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Introduction

Several non-methylotrophic bacteria have been reported to improve the growth and activity of
methanotrophs; however, their interactions remain to be elucidated. We investigated the
interaction between Methylocystis sp. M6 and Microbacterium sp. NM2. A batch co-culture
experiment showed that NM2 markedly increased the biomass and methane removal of M6.
gqPCR analysis revealed that NM2 enhanced both the growth and methane-monooxygenase
gene expression of M6. A fed-batch experiment showed that co-culture was more efficient in
removing methane than M6 alone (28.4 vs. 18.8 pmol-1"-d™), although the biomass levels were
similar. A starvation experiment for 21 days showed that M6 population remained stable
while NM2 population decreased by 66% in co-culture, but the results were opposite in pure
cultures, indicating that M6 may cross-feed growth substrates from NM2. These results
indicate that M6 apparently had no negative effect on NM2 when M6 actively proliferated
with methane. Interestingly, a batch experiment involving a dialysis membrane indicates that
physical proximity between NM2 and M6 is required for such biomass and methane removal
enhancement. Collectively, the observed interaction is beneficial to the methanotroph but
adversely affects the non-methylotroph; moreover, it requires physical proximity, suggesting
a tight association between methanotrophs and non-methylotrophs in natural environments.
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Methanotrophs have been commonly encountered in
natural environments such as oceans, fresh waters, wetlands,

Methanotrophs, defined as aerobic methane-oxidizing
bacteria, utilize methane as a sole carbon and energy source;
thus, they have an important role in the global carbon cycle
[1, 2]. Methane monooxygenase (MMO) is the key enzyme
for acting as a methanotroph because it oxidizes methane
to methanol. Due to its low specificity, MMO can oxidize
different recalcitrant compounds such as alkanes and
aromatic hydrocarbons [3—5]. Therefore, methanotrophs
are broadly used as biocatalysts in many biotechnological
processes, such as in biodegradation systems for methane
as a greenhouse gas and recalcitrant contaminants [6, 7].
Most methanotrophs have been considered to be obligate
to methane, but some are facultative methanotrophs that
can utilize multi-carbon compounds including ethanol and
organic acids, such as acetate, pyruvate, and malate [8, 9].
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and soils [1, 2, 9]. They have been reported to be closely
associated with various organisms such as plants, protists,
and marine invertebrates as well as with other bacteria
[1,10, 11]. For instance, methanotrophs have synergistic
interactions with sphagnum mosses and microalgae by
exchanging CO, and O, [12—-14]. They are reported to be
endosymbionts of marine invertebrates [10], and also
prey for bacterivores [15]. Therefore, it is probable that
methanotrophs significantly interact with many other
biotic components in different ways.

There are different types of microbial interactions, some
of which can be beneficial to at least one participant, e.g.,
commensalism, synergism, mutualism, parasitism, and
predation [16]. Recent reports indicate that methanotrophic
activity can be enhanced by commensalism and synergism



via a metabolite exchange between methanotrophic and
non-methylotrophic bacteria [17-20]. For example, methano-
trophs have been shown to have a metabolic association
with heterotrophic bacteria [19]. Metabolites from non-
methylotrophic bacteria have been shown to support the
activity and growth of co-cultured methanotrophs [17, 18].
The metabolite cobalamin from a Rhizobium isolate, as well as
riboflavin and organic acids, can stimulate methanotrophic
activity. In contrast, methanol use by a methylotroph, i.e.,
cross-feeding, can be beneficial to methanotrophs because
excess methanol generated during the methane oxidation
process is toxic [20]. To the best of our knowledge,
methanotrophs have not been reported to take advantage
of other bacteria via mutualism, parasitism, and predation,
which require intimate physical contact.

The main purpose of this study was to investigate and
identify the interaction between Microbacterium sp. NM2
as a non-methylotroph and Methylocystis sp. M6 as a
methanotroph. We tested whether co-cultivation of NM2
with M6 can increase the methanotrophic activity and
population growth of M6, and whether a physical interaction
is responsible for such a partnership.

