen as a thin

shell on the inner surtace of the fHask. Results showed > 50% cell viability after freeze-drving.

0070} Cuinare Drying. Drving 15 used to create stable dried cultures with low residual
moisture content (RMC) by removing the moisture from frozen or wet cultures. Low RMC
alues typically increase survival during storage. Below 10% moisture comtent, metabolic
processes slow or become non~-measureable. The lowest practically achievable RMC in the
faboratory is between 4 and 7% using freeze-drying {Aguitera and Karel, 1997) Mimmuam
RMC values observed in the laboratory may be impractical on an imdustrial scale due to scale-

up factors and tradeoffs between product vield, stability and cost (Kadam, 1991).

[0071] The freeze-drying cycle proceeds in two stages: primary drying and secondary drying.
In primary dryving, the frozen water is removed by sublimation of ice crystals to water vapor.
The major fraction of water is removed during primary drying, but some bound water remains

in the dried product. Bound water is trapped within the solid matrix and can take a long time
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to remove. The bound water is removed during secondary drving at fow pressure and low
condenser temperature. Secondary dryving reduces the RMC and increases the stability of final
products (Simione and Brown, 1991) ldeally, the end-point of secondary drving is
deternuined by analysis of the RMC within the freeze-dried products (Morgan et al., 2000}
Often, secondary drving 18 performed for the same length of time as primary drying if the

resulting RMC 1s found to be acceptable (Kadam, 1991).

{0072} Culture Storage. The shelf-life of a freeze-dried cubure 15 highly dependent on the
storage temperature and moisture content. Morgan et al., (2006), discussed that storage
temperatures of -20 "C and 20 °C cause increased loss of cell viability as compared to 4 ¢
Sakane and Kuroshima (1997} demonstrated that accelerated storage of fiquid-dried bacterial

. g U : . . . R t P
cultures for 2 weeks at 37 “C can simulate 20 years of storage at 5 "C under vacuum.

[0073} Crvoprotectanis. The viability of freeze-dried culture can be improved by adding
sugars and other carbohvdrates as protective agemts prior to freezing or drying. The
cryoprotectants are viscous and form a glassy state within and around the cell to protect
against membrane damage which occurs due to formation of ice crystals during freezing and
increases i Hguid water solute concentration during freezing and drying (Morgan et al,,
2006). An increase in cell viability after freezing and drving depends on the type of protective
agent used, and s selection is crucial since some cryoprotectants are toxie to different

microbes (Hubalek, 2003).

[0074] Preservation of anaercbes using freeze-drving was reported under strict anaerobic
conditions, but very limited information regarding methanogenic culture preservation in air
exists, possibly due to their high sensitivity to oxvgen. The preservation of methanogenic
cultures in air would make the process more convenient and economical, but is challenging,
and effective preservation and storage methods are needed. In this study, we mvestigated
freeze-drying int an air atmosphere as a method of preservation for three methanogenic
cultures. Activity was measured after drying as well as after drving and simulated long-term
storage. The effectiveness of enriched culture conditions and cryoprotectant addition was

determined.
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[0073} Materials and Methods

{0076} Lurichment Cultures. Three methanogenic enrichment cultures were developed as
described elsewhere (Schauer-Gimenez et al, 2010}, Briefly, reactors were seeded with 2 L of
anaerobic municipal studge and operated in daily feed-and-draw mode over two years at 35°C
and a 15-day retention time. All cultures (Cuolture 1, 2 and 3) received basal nutrient mediam
{see below) and Ha:CO, (111, v/v ratio) in the headspace every day. In addition, Culture 2
received glucose (40 mgfl-day), whereas Culture 3 recetved air (40 mg O+/L-day) The mass
of Oy theoretically satisfied less than 6% of the oxvgen demand. Therefore, the culture
dissolved O; concentration was expected to be negligible. Basal notrient medinm contained
the following [mg/L] NHCl {400]; MgSOe0H,0 [250], KO {400], CaCly2H,0 [120];
(NH 1L HPO, [80]; FeClaoH 0 [$5]; CoClye6H,0 [10}; KI [10]; yeast extract [100]; the trace
metal  salts  MoClyedHz0, NHVO;,  CuCle2HO,  ZofCiH0:)2H0,  AlCH6HL0,
NaMoQg2H20, HiBOs, NiCl=6H:0, NaWO,2H 0, and NaxSe(s} [each at 0.5]; NaHCO;
{5000]; and resazurin {11,

