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C,-Transfer Modules: from Genomics to

Ecology

Differences among C,-transfer metabolic modules provide insights about
microbes with different environmental functions

Ludmila Chistoserdova, Marina G. Kalyuzhnaya, and Mary E. Lidstrom

he metabolism of C; compounds,

those such as methane, methanol,

methylated amines and halogenated

methanes that contain no carbon-

carbon bonds, is an important part
of the global carbon cycle. In aerobic environ-
ments across a range of oxygen tensions, salinity
readings, pH values, and temperatures, the
methylotrophic bacteria are the major players in
C, cycling.

Methylotrophy also is widespread across bac-
terial groups and is found in alpha-, beta-, and
gamma-proteobacteria and in gram-positive
bacteria. Many representatives of methylotro-
phic genera, such as Methylobacterium ex-
torquens, Methylococcus capsulatus, Paracoccus
denitrificans, and Methylobacillus flagellatus,
are readily cultivated in the laboratory, lending
themselves to biochemical, physiological, and
genetic studies. Whether these and other culti-

vated methylotrophs fully reflect the makeup of
organisms in the environment and where they fit
into the evolutionary history of methylotrophy
are among the central unanswered questions
facing researchers who study these organisms.
Recent efforts to use environmental genomics as
a means for analyzing methylotrophs are pro-
viding valuable insights into C,-cycling popula-
tions in natural habitats.

Modular Nature of Methylotrophy

Complex metabolic networks consist of series of
discrete functional units, or modules, each de-
voted to specific metabolic activities. Simply
put, a module is a set of genes and encoded
enzymes involved in conducting a specific meta-
bolic function. Genes in a module may encode
enzymes that catalyze one or a sequence of sev-
eral reactions. Removing or mutating any ge-

netic component in a module would have a

e Methylotrophic bacteria are the major players
in globally cycling C; compounds such as meth-
ane, methanol, methylated amines and haloge-
nated methanes.

e Methylotrophs carry specific metabolic mod-
ules for oxidizing C, compounds, but some of
these modules also occur among bacteria that
are not methyltrophs, and likely are used for
scavenging and detoxifying purposes.

* Finding culture-independent H,MPT-linked C,
oxidizing capacities in both Archaea and Bacte-
ria suggests this pathway was present in the
universal common ancestor before these Do-
mains separated.

similar effect on phenotype.

An important attribute of a module is its
replaceability. Thus an alternative module
with a similar function (nonorthologous
substitution) can replace an existing module.

Methylotrophy consists of a set of func-
tional modules as determined by mutational
studies in model methylotrophs and as de-
duced from genomic sequences of methyl-
otrophs (Fig. 1). Specific modules oxidize
C, compounds, including methane mono-
oxygenase (MMO), methanol dehydroge-
nase, methylamine dehydrogenase, corri-
noid-dependent methyltransferase, or
methanesulfonic acid monooxygenase.
With few exceptions, these enzyme-cata-

lyzed reactions produce formaldehyde. Ad-
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FIGURE 1 |

Examples of methylotrophy functional modules, based on genomic analyses. Primary oxidation modules are in green; formaldehyde
oxidation modules are in red; formate oxidation modules are in purple, and C; assimilatory modules are in yellow.

ditional modules, such as the serine cycle and
the ribulose monophosphate (RuMP) cycle, are
involved in assimilating C,; formaldehyde units.
The rest of formaldehyde being produced is
oxidized further to formate.

One of the most widely distributed formalde-
hyde oxidation modules is the one involving
tetrahydromethanopterin (H,MPT) as a cofac-
tor. However, it is not found in some autotro-
phic methylotrophs, such as P. denitrificans,
where a module linked to glutathione (GSH)
operates instead. Some methylotrophs, such as
M. flagellatus, rely on the RuMP cycle for form-
aldehyde oxidation, while the H,MPT pathway
fulfills an auxiliary function. Still other methyl-
otrophs possess a nicotinamide adenine dinucle-
otide (NAD)-linked formaldehyde dehydroge-
nase; however, the function of this enzyme in
methylotrophy has not yet been tested by muta-
tion.