Materials and Methods

Organisms

Microbacterium sp. NM2, Methylocystis sp. M6, Methylosinus
trichosporium OB3b, and 2 methanotrophic consortia were used in
this study. NM2 was isolated from the Methylocystis-dominant
methanotrophic consortium originating from soil [21]. This
consortium was serially diluted with a sterile 0.9% NaCl solution
and spread on Difco R2A agar (BD Diagnostics, Sparks, USA)
plates. A pure colony of NM2, yellow-pigmented, was obtained
by subsequent transfers (more than three) to new R2A agar plates
and maintained in R2A agar medium. To identify NM2, the 165
rRNA gene was amplified using the primer pair 341f (5-CCTACG
GGAGGCAGCAG-3) and 907r (5'-CCGTCAATTCCTTTRAGTTT-
3’). The partial sequence of the 16S rRNA gene was compared
with known DNA sequences using the Basic Local Alignment
Search Tool (BLAST) (http:/ /blast.ncbi.nlm.nih.gov). The sequence
obtained in this study was deposited in the DNA data bank of
Japan database (http://www.ddbj.nig.ac.jp) under the accession
number LC348727. NM2 was identified as a Microbacterium
species (phylum Actinomycetes), and it has been deposited in the
Korean collection for type cultures (http://kctckribb.re.kr)
(world data center for microorganisms, WDCM597) under the
collection number KCTC 29496. It was tested whether NM2
utilizes methane, methanol, and formate in nitrate mineral salts
(NMS) medium. NMS contained MgSO,7H,0 1 g/1, CaCl,2H,O
0.134 g/1, KNO, 1 g/1, KH,PO,0.272 g /1, Na,HPO, 12H,0 0.717 g /1
[22]. NM2 was physiologically profiled using BIOLOG Ecoplates
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(Biolog, Hayward, USA), which contain typical carbon sources for
soil microorganisms.

Four methanotrophic cultures (two isolates and two consortia)
were used in this study. Methylocystis sp. M6 (the collection no.
KCTC 11519) [23] and Methylosinus trichosporium OB3b (KCTC
12568) were used as the methanotrophic isolates. Both of those
isolates are reported to be obligately methanotrophic. In this
study, we used M6 as a model methanotroph because M6 has
shown the potential to interact with other non-methanotrophic
bacteria [21]. The two methanotrophic consortia originated from
riparian wetland soil at Gongju City, South Chungcheong Province,
South Korea, and landfill soil at Gapyeong County, Gyeonggi
Province, South Korea, and have been used in methane oxidation
studies [24, 25]. They were designated as consortium A and
consortium B, respectively. The methanotrophic cultures were
maintained in NMS medium with 100,000 ppm methane as
previously described by Jeong et al. [21]. CuSO, was added to a
final concentration of 30 uM in order to support particulate MMO
(pPMMO) activity.

Batch Co-Cultures of NM2 and Methanotrophs

NM2 was grown in R2A broth at 30°C with an agitation of
200 rpm for three days. Cells were harvested by centrifugation at
5,000 xg for 10 min and washed with NMS. The washing step was
repeated twice. The four methanotrophs were cultivated in NMS
medium at 30°C with an agitation of 200 rpm with 100,000 ppm
methane. The methanotrophic cultures were harvested by
centrifugation at 5,000 xg for 10 min and washed with NMS once.
To measure dry cell weight, the cell suspension was vacuum-
filtrated through glass-fiber filter paper (Whatman 1825-047, UK)
and dried in a dry oven at 105°C for 2 h.

For each set of co-culture, NM2 and a methanotroph were
independently prepared. Cell suspensions of each set were adjusted
to the same concentration (a range of 0.4 to 0.9 g/l). After an
overnight incubation at 4°C for normalizing each set, a methanotroph
was mixed with either NM2 or fresh NMS medium at a ratio of
1:49 (v/v). Fifty ml of each mixture were placed in 600-ml serum
bottles (n =2), and the bottles were sealed with a butyl-rubber
stopper and parafilm. Methane (99.9%) was added to a final
concentration of 100,000 ppm. They were incubated at 30°C with
an agitation of 200 rpm for 4 days. When the methane concentration
was below 10,000 ppm, the serum bottles were aerated on a clean
bench, and methane was spiked again into the bottles.

