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I.  Results from prior support.  Significance and controls of methane oxidation in
wetlands. $238,000.  1992-1995.  DEB 91-07315.

Our research focused on CH4 oxidation in wetlands, with additional efforts on soils.  We
examined the effects of water table fluctuations and anoxia on CH4 emission and oxida-
tion.  Seasonal measurements showed that oxidation varied between 15% to 76% of the
maximum potential flux, with a mean of 43%.  Short-term water table fluctuations
increased CH4 emission due to increased diffusive and advective gas transport.

Methanotrophic bacteria in peat and clays were relatively anoxia tolerant.  Surface peat
maintained 30% of its initial oxidation capacity after 32 d of anoxia.  In addition, a
significant capacity for aerobic CH4 oxidation was measured in peat and clays located
well below normally oxygenated surfaces.  Indigenous methanotrophs in these peats
responded rapidly to oxygen addition (1-7 h); a similar response was observed for
carbon- and oxygen-starved methanotrophs.

We also examined anaerobic metabolism of endogenous and exogenous substrates in
carbon- and energy-starved cultures.  An isolate from anoxic peat survived oxygen
starvation while metabolizing 10-fold less endogenous substrate than parallel oxic
cultures.  The decreased rate of endogenous substrate utilization in anoxic cultures was
accompanied by better starvation-survival than in oxic cultures.

In vitro assays revealed that root-associated CH4 oxidation was common among diverse
wetland plants.  Maximum potential uptake rates (Vmaxp) varied between 1-10 µmol gdw-1

h-1 with no obvious correlation between rate and plant morphology.  Vmaxp varied season-
ally for an aquatic grass, Calamogrostis canadensis, and Typha latifolia, with highest
rates in summer.  Vmaxp for C. canadensis was well correlated with ambient temperature.
Inferences from apparent half-saturation constants for CH4 uptake (generally 3-6 µM)
indicated that oxygen availability might be more important than CH4 as a rate determin-
ant.  Hybridization of DNA probes for Group I and II methylotrophs indicated that these
populations also varied seasonally.  The Group II probe consistently hybridized to a
greater extent than the Group I probe, and the relative amount of Group II probe
hybridization was positively correlated with Vmaxp.

A chamber technique with acetylene or methyl fluoride as inhibitors was used to measure
CH4 oxidation by Sparganium eurycarpum roots.  Root methanotrophy consumed a low
but significant fraction of the total potential CH4 flux; values varied between 1-58%
(mean 27 ± 6%) with no consistent temporal or spatial pattern during summer.  The
absolute amount of CH4 oxidized was uncorrelated with total potential CH4 flux; this
suggested that oxygen availability controlled CH4 oxidation rates.  Estimates of diffusive
CH4 flux and oxidation at the peat surface indicated that the magnitude of oxidation was
greater below the peat surface in association with roots.

Human resources.  This award supported:  P. Roslev (Ph.D., 1994), A. Calhoun (Ph.D.,
1996), and A.P.S. Adamsen (M.S., 1992), and a postdoc, Dr. S. Schnell.  An REU student
was supported during 1994 and made 2 presentations at a national meeting.
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Presentations and abstracts.

A total of 12 invited and contributed presentations were made at a variety of national and
international meetings.  These presentations included REU students, graduate students
and postdocs.  Many were precursors to the publications listed above.

Note:  Due to space limitations, progress and results from two ongoing NSF studies are
indicated by citations with an asterisk in the Literature Cited section; a summary of
relationships of ongoing work to the proposed research is presented in Section VII.

II.  Introduction.  Lava and tephra from relict and recent volcanic activity occur
frequently on the contemporary landscape (Green and Short, 1971).  Volcanic landforms
exist on all continents and account for the formation of numerous islands.  Although the
geographic extent of most currently active and potentially active systems (e.g., Mt. St.
Helens, Mt. Pinatubo etc.) is limited, substantial extrusive events have at times affected
very large areas.  For example, the Deccan basalts of the Indian peninsula (late Creta-
ceous to Eocene), and the Columbia River and Snake River plateau basalts (late Tertiary
to Pleistocene) each exceed 500,000 km2 (Green and Short, 1971).  Earlier in Earth’s
history, volcanic landforms were an even more significant component of the terrestrial
surface, with evidence of widespread activity in numerous geological formations.
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In spite of their varied depositional circumstances, volcanic products typically share two
critical features:  they are effectively sterile and contain negligible levels of organic
matter and fixed nitrogen at the time of deposition.  Due to the absence of a significant
flora at many sites with recent or ongoing activity, post-depositional allochthonous
organic matter inputs are often limited.  Thus, fresh volcanic materials represent extreme
environments for microbial colonization, proliferation and succession.  In addition, vol-
canic materials are often deposited in environments with xeric conditions or temperature
regimes that compound constraints of low organic and nitrogen contents.