Formate resulting from oxidation of formal-
dehdye is further oxidized to CO, via specific
formate oxidation modules (formate dehydro-
genases), a variety of which are found in meth-
yltorophs. Some methylotrophs (methylotro-
phic autotrophs) assimilate C, units exclusively
at the level of CO,, via the Calvin-Benson-

Bassham (CBB) cycle, while others possess mod-
ules for assimilating both formaldehyde and
CO,. Many known methylotrophs possess mul-
tiple modules for specific steps of methylotrophy
(Fig. 1).

In some cases, these multiple modules appear
to be redundant. For example, each of the mem-
brane-bound MMO modules may be removed
from M. capsulatus with little effect on its
growth, according to Sergey Stolyar and col-
leagues of the University of Washington, Seattle.
In the case of M. extorquens, mutating all three
formate dehydrogenase modules did not affect
the ability of such mutants to grow on C; com-
pounds other than formate, and any one of the
three could grow on formate. All three C; as-
similatory pathways encoded in the genome of
M. capsulatus are expressed during growth on
methane, according to a genome-based pro-
teomic analysis by Wei-Chun Kao and col-
leagues of National Taiwan University.

Theoretically, to survive as a methylotroph,
an organism requires at least one functional
module to oxidize C, substrates, to oxidize and
detoxify formaldehyde, and to assimilate C;.
However, for some less-studied methylotrophs,
not all these modules are recognizable at the
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A Biologist and Systems Engineer, Lidstrom Sees Bacteria as Engineering

Prototypes

When Mary Lidstrom looks at a
bacterium, she sees a sophisti-
cated engineering system with
mechanisms that can be applied
to what humans build. A biologist
by training, she is also a systems
engineer who values using an en-
gineering approach to study com-
plex biological systems. Today,
among other things, she teaches
microbiology to engineers.

“We . .. teach biology to engi-
neers differently than it is taught
to biologists,” she says. “It’s a
function-based approach, with
the idea of nature as the designer
and evolution as the design tool.
That’s real engineering. And
that’s the way biology should be
taught—start with how it works,
then talk about the parts.”

Lidstrom encourages others in-
volved in the UW engineering-life
sciences program to relate design
and function issues to biology. If
scientists and engineers can un-
derstand how nature does some
particular task, they may figure
out how to adapt those principles
to other tasks, she says. For in-
stance, human skin has a remark-
able ability to repair itself, while
the shell of the abalone “is made
up of minerals and proteins, and
is several times stronger than it
should be, based on its compo-
nents.”

For nearly three decades, Lid-
strom has studied how metabo-
lism is integrated within bacterial
cells. She focuses specifically on
bacteria that grow on one-carbon
compounds—methylotrophs.
“The production, interconver-
sion, and transfer of C, units is an
important basic metabolic system
in all of biology, with both envi-
ronmental and biomedical impli-

cations,” she says. These bacteria
can grow on methane, methanol,
and methylated amines. One
long-term goal is to develop envi-
ronmentally sound and economi-
cally viable alternatives to current
chemical production and cleanup
strategies, she says.

Besides teaching and doing re-
search in microbiology, Lidstrom
has been associate dean in engi-
neering at the University of Wash-
ington (UW) since 1997. In this
role, she has been a major force
behind integrating life sciences
into the engineering program. She
first became involved with aca-
demic administration at the Cali-
fornia Institute of Technology,
where she taught environmental
engineering science from 1987-
1996. She ran a research center
and training grant there, and later
became vice-chair of the faculty.
“These experiences taught me
much about how to work with
teams and build consensus, be-
yond the confines of the research
laboratory,” she says.

Those experiences doubtless
continue to come in handy when
dealing with current pressures.
“Facing challenges such as dimin-
ishing state and federal funding,
and an increasingly hostile regula-
tory environment is offset each
time one of our junior faculty gets
their first grant, graduates their
first Ph.D. student, or wins a
teaching award,” she says. Being
an associate dean allows her “to
continue working with students,
teaching, and carrying out re-
search, while also being involved
in helping the next generation of
faculty leaders succeed.”