Population Dynamics of NM2 and M6

NM2 and M6 cells were prepared as described above. They
were adjusted to a final concentration of 0.4 g dry cell'l1". M6 was
mixed with either NM2 or fresh NMS medium at a ratio of 1:49.
Fifty ml of each mixture were placed in 600-ml serum bottles
(n = 2). These bottles were then sealed with a butyl-rubber stopper
and parafilm. Methane was added to a final concentration of
100,000 ppm. They were incubated at 30°C with an agitation of
200 rpm for 21 days. Ten ml of each culture were replaced with

October 2018 | Vol. 28 | No. 10



1708  Jeongetal.

fresh NMS every week. When methane concentration was below
10,000 ppm, the serum bottles were aerated on a clean bench, and
methane was spiked again into the bottles. Samples were collected
on days 0, 7, 14, and 21, and cells were harvested from 1 ml of
each sample by centrifugation at 16,000 xg for 5 min. NM2 and M6
were quantified using quantitative real-time PCR (qPCR).

Another experiment investigated the effects of starvation on co-
culture of NM2 and M6. The NM2 and M6 cells were prepared in
NMS as described above to a cell concentration of 0.4 g/1. M6 was
mixed with either NM2 or fresh NMS medium at a ratio of 1:49. In
addition, NM2 alone (no M6 added) was prepared. Fifty ml of
each mixture were placed in 600-ml serum bottles (1 = 2). These
bottles were then sealed with a butyl-rubber stopper and parafilm.
The cultures were incubated at 30°C with an agitation of 200 rpm
for 21 days without methane. Samples were collected on days 0, 7,
and 21, and the cells were harvested from 1 ml of each sample by
centrifugation at 16,000 xg for 5 min. NM2 and M6 were quantified
using qPCR.

Physical Separation between NM2 and M6 Using a Dialysis
Membrane

A dialysis membrane was used to allow NM2 and M6 to
interact through chemical compounds. NM2 and M6 cells were
prepared as described above. M6 was diluted with fresh NMS
medium at a ratio of 1:9. Fifty ml of NM2 were contained within a
dialysis membrane tube (34 mm wide, 50 kDa pore size; CelluSep,
Membrane Filtration Products, INC, USA). The dialysis tube was
placed in a 1-L media bottle, to which 50 ml of the diluted M6 was
added. M6 was mixed directly with either NM2 or fresh NMS
medium at a mixing ratio of 1:9. One hundred mL of each mixture
were placed in a 1-L media bottle. There were two replicates for
each treatment. Bottles were sealed with a silicone rubber stopper.
Methane was added to a final concentration of 100,000 ppm. The
bottles were incubated at 30°C with an agitation of 200 rpm for
4 days. When methane concentration was below 10,000 ppm, the
serum bottles were aerated on a clean bench, and methane was
spiked again into the bottles.

Fed-Batch Co-Culture of NM2 and M6

NM2 and M6 cells were prepared as described above. The cell
mixtures were adjusted to a final concentration of 0.4 g/1. M6 was
mixed with either NM2 or fresh NMS at a ratio of 1:49. Fifty ml of
the mixture were placed in 600-ml serum bottles. The bottles were
then sealed with a butyl-rubber stopper and parafilm. Methane
was added to a final concentration of 100,000 ppm. This was
incubated at 30°C with an agitation of 200 rpm. The co-culture
was acclimated for up to 6 days, and then operated with a
hydraulic retention time (HRT) of 5 days for a period of 16 days as
a fed-batch process (10 ml refreshed every day). The bottles were
aerated on a clean bench, and methane was added to a
concentration of 100,000 ppm every day. Methane concentrations
and biomass were monitored, and samples were collected on days
0, 6, 13,18, and 22. Harvested cells were frozen at —70°C prior to use.
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Gas Analysis