{0077} Freezing and drying. Waste biomass was collected from all reactors over three days,
stored at 4 °C in glass bottles sparged with Ny:COz gas (7:3 viv), then thickened by
centrifugation at 4500 rpm for 10 minutes with and without 10% glucose as a cryoprotectant
{Colleran et al., 1992). Thickened biomass was transferred to 75 mlL freeze-drying flasks
{Millrock Technology, Kingston, NY, USA) and shell frozen by immersion in liquid nitrogen
for approximately 10 minutes (Staab and Ely, 1987). Frozen biomass was then dried using a
bench-top freeze dryver (3GenMP Opti-Dry, Millrock Technology, Kingston, NY, USA) at a
condenser temperature of ~45°C and vacuum of 13.33 pascal (Kadam, 1991). The primary
drying time was determined by monitoring flask temperature using a thermocouple (800024,
Sper Scientific Lid., Scottsdale, AZ, USA). Primary dryving was assumed to be complete when
the flask temperature increased to the ambient value. Secondary drying was maintained for a

time equal to that of primary drving, as recommended elsewhere (Kadam, 1991).

{0078} Shori-term and accelerated long-term culture storage.  After drying, cullures were

analyzed for residual moisture content {RMC) by measuring the total solid (TS), and volatile
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solids (VS} by standard methods (APHA et al, 1998} Dried cultures were stored in a
desiccator containing a CaCO; dessicant (Drierite™, W. A, Hammond Co., Xenia, OH, USA)
with an air atmosphere at room temperature for two days before activity testing.  Long-term
storage was simulated by holding cultures in a similar desiceator with air at an elevated
temperature of 353°C for 15 days, as described by others (Sakane and Kuroshima, 1997); this
has been shown to produce activity loss similar to storage for 20 years at 3°C for many

MICFOOrganisms.

[0079] Specific methanogenic activity (SMA) testing against H,  Aliquots of dried cultures
were rehydrated m 300 mL of nuirient medium containing L-cysteine hydrochionde (300
mg/l.) as a reducing agent. The culture activity againsi H; for wet cultures, freeze-dried
cultures after drying, and freeze-dried cultures after accelerated storage was determined using
the SMA protocol described by Coates et al. (1996} implemented. Serum bottles (160 ml)
were charged with 25 mL of biomass suspension (<300 mg/l. V8S8), sparged with a HuCO,
gas mix (41 v/v) and sealed with black balch-type rubber septa and aluminum seals. Bottles
were pressurized by injecting 100 mL of the Hy CO, gas mix (4:1 v/v) and incubated at 35°C
and 130 rpm in an incubator-shaker {model C25KC, New Brounswick Scientific, Edison, NI,
USA). The volume of gas remaining was measured over time with a glass syringe and water-

lubricated glass plunger. After measurement, gas was re~-injected into the serum bottle.

[0080] The gas volume decrease was calculated from the nitial gas volume in test bottles
{100 mL} less the gas volume remaining at a given time. The HxCO; gas utilized was
caleulated as the gas volume decrease less the endogenous control bottle gas volume
produced, Methane production was caleulated as the volume of Ha: OO, gas utilized divided
by the stoichiometric ratio 4 {i.e., 4 moles of H; and 1 mole of CO; produce 1 mole of CHa).
Maximum methane production rate (mb CHa/h) was determined by linear regression using the
initial points on a graph of cumulative methane produced versus time. SMA (mlL CHy/g of
VS8-h) was calculated by dividing the maximum methane production rate by the system VSS
mass measured by standard methods (APHA et al, 1998). SMA testing, endogenous controls

and abiotic confrols were run in triplicate. Gas leakage in abiotic controls was negligible
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throughout the analyses. A one sided Student’s t-test with unequal population variance was

used to compare activity data.