Lidstrom also oversees an out-
reach program in genomics. The

program recruits high school stu-
dents into doing genomics re-
search after their junior year and
lets them continue such work well
into graduate school. The pro-
gram actively seeks students of
color and those from disadvan-
taged backgrounds. In addition,
she has been a mentor to countless
undergraduates who have done
research in her lab over the years.
“With each of them, I help repay
the strong beginnings I had so
long ago,” she says.

Lidstrom grew up in Prineville,
Ore., a small town in the center of
the state, on a 1,000-acre cattle
ranch, the youngest of four chil-
dren. This experience “put me in
touch with biology on a daily ba-
sis. I was always fascinated with
how biology worked.” She be-
came hooked on biological mech-
anisms in 7th-grade science,
“when our teacher used elemen-
tary chemistry to explain diurnal
cycles of turgor pressure in plants.”

Later, as a high school senior,
she met Leo Parks, a professor of
microbiology at Oregon State
University (OSU). “Leo con-
vinced me that if I wanted to study
biological mechanisms, microbi-
ology was the right major for
me,” she recalls. She took his ad-
vice, studied microbiology at
OSU, graduated in 1973, and
then moved to the University of
Wisconsin where she received a
M.S. in bacteriology in 1975 and
a Ph.D. two years later. She is
married to Charles Chavkin, a
UW pharmacology professor, and
they have two children, 13 and 16.
Marlene Cimons

Marlene Cimons is a freelance writer
in Bethesda, Md.
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FIGURE 2 |

Bacteria are shown.

C, transfer reactions involved in methanogenesis (on the left) and methylotrophy (on the
right). Common reactions are circled. Genes for environmental detection of this module in

module for CO, assimilation, are
up-regulated when this same organ-
ism enters late-stationary growth on
polychlorinated biphenyl, according
to Vincent Denef and colleagues of
the Center for Microbial Ecology in
East Lansing, Mich. They suggest
that the organism may be switching
to a scavenging mode, which would
be consistent with what B. xeno-
vorans does when metabolizing C,
compounds in the rhizosphere, where
it likely encounters many methylated
aromatic compounds.

The H,MPT-Linked
Formaldehyde Oxidation
Module

The formaldehyde oxidation module
that is linked to H,MPT is of special
interest for tracking the evolutionary
history of methylotrophy and be-
cause of similarities with methano-
genesis reactions and genes in Ar-
chaea (Fig. 2).

When this oxidative pathway was
discovered in M. extorquens, some
researchers quickly surmised that
methylotrophic bacteria acquired
this set of genes via lateral transfer
from a methanogenic archaeon.

genomic level. For example, the genome of
Methylibium petrolephilum encodes no recog-
nizable methanol dehydrogenase.

Meanwhile, methylotrophy modules some-
times are found in genomes of organisms not
known for methylotrophic ability—for exam-
ple, Burkholderia xenovorans (Fig. 1). These
modules might metabolize formaldehyde that is
produced as by-product of biodegradative pro-
cesses. For instance, three formaldehyde oxida-
tion functional modules in B. xenovorans are
redundant when metabolizing formaldehyde
that is produced when the organism oxidizes
choline. Among them, the NAD-linked formal-
dehyde dehydrogenase plays a major role while
the H,MPT-linked pathway plays a minor role,
according to Chris Marx and others at the Uni-
versity of Washington. Similarly, both the GSH-
linked and the H,MPT-linked modules for
formaldehyde oxidation, as well as the CBB

However, Thomas Cavalier-Smith of
the University of Oxford instead proposed that
the pathway appeared first in methylotrophic
bacteria and later transferred into Archaea, in
which it enables methanogenesis.

To address evolutionary questions regarding
the occurrence and distribution of H,MPT-
linked formaldehyde oxidative capacity among
microbes, we (the authors of this paper) devel-
oped polymerase chain reaction (PCR) primers
to detect this pathway in specimens obtained
from various environments.