Methane and carbon dioxide concentrations were monitored
using gas chromatography (GC; 6850N, Agilent Technologies,
USA or GC-2010 plus, Shimadzu, Japan). The Agilent GC device
was equipped with a wax column (30 m x 0.32 mm x 0.25 um,
Supelco, USA) and a flame ionization detector. The oven, injector,
and detector temperatures were set at 100°C, 230°C, and 230°C,
respectively, with N, as the carrier gas. The Shimadzu GC device
was equipped with a Rt-Q-BOND column (30 m x 0.53 mm x
20 um, Restek, USA) and a thermal conductivity detector. The
operating temperatures of the oven, injector, and detector were
50°C, 100°C, and 150°C, respectively, with He as the carrier gas.

DNA Extraction

For DNA extraction, 1-ml samples were transferred to 1.5-ml
microtubes. Microtubes were centrifuged at 15,000 xg for 5 min,
and the supernatants were discarded. All samples were stored at
-70°C prior to use. DNA was extracted using the NucleoSpin Soil
Kit (Macherey-Nagel, Germany) according to the manufacturer’s
recommendations. DNA was eluted in 50 pl of the elution buffer
and quantified using an ASP-2680 spectrophotometer (ACTGene,
USA).

RNA Extraction

RNA was extracted using TRIzol Reagent (Invitrogen, USA)
according to the manufacturer’s recommendations. RNA was
suspended in 50 pl of RNase-free water, and the contaminated
DNA was removed via DNA digestion. Five ul of 10x DNase I
buffer (Ambion, USA) and 2 pul of DNase I (Ambion) were added
to tubes containing a 50 ul RNA sample. Mixtures were incubated
in a water bath at 37°C for 30 min. Immediately, RNA was further
purified using the RNeasy Mini Kit (Qiagen, USA) according to
the manufacturer’s recommendations. RNA was eluted in 30 pl of the
elution buffer and quantified using an ASP-2680 spectrophotometer.
RNA was reverse-transcribed using the Omniscript RT Kit (Qiagen)
according to the manufacturer’'s recommendations. Reverse
transcription reactions were performed in 20-ul volumes. The
reaction mixture consisted of 1 ul of 1x buffer RT, 2 ul of dNTP,
random hexamer at 50 uM, 10U of RNase inhibitor, 1pul of
Omniscript RT, and 10 pl of template RNA.

Real-Time PCR

DNA and transcript level of pMMO quantification was performed
using an Applied Biosystems 7300 real-time PCR system (Applied
Biosystems, USA). The primer set was used to quantify the M6
populations targeting the 16S rRNA gene: M6-F (5'-CGGAATCAC
TGGGCGTAAA-3) and M6-R (5-GACTCGAGACCTCCAGTATCA-
3) [21]. A primer set of pmoA-F (5-TTCTGGTGGGTGAATTTC
CGCCTT-3) and pmoA-R (5-AAGCAGGATCACGTCAAGCCA
GAT-3’) was used to quantify the pmoA gene [21], which encodes
the o-subunit of the particulate methane monooxygenase. We
confirmed that the M6 primer set exclusively amplifies its own
target DNA. We designed the following primer set to exclusively



amplify the NM2 over M6 [26, 27]: NM2-F (5-CCGTAACTGACG
CTGAGGAG-3") and NM2-R (5'-GTGGAATGGTCCCCACAAC-
3’) targeting the 16S rRNA gene. The qPCR was performed with
25-ul reaction volumes. The reaction mixture consisted of 12.5 ul
of PCR premix (Qiagen), 0.5 pl of forward primer (10 pM), 0.5 pl
of reverse primer (10 uM), and 2 pl of template DNA. Control
reactions contained the same mixtures but with 2 pl of ultrapure
water replacing the DNA template. The PCR was initiated at 95°C for
15 min, followed by 40 cycles of 94°C for 15 sec and 60°C for 1 min.
The M6 and pmoA sets were used to quantify the transcripts of
the 16S rRNA (as an internal standard) and pmoA (as a target) genes,
and relative expression (RE) of the pMMO gene was calculated by
applying the AACt method as RE=2(#CtcoultureraCticontrol) yyhare ACH
is CtpmoA_Ctlbs rRNA*