{0081} Archacal community analysis.  Archaeal communities were analyzed by buillding
clone librantes for a fragment of the 165 RNA  gene using ArchF (8-
TTCCGGTTGATCCYGCCGGALY {(SEQ 1B NOT7H and ArchR {5
YCCGGCGTTGAMTCCAATT-3" (SEQ ID NO8Yy primers as deseribed  elsewhere
{Schaver-Gimenez et al, 20103 DNA was extracted using the PowerSoil DNA Isolation
Sample Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) and PCR amplified using
EconoTag® PLUS 2X Master Mix (Lucigen Corp., Middleton, Wi, USA). PCR products
were cloned using a TOPO TA Cloning® Kit {lovitrogen, Carlsbad, CA, USA}
Transtormants were selected by blue-white screening, and direct colony PCR was pertormed
on white colonies. PCR products were cleaned, concentrated, and processed using an
UltraClean ™ Clean-Up Kit (MoBio Laboratories, Carlsbad, CA, USA) prior to sequencing at
an outstde facility (University of Chicago Cancer Research Center). Consensus sequences
were assembled, and vector sequences as well as chimeras were removed as described
elsewhere {Schaver-Gimenez ¢t al., 2010). The Basic Local Alignment Search Tool (BLAST)
was used to identify similar sequences. The SeqMatch program on the Ribosomal Database

Project (RDP) website was used to identify taxonomice classifications (Cole et al, 2007).

0082} Results and Discussion

[0083] All three methanogenic cultures maintained Hi-utilizing activity after being freeze
dried and stored in an air atmosphere. The drying behaviors of all cultures were similar. After
12 h, the drving flask reached the ambient temperature and primary drying was completed
{See Figure 1). Secondary drving was then continued for an additional 12 h to remove bound
water and obtain a stable product. The RMC of freeze-dried caltures was between 9 and 13%

by mass.

[0084} Culture conditions influenced the microbial community structure as well as activities

observed before freeze drving, after freeze drving, and after storage. Cultures 1 and 3
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consistently demonstrated significantly higher activity {p<0.0035) as compared to Cuinwe 2
{See Figures 2 and 3). The glucose addition to Cultore 2 may have increased the VS8 mass
associated with fermentative bacteria and acetoclastic methanogens, thus decreasing the He-
utilizing fraction of the total VS8S. Therefore, the hydrogenotrophic methanogens may have
comprised a lower fraction of the total biomass i Culture 2 and the activity against Ha was
tower. This is supported by archaeal community analysis. The relative abundance of
sequences related to known hyvdrogenotrophic methanogens was lower in Culture 2, whereas

the relative abundance of sequences related to known acetoclastic methanogens was higher in

Calture 2 (See Figure 4).

{0085} The culture 3 which was enriched with a low daly dose of air {i.e, () consistantely
exhibited higher activily before frecze-drying, after treeze~drying, and afler storage following
treeze-drving {See Figures 2 and 3). Addition of small amount of air shifted the archeal
commumty, causing & higher relative sbundance of archaeal phylotypes of unknown phyla
{See Figure 4). The unstudied archaeal phvlotypes may be more tolerant of drving and storage
i an air atmosphere and may be methanogens. Air addition also resulted in a decrease i the
relative abundance of phylotypes closely related to known aceticlastic methanogens (See

Figure 4).