Before developing those primers, we com-
piled databases of bacterial genes involved in
H,MPT-linked reactions—identifying corre-
sponding chromosomal fragments in large insert
fosmid libraries of selected methylotrophic spe-
cies and also searching genomic sequences for
those genes. We were fortunate to include data
not only from proteobacterial genomes, such as
those of M. capsulatus or B. xenovorans, but
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FIGURE 3

Strategies used for linking genomic knowledge with ecological function.

also from genomes representing the deeply-di-
verging division of bacteria, Planctomycetes, in-
cluding Rhodopirellula baltica, Gemmata ob-
scuriglobus, and Gemmata sp. Wal-1.

The planctomycete sequences diverge signifi-
cantly from both proteobacterial and archaeal
sequences. The importance of this observation is
twofold. First, the phylogenetic analyses involv-
ing proteobacterial, archaeal, and planctomy-
cete sequences argue against early lateral trans-
fers between Archaea and Bacteria. Instead,
they are more consistent with either the presence
of reactions linked to H,MPT in the last univer-
sal common ancestor or in their emergence in
Planctomycetes. Second, our analysis of the
planctomycete sequences provides the first clues
into the degree of divergence of the genes and
enzymes in question within the Bacterial domain
of life, both pointing to a long evolution of
H,MPT-linked reactions within this kingdom
and to the challenges of developing environmen-
tal tools targeting these genes.

From a total of 16 genes included in compar-
ative analyses, only 4 were sufficiently con-
served to design degenerate PCR primers (mch,
mtdB, fae and fhcD; see Fig. 2) for use in prob-
ing environmental specimens.

C, Transfer Genes in Lake Washington

We used these primers to probe specimens ob-
tained at a Lake Washington site to test for
C,-transfer genes. The top centimeter of the
Lake Washington sediment is characterized by
steep gradients of methane and oxygen, sup-
porting a thriving community of aerobic meth-
anotrophs that is dominated by gamma-pro-
teobacterial (type I) methanotrophs, with about
10-fold lower population of alpha-proteobacte-
rial (type II) methanotrophs, according to An-
dria Costello, Ann Auman, and their colleagues
from the University of Washington.

Although we had no information about C;
users other than methanotrophs in these Lake
Washington sediments, we soon found that
our fae, mtdB, mch, and fhcD primers success-
fully PCR-amplified fragments from these sites
whose sequences corresponded to not only those
of gamma- and alpha-proteobacterial meth-
anotrophs, but also the ones clustering with
the sequences of nonmethanotrophic methyl-
otrophs, suggesting cycling of C; compounds
other than methane in these sediments.

Meanwhile, most of the amplified sequences
did not belong to known methylotroph groups,
pointing toward novel populations with C;-ox-
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idizing capacities. Some of these sequences ap-
pear to be alpha- or gamma-proteobacterial se-
quences, while others corresponded to not-yet-
cultured methylotrophic species. Some in this
latter group appear to belong to beta-proteobac-
teria and are closely related to B. xenovorans
and M. petroleophilum, suggesting a function
either in oxiding methanol or in scavenging
formaldehyde from decaying organic com-
pounds. Many sequences in the fae and fhcD
libraries and some in the mtdB library diverge
significantly from proteobacteria, planctomy-
cetes, or archaea, and thus could represent novel
phyla capable of HMPT-linked C, transfers.

To further characterize C;-transfer gene dis-
tributions within the microbial community in
Lake Washington sediment, we analyzed large-
insert metagenomic libraries. By comparing the
number of fae and fhcD genes to the number
of16S rRNA genes in these libraries, we estimate
that an unexpectedly broad 20-25% of micro-
bial genomes present in this environment con-
tain HyMPT-linked transfer genes.

Further, a large percentage of the fae and
fhcD genes in the metagenome belong to novel,
unaffiliated groups of sequences identified in the
PCR-based libraries. Our analysis of clones in
the metagenomic library suggests that divergent,
nonaffiliated fae, fhcD, and mtdB-like genes
were parts of clusters containing genes homolo-
gous to those encoding H,MPT-linked C, trans-
fer enzymes, further supporting their affiliation
with yet unknown and uncultured microbial
phyla possessing the C;-oxidative capacity.