Results

Effects of NM2 on Methane Oxidation Activity of
Methanotrophs

We confirmed that NM2 does not utilize methane,
methanol, and formate (data not shown). A physiological
profile result showed that NM2 utilizes a-cyclodextrin,
N-acetyl-D-glucosamine, D-mannitol, and D-cellobiose.
NM2 showed positive effects on methane oxidation of
methanotrophs including Methylocystis sp. M6, Methylosinus
trichosporium OB3b, and the methanotrophic consortia A
and B (Fig. 1). Addition of NM2 significantly increased the
methane removal in co-cultures (p <0.05), except for
consortium A. The methane removal rates were 9.24 + 0.02
and 16.9 = 0.45 pmol-1"-d" in M6 alone and NM2-M6 co-
culture, respectively (82.9% increase) (Fig. 1A), 8.55 + 0.26
and 20.3 + 0.07 umol-1*-d" in OB3b alone and NM2-OB3b
co-culture, respectively (137.4% increase) (Fig. 1B), 10.16 +
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0.31 and 15.25 + 2.71 pmol'l'-d" in consortium A alone
and co-culture of NM2-consortium A, respectively (50.1%
increase) (Fig. 1C), and 9.39 + 0.24 and 15.9 + 0.18 pmol-1"-d™*
in consortium B alone and co-culture of NM2-consortium
B, respectively (69.3% increase) (Fig. 1D). Enhancement of
methanotrophic activity by NM2 was more efficient with
the isolates than with the consortia (82.9% and 137.4% vs.
50.1% and 69.3%, respectively).

Effects of NM2 on Growth and Activity of M6

Effects of NM2 on methanotrophic activity and growth of
M6 are shown in Fig. 2. Cell mass peaked at 1.2 + 0.1 g/l on
day 14 in NM2-M6 co-culture. Cell mass increased to 0.4 +
0.1 g/1by the end of the 21-day period in M6 alone (Fig. 2A).
The amounts of cumulative methane removal at the end of
the period were 13.0 = 3.2 and 2.5 = 0.2 mmol in the co-
culture and M6 alone, respectively (Fig. 2B). NM2 increased
the cell growth and methanotrophic activity of M6 by three
and five times, respectively.

M6 population rapidly increased for the first 7 days, and
then almost leveled off, reaching 2.5 x 10+ 1.9 x 10" and
4.4 x 10" £ 1.1 x 10" 16S rDNA copy numberl" in the co-
culture and M6 alone, respectively, by the end of the
experimental period. The relative expression levels of the
pmoA gene were 7.7 = 0.9 and 1.7 + 1.5 at 7 and 14 days,
respectively (Fig. 2C). The results revealed that the rapid
increase of methane removal was positively correlated
with the pmoA gene expression.

Unexpectedly, NM2 population sharply decreased by
one order of magnitude with time, while the theoretical
population level of NM2 only considering dilution, derived
by subtracting the cell mass that flowed out of culture,
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Fig. 1. Effects of Microbacterium sp. NM2 on methanotrophic activity of different methanotrophs, including Methylocystis sp. M6
(A), Methylosinus trichosporium OB3b (B), methanotrophic consortium A (C), and methanotrophic consortium B (D).
The symbol * indicates a significant difference (p < 0.05). Error bars indicate the standard deviation of the mean.
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Fig. 2. Effects of Microbacterium sp. NM2 on activity and growth of Methylocystis sp. M6. Cell mass (A), methane removal (B), M6
population and relative expression of pmoA (C), and NM2 population (D).