[0086] Cryoprotectant addition resulted in higher methanogenic gctivity after both freeze-
drying and storage. The beneficial influence of cryoprotectant addition was more pronounced
after accelerated storage than it was afier drving (See Figure 5). The percent activity
preserved was calculated as the activity value after freeze-drying or storage divided by the
activity value before freeze drying maltiplied by 100, The average percent activily preserved
after freeze-drying for all cultures was 79% with crvoprotectant and 05% without
cryoprotectant, whereas the average percent activity preserved after freeze-drying and
subsequent accelerated storage was 50% with cryoprotectant and 30% without cryoprotectant
respectively {See Figure 5). Similar results were discussed by Colleran et al. {1992) for
cultures dried and stored under anaercbic conditions. They showed that addition of 10%

glucose during freeze-drving resulted in 32% higher aclivity of granular anaerobic sludge
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immediately after drving and 48 5% after freeze-deving with seven months of subsequent
storage under anaerobic conditions. Berner and Viernstein (2006) demonstrated that 40% of
the original viability of a freeze-dried Lactecocens lactis strain cultivated under anaerobic
conditions at 30 °C was preserved when 15% sucrose was used as a crvoprotectant, but no

colony forming units (CFUs) were detected when the crvoprotectant was not added.
[0087} Conclusions

[0088} Methanogenic activity can be preserved after freeze-drying and storage of active
cultures in an atr atmosphere. Growth conditions belore freeze-drying mnfluenced the
hydrogenotrophic activity after freeze-dryving. In this regard, methanogenic cultures grown in
the presence of air maintained more methanogenic activity after freeze-drving in air as
compared to strictly anaercbic cultures. Clone libraries constructed from micro-aerobic
methanogenic cultures contained ynstudied phylotvpes that could onlv be classitied under the
domain Archaea (i.e, they could not be resolved to the phylum level). Some of these
unstudied archaca may have been unique methanogens that were more tolerant of drying and
storage in an air atmosphere; however, additional research is required to confirm this
hypothesis, Adding 10% glucose as a cryoprotectant resulted in increased methanogenic
activity after freeze drying and after storage of the freeze-dried product. 1n addition, micro-
aerobic culture conditions and glucose addition as a cryoprotectant are practical methods to

increase hydrogenotrophic methanogenic activity after freeze-drving in air,
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[00109] Example 2
[00110] The following example relates to ar-drying of methanogenic enrichment

cultures at elevated temperatures.

[00111] Materials and Methods

[00112] Eurictunernt Cultures, Two methanogenic ennichment cultures were used as
described elsewhere (Schauer-Gimenez et al., 2010) to perform air drying. The culture 1 was
enriched with Hy/CO; {111 vw/v) under strict anzerobic conditions whereas culture 2 was

enriched with Ho/CO2 (1:1 viv) and low dose of Oz in the form of air.

[00113] Air-drying of cultures. Waste biomass was collected from these reactors over
three days, stored at 4 °C in glass bottles sparged with Na:CO; gas (7:3 viv), then thickened
by centrifugation at 4500 rpm for 10 minutes with and without 10% glucose as a
cryoprotectant {Colleran et al,, 1992). The thickened biomass suspension {20 mbl) was
transferred to a 25-mL ceramic crucible. The biomass was air-dried by placing a crucible in a

104 °C oven for 10 1o 12 hrs.

[00114] Shart-term and simulated long-term culture storage.  After drying, cultures
were analvzed for residual moisture content {RMC} by measuring the total solid {TS), and
volatile solids {VS) by standard methods (APHA et al., 1998). Dried cultures were stored in a
desiccator in air at room temperature for two days before activity testing.  Long-term storage
was simulated by holding cultures 1n a similar desiccator i air at an elevated temperatore of
35°C for 15 days, as described by others (Sakane and Kuroshima, 1997); this has been shown
{0 produce activity loss similar to storage for 20 years at $°C under vacuum for many

IMICTOOTZAni sms.

j00115] Specific methanogenic activity (SMA) testing against Hx. The activity of
cultures against Hy, after air drying as well as air drying and simulated storage was
determined using the SMA protocol described by Coates et al. (1996) and the results were

compared with wet cultures {controls). Briefly, aliquots of dried cultures were rebydrated in
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300 wl of muarient medium containing L-cysteine hydrochloride (500 mg/l) as a reducing
agent. The activity test was performed in 160-ml serum bottles by injecting 100 mL
pressurized gas mixture of HpCO; (401 viv) in 25-mL biomass suspension (<300 mg/L VSS),
incubated at 35°C and 150 rpm. SMA (mL CHy/g of VSS-h) was calculated by dividing the
maximum methane production rate by the system volatile suspended solids (VSS) mass

measured by standard methods (APHA et al., 1998}

[00116] Results
[00117] As indicated in Figures 6-8, the cultures retained 30 to 50% of their onginal

methane production activity after air drying at the elevated temperature.
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[00120] Coates J. D, Coughlan M. F. and Colleran E. (1896). Simple method for the
measurement of the hydrogenotrophic methanogenic activity of anaerobic sludges. ./

Microbiol Methods. 26(3), 237-246.