When we employed mRNA-based fluorescent
in situ hybridization (FISH) analysis, we found
that some of these genes as well as planctomy-
cete-like genes are expressed in situ. Based on
the abundance and expression of these novel
genes, we believe that these organisms are likely
involved in important environmental processes,
such as degrading complex compounds to yield
products such as formaldehyde. When we sup-
plied these organisms with C, substrates, such
as formaldehyde and humic acids, in micro-
cosms, then used PCR to amplify fhcD genes,
some of the novel sequences we analyzed were
enriched only in the presence of formaldehyde
or humic acids, and not in the presence of C;
substrates (methane, methanol) that support
growth of methylotrophs. These results further
suggest that the organisms possessing these se-

quences are only involved in metabolism of
formaldehyde or more oxidized C, compounds.

C, Transfer genes in the Sargasso Sea

Craig Venter and colleagues at the J. Craig Ven-
ter Institute (formerly the Institute for Biological
Energy Alternatives) in Rockville, Md., have
recently generated a genomic database of mi-
crobes inhabiting the Sargasso Sea. Two types of
methylotrophs are readily isolated from this en-
vironment, the methanotrophs of the genus
Methylomicrobium and the methylamine utiliz-
ers of the genus Methylophaga, according to
John Sieburth and colleagues of the University
of Rhode Island.

When we analyzed the Sargasso Sea metage-
nome for sequences belonging to these or other
methylotrophs, we employed known C, pri-
mary oxidation gene sequences, such as pmoA,
mmoX, mxaF, cmuA, msmA, and msmB, as
well as sequences of 17 genes involved in the
H,MPT-linked formaldehyde oxidation. Among
the primary C; oxidation genes, we detected
only those genes similar to msmA and msmB on
singleton reads. However, we also found a num-
ber of genes for HyMPT-linked C, transfer re-
actions in the database, and some of these were
parts of assembled scaffolds, pointing to relative
abundance of the organisms possessing them.

The sequences uncovered from microorgan-
isms in the Sargasso Sea have no matches in
databases that we built for known proteobacte-
rial and planctomycete genes or for any of the
novel sequences uncovered in Lake Washington.
These data suggest that the Sargasso Sea se-
quences belong to a novel, yet-uncultivated
group of organisms, and that the C; transfer
module is unlikely associated with primary C;
substrate oxidation. We believe it more likely to
be part of a different ecological process—for
example, scavenging formaldehyde derived from
dissolved organic carbon compounds.

Energy Generating versus Detoxifying
Function of the H,MPT-Linked Pathway

The H,MPT-linked pathway fulfills two distinct
roles in methylotrophs such as M. extorquens,
according to experiments by our group at the
University of Washington in collaboration with
colleagues from the Max Plank Institute in Ger-
many and the National Center for Scientific

6 « ASM News /Volume 71, Number 11, 2005



Research (CNRS) in France. First, it generates
metabolic energy in the form of NADH (cata-
lyzed by MtdB, Fig. 2) and, second, it detoxifies
formaldehyde. However, Julia Vorholt of
CNRS with colleagues from the University of
Washington recently discovered that the novel,
divergent midB-like sequences detected in the
Lake Washington metagenome and also the
mitdB-like sequences in the planctomycete ge-
nomes encode an enzyme, designated MtdC,
that differs from MtdB in methylotrophs. The
C, transfer pathway employing MtdC instead of
MtdB is predicted to produce NADPH instead
of NADH. Thus, this NADP-specificity of the
MtdC pathway in planctomycetes and in the
uncultivated species from Lake Washington
suggests that the pathway is not so important
for generating energy but may be important for
detoxifying formaldehyde. Alternatively, the
NADP-linked C, transfer pathway may be in-
volved in producing reduced equivalents for bio-
synthetic reactions within these cells. In either
case, the organisms possessing MtdC would not
be expected to grow on traditional C; com-
pounds such as methane or methanol because of
energetic constraints.

The Antiquity of the C, Transfer Pathway

Culture-independent detection of H,MPT-
linked C, oxidizing capacities in microbial spec-
imens from various environments has dramati-
cally changed our views on the occurrence,

ACKNOWLEDGMENT

divergence, environmental distribution, and
evolution of these reactions. Surely their pres-
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We further speculate that selective pressure
for those energy functions led to the emergence
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