Ten ml of the microbial cultures (10%) were replaced with an equal volume of fresh medium every 7 days. Theoretical population level is the
population density of NM2 derived by subtracting cell mass that flowed out of culture. Error bars indicate the standard deviation of the mean.

appeared to remain stable (Fig. 2D). In contrast, the M6
population increased by two orders of magnitude (Fig. 2C).
Thus, a majority of the cell mass originated from M6
growth in the co-culture. A linearity test showed that the
masses of the two organisms had a negative relationship
(R*=0.90). These results indicate that M6 could adversely
influence the growth and survival of NM2.

Interaction of M6 and NM2 when No Carbons Were
Supplied

Interaction between M6 and NM2 in the absence of
carbon was identified (Fig. 3). Without a carbon supply, M6
population markedly decreased (by 85%) within the first 7
days in M6 alone, but M6 population remained stable at the
initial level over time when co-cultured with NM2 (Fig. 3A).
The NM2 population was stable at the initial level for at
least 21 days in the absence of a carbon supply in NM2
alone (Fig. 3B). However, when NM2 was co-cultured with
M6, NM2 population decreased by 66% at the end of the
experimental period. These results indicate that M6 can take
advantage of NM2 for survival under starvation conditions.
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Effects of Physical Contact in the Co-Culture

A dialysis membrane (pore size of 50 kDa equivalent to
50,000 molecular weight) was used to determine whether
enhancement of M6 activity by NM2 is mediated by an
exchange of chemical compounds or by a physical interaction
(Fig. 4). The pore size is comparable to that of a bacterial
cysteine proteinase [28], and much larger than the compounds
reported as stimulators of methanotrophic activity, e.g.,
cobalamin (1.3 kDa), riboflavin (0.3 kDa) and organic acids
(0.1kDa) [17, 29]. We observed that a heterotrophic bacterium
within the same tube was active and grew under the same
experimental settings for more than 90 days (data not
shown), indicating that NM2 was presumably active within
the tube for this 4-day experimental period. The amounts
of methane removed were approximately 100,000 ppm after
4 days in M6 alone and in a co-culture system in which M6
and NM2 were physically separated by a dialysis membrane,
whereas approximately 200,000 ppm of methane were
removed in a co-culture system in which M6 and NM2
were mixed together. Physical contact of NM2 with M6
enhanced the methanotrophic activity of M6 by about two
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times, compared with that in the co-culture system with a
dialysis membrane. The physical contact apparently reduced
the lag period for methane oxidation. These results indicate
that the physical separation of NM2 from M6 cannot
enhance the methanotrophic activity, and that physical
contact is required for their interaction.

NM2 Effects on Growth and Activity of M6 under a Fed-
Batch Condition

Biomass, methane removal, and microbial populations
were monitored in a fed-batch culture with a HRT of 5 days
(Fig. 5). Cell mass and methane removal rate were stably
maintained in NM2-M6 co-culture after an acclimation
period of 6 days. Cell mass in the co-culture increased to
1.1 g/1 for the acclimation period and remained at 1.02 =+
0.1 g/1 during the 16-day experimental period. Methane
removal rate in the co-culture rapidly increased to
38.1 umol'l™d" during the acclimation period, and the
removal rate during the experiment period was 28.4 +
5.4 umol-1"-d™. After an acclimation period, cell mass of the
M6 alone remained at 0.92 + 0.1 g/1 for the experimental
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deviation of the mean.

period, while methane removal rate was reduced by day 6
and then maintained at 13.5 + 2.9 umoll™d" during the
acclimation period (18.8 = 9.3 pumol1’d" for the 16-day
experimental period).

M6 population rapidly increased for the acclimation
period, and then was stable at 1.1 x 10" + 1.8 x 10" 16S
rDNA copy number-l” over time, whereas NM2 population
slightly increased during the acclimation period, and then
gradually decreased (Fig. 5C). When theoretical NM2
population levels were estimated by subtracting the cells
that flowed out, it appeared that the reduction resulted
from the washing-out of NM2 cells in the fed-batch
process. These results indicate that M6 does not negatively
influence NM2 when it actively proliferates with methane.