[00121] Colleran E, Concannon F., Golden T, Geoghegan F., Crumlish B, Killilea E.,
Henry M. and Coates J. (1992}, Use of methanogenic activity tests to characterize anaerobic
sludges, screen for anaerobic biodegradability and determine toxicity thresholds against
individual anaerobic trophic groups and species. Wafer Science & Fechnology[WATER

SCLTECHNOL [ 25(7).

[00122] Sakane T, Kuroshima K. (1997). Viabilities of dried cultures of various
bacteria after preservation for over 20 years and thewr prediction by the accelerated storage

tost. Adicrobiol Cult. Coll. 13, 1-7.
[00123] Schauver-Gimenez A. E., Zitomer D. H., Maki J. S. and Struble €. A. (2010).
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CLAIMS
Tclain:
L. A method for preserving methanogens, the method comprising drying a

Hauid culture compnising the methanogens in air to obtain a dnied culture comprising the

methanogens.

2. The method of claim 1, wherein drying comprises heating the liguid

culture to a temperature of at least about 80°C.

~

3. The method of claim 2, where the liquid culture is heated for at least

about 10 minutes.

4, The method of claim 2, wherein the liquid culture is subjected to a

vacuum during the heating.

S. The method of claim 1, wherein drving comprises freeze-diving the
hiquid culture,
6. The method of claim 1, wherein the methanogens comprise

hvdrogenotrophic methanogens.

7. The method of clamm 6, wherein the bhydrogenotrophic methanogens

belong to the order Methanomicrobiales or to the order Merhannbactferiales.

8. The method of claim 7, wherein the hydrogenotrophic methanogens

comprise Methanospirillm hmngatei, or a related hydrogenotrophic methanogen.

9. The method of claim &, wherein Merhanospiritium hungatei or the
related hvdrogenotrophic methanogen represent at least about 95% of hydrogenotrophic

methanogens belonging to the order Methanomicrobiales in the culture,

=

1), The method of claim 6, wherein the hydrogenotrophic methanogens
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comprises Methanobacterium beifingense, Methanolinea iarda, or a related hydrogenotrophic

methanogen.

1. The method of claim 1, wherein the methanogens comprise

>

acetotrophic methanogens belonging to the order Methanosarcinales.

12, The method of claim 1, further comprising adding a cryoprotectant to

the liquid culture prior to drving the liquid culture.

13, The method of claim 12, wherein the cryoprotectact is added at a

concentration of at least about 5 g/ml.

i4. The method of claim !, wherein the dried culture has a relative

moisture content of less than about 15% by mass.

i3. The method of claim 1, wherein after the dried culture is reconstituted,
the reconstituted cultures has a specific methanogenic activity against Hy:CO; that ts at least

about 20 mi CH/br-g VSS,

16, The method of claim 1, wherein after the dried culture 1s reconstituted,
the reconstituted culture has a specific methanogenic activity against #H2:CO; that is at least
about 30% of the specific methanogenic activity of the liquid culture against H2:CO: prior to

drying.

17.  The method of claim 1, wherein prior to performing drving, the liquid

culture was grown in the presence of oxygen.

18 The method of claim 1, wherein prior to performing drying, the liquid

culture was grown in the presence of an organic acid or a salt thereof.

19 A dried culture obtained by the method of claim L
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~r

20. A method of enhancing methane production in an anaerobic digester
svstem, the method comprising reconstituting the dried culture of claim 19 and adding the

reconstituted culture to the anaercbic digester system.

~30-
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