Discussion

In this study, we investigated the interaction between
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the non-methylotroph Microbacterium sp. NM2 and the
methanotroph Methylocystis sp. M6. Microbacterium spp.
(Gram-positive actinomycetes) and Methylocystis spp. (Gram-
negative proteobacteria) are found in diverse environments.
Members of the genus Microbacterium are reported to be a
decomposer in soil and activated sludge [30-32]. NM2
utilizes multi-carbon compounds as substrates, but does
not utilize C1 compounds, such as methane, methanol, and
formate. Consistently, its draft genome indicates that it
lacks the genes related with the oxidation of methane,
methanol and formate (data not shown). NM2 enhanced
the methane-oxidizing activity of methanotrophs including
M6 and OB3b as well as the methanotrophic consortia A
and B (Fig. 1). Batch co-culture of NM2 and M6 showed
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that NM2 rapidly increased the biomass and M6 population
for the first 7 days, as well as the pMMO enzyme expression,
resulting in increases of more than 3-fold in biomass and
activity (Fig. 2). These results are similar to those in previous
studies reporting that a number of non-methylotrophic
bacterial genera such as Rhizobium, Flavobacterium, Sphingopyxis,
and Cupriavidus can enhance the activity and growth of
specific methanotrophic isolates when they are cultivated
together [17, 18, 21]. In addition, diversity of heterotrophs
was correlated with the methanotrophic activity [33]. The
enhancement of methanotrophic activity by NM2 probably
begins with activation of the pMMO gene of M6, by which
the M6 population is increased. The increases in population
and pMMO gene expression are responsible for the activity
enhancement because methanotrophic activity is positively
correlated with the biomass of methanotrophs [17, 34, 35].
Similarly, Sphingopyxis sp. NM1 enhanced the transcriptional
gene expression involved in methane oxidation, resulting
in enhancement of the activity and growth of M6 [21].
Moreover, the fed-batch results indicate that the co-culture
was more efficient in terms of methane removal than the
pure culture (28.4 vs. 18.8 umol-I"-d") although there were
similar biomass levels in the two culture types (Fig.5),
suggesting that the presence of the non-methylotroph may
increase cell-specific activity of methanotrophs. Therefore,
NM2 can act as a biological agent for the enhancement of
methanotrophic systems or as a helper microorganism in
the growth of methanotrophs.

In general, the exchange of organic compounds is supposed
to be a key mechanism responsible for enhancement of
methanotrophic growth and activity by non-methylotrophs.
It has been reported that chemical compounds originating
from non-methylotrophic isolates enhance the growth and
activity of the co-cultured methanotrophs [17, 29]. For
instance, cobalamin from a Rhizobium isolate stimulated the
methanotrophic activities of methanotrophs belonging to
Methylococcaceae, Methylomonas, and Methylobacter [17], while
riboflavin and organic acids resulted in an increase in
Methylosinus growth [29]. However, our dialysis membrane
experiment showed that physical contact between NM2
and M6 was required to stimulate the methanotrophic
activity and growth of M6 (Fig. 4). Therefore, we speculate
that M6 may obtain growth/activity-promoting compounds
from NM2 through direct contact. We were unable to find
an inter-bacteria interaction study that included results
comparable with ours; however, there was an observation
reported by Schroeckh et al. [36] indicating that an intimate
physical interaction between microorganisms coerced a
participant into doing a particular function, e.g., the



production of aromatic polyketides. Ho et al. [33] reported
that methanotrophic activity was stimulated when the
methanotroph was co-cultured with non-methanotrophic
heterotrophs, but not when it was grown in non-
methanotroph-spent medium. Previously, we performed
another dialysis membrane experiment with M6 and
Sphingopyxis sp. NM1, a biological stimulator for M6 [21],
and observed that there was no need of physical proximity
for growth/activity enhancement (data not shown). Veraart
et al. [37] reported that methanotrophs may be able to
interact with heterotrophic bacteria, mediated by volatile
compounds. These observations indicate that methanotrophs
can take advantage of other non-methylotrophic bacteria
with or without physical contact. The requirement of physical
contact can indicate the higher level of specificity against
the counterpart for obtaining growth/activity-promoting
substrates, compared with non-physical interactions. This
physical intimacy may result in better efficiency and
specificity for a methanotroph in obtaining benefits from
its counterparts in natural environments that are highly
complexed and densely populated with different micro-
organisms.

Methanotrophs can be associated with biotic components
within natural environments in several different ways. For
example, they have been reported to interact with many
different adjacent organisms such as plants, protists, and
marine invertebrates as well as with other bacteria [1, 2];
e.g., predator-prey relationships with zooplankton and
protozoa [11, 38], mutualistic relationships with mussels and
invertebrates [10], synergistic relationships with mosses
and algae [12—14], and commensal relationships with non-
methylotrophic bacteria [17, 21]. In this study, we observed
a particular relationship between a methanotroph and a
non-methylotrophic bacterium in a series of results (Figs. 2—
4). First of all, the dialysis membrane results indicated that
physical contact is a prerequisite for the enhancement of
M6 activity and growth (Fig. 4). The starvation assay results
showed that NM2 population decreased by 66% while the
M6 population remained stable during the 21-day co-culture
period, and that NM2 population remained at the initial
level while M6 population decreased by 85% in the either-
one-alone test (Fig. 3). Moreover, M6 took advantage of
NM2 for survival under starvation conditions, from which
we speculated that M6 can extort growth substrates from
NM2. In addition, the batch co-culture showed that the M6
population increased by two orders of magnitude, while
the NM2 population sharply decreased by one order of
magnitude (Fig. 2). The comparison between the actual
and expected population levels of NM2 indicated that M6
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was responsible for the reduction of NM2 population.
In contrast, the fed-batch co-culture showed that M6
population was stably maintained at the initial level while
NM2 population gradually decreased (Fig. 5), a result of
the washing-out of NM2 cells in the fed-batch process.
These results indicate that M6 does not negatively affect
the survival of NM2 when it is actively proliferating with
methane (Figs. 2 and 5).

Five types of inter-microorganism interactions, such as
commensalism, synergism, mutualism, parasitism, and
predation, can be beneficial to at least one participant.
Mutualism, parasitism, and predation require an intimate
physical interaction. For example, Trichoderma spp. have
been shown to be parasitic against a broad range of
filamentous fungi, although they are normally saprophytic
in soil [39]. Members in the bacterial genus Bdellovibrio are
parasitic against other gram-negative bacteria [40]. These
parasites must be in contact with the target in order to
initiate their parasitic interaction. The observed interaction
between M6 and NM2 is beneficial to the methanotroph,
but unfavorable to the non-methylotroph through direct
physical contact in a specific situation, seemingly parasitism,
although methanotrophs have never been suspected as
parasites. Most methanotrophs have been shown to use
methane as their sole carbon and energy source as obligate
methanotrophs. It should be pointed out that the results in
the present study have been obtained under conventional
nutrient and cultivation conditions in laboratories. Thus, it
is possible that methanotrophs can use alternative substrates
as growth- and/or activity-promoting substrates, such as
those originating from other bacteria in natural environments.

In conclusion, the non-methylotroph Microbacterium sp.
NM2 can enhance the methane oxidation activity of
methanotrophs including the methanotroph Methylocystis
sp. M6 because it can stimulate the population growth and
increase the expression of pMMO. The NM2 and M6 co-
culture experiments indicate that NM2 is effective in such
enhancement only when NM2 is in physical contact with
M6, and that the interaction is positive to M6 but negative
to NM2. The requirement of physical proximity suggests
a tight association between methanotrophs and non-
methylotrophs in natural environments. To elucidate the
relationship between M6 and NM2, further mechanistic
investigations into the exchange of resources, signaling,
and physical interactions are required. In addition, a
further study on the direct contact using high-resolution
microscopy is needed. However, the current results
provide a significant insight into the survival and growth
of methanotrophs in natural soil environments.
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