Irrespective of these limitations, microbes play important roles in biotic weathering of
volcanic and other minerals (e.g., Jackson and Keller, 1970; Torseth et al., 1992;
Vandevivere et al., 1994; Torseth et al., 1995; Ullman et al., 1996; see also Cochran and
Berner, 1996).  Key factors contributing to biotic weathering include redox reactions,
exopolysaccharide production, biomineralization and excretion of low molecular weight
organic acids, all of which promote mineral dissolution (e.g., Nagy et al., 1991; Adams et
al, 1992; Grote and Krumbein, 1992; Johnston and Vestal, 1993; Barker and Banfield,
1996).  On geological time scales, these processes and chemical weathering affect Earth’s
atmospheric composition and climate by consuming CO2 (e.g., Schlesinger, 1997).

The lack of organic matter in volcanic deposits, ancient or modern, seriously limits
microbial colonization and succession and biotic weathering since substrates for cell
synthesis must be derived from the atmosphere or external inputs.  Similarly, substrates
for energy metabolism must be derived from external sources or reduced inorganics (e.g.,
Mn2+) released by weathering.  Non-exclusive options for microbial community develop-
ment under these conditions include:  1)  colonization by phototrophs, which facilitates
colonization and succession by a variety of heterotrophs, ultimately leading to a fully
functional microbial ecosystem; 2) inputs of allochthonous organic matter resulting from
aeolian or aquatic transport, which facilitates heterotrophic colonization; 3) dry and wet
deposition of trace gases (e.g., CO, H2, and CH4) and NH4

+, respectively, which promotes
successful colonization by diverse obligate and facultatively lithotrophic functional
groups that, once established, facilitate heterotroph colonization.

Research on the importance of these options, and on temporal patterns in microbial
succession on minerals under extreme conditions (organic matter limited or not) has been
modest (Banfield and Hamers, 1997).  Cryptoendolithic systems of cold and hot deserts
provide some insights.  Cryptoendolithic community composition has been addressed
reasonably well for the algal, cyanobacterial and fungal components that account for
most of the biomass (Antarctic systems reviewed by Nienow and Friedmann, 1993), but
the bacterial component has received scant attention.  Nonetheless, since cryptoendolithic
dynamics, however slow (Johnston and Vestal, 1991; Sun and Friedmann, 1999), appear
photosynthetically driven, it is reasonable to speculate that bacteria within them depend
on internal sources of carbon and energy rather than trace gases.

Studies of desert systems also appear relevant for understanding microbial colonization
and succession on lava.  Desert varnishes form slowly under extremes of temperature and
water limitation on rock surfaces with low organic content.  The varnishes appear to be
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derived in part from the activity of manganese-oxidizing bacteria, such as Arthrobacter
and Bacillus (Taylor-George et al., 1983; Hungate et al., 1987), which include strains
known to grow using H2 and CO (Meyer and Schlegel, 1983).  Mn2+-oxidizing strains
such as these may be important on lava surfaces since lava typically contains significant
concentrations of manganous oxide (e.g., about 0.2% in Hawaiian lava, Macdonald
[1968]).  Some of these manganese oxidizers may supplement metal oxidation with H2

and CO oxidation, thereby linking lava weathering to trace gas exchange.

Observations on the microbiota of lava and recent volcanic materials are few and
descriptive in nature (see III below for more details).  Thermophiles, psychrotrophs and
other heterotrophs have been isolated from young and relatively old volcanic soils in the
Antarctic, but their activities and functions remain essentially unknown (Cameron et al.,
1970; Tearle and Richard, 1987; Hudson et al., 1988; Siebert and Hirsch, 1988;
Nicholaus et al., 1991).  In addition, it is unclear if they represent dominant populations
or are simply fast growing strains capable of proliferation in rich media.

Similarly, data from Mt. St. Helens reveal vesicular-arbuscular mycorhizae (VAM) on
originally sterile pumice and tephra within a few years after the cataclysmic explosion of
1980 (Allen et al., 1992).  Though VAM may play important roles in plant colonization
on Mt. St. Helens (Titus and del Moral, 1998a, b; Titus et al., 1998), their activity in situ
is unknown.  Data from Hawai’i indicate that other important functional groups colonize
lava and tephra relatively quickly.  For example, the actinomycete Frankia has been
obtained from unvegetated 20-yr old lava (Burleigh and Dawson, 1994). Frankia is
significant since:  1) some evidence suggests that it might grow lithotrophically using H2

(Benson and Silvester, 1993), although it is typically considered a heterotroph; 2)
Frankia fixes nitrogen asymbiotically and can contribute to lava N pools when N as well
as organic matter is limiting; 3) symbioses between Frankia and actinorhizal plants, e.g.,
Myrica, promote plant colonization in otherwise unavailable systems.  Indeed, Myrica, an
invasive species on Hawai’i, is a noxious pest due to its rapid expansion on volcanic
substrates and its dramatic effects at an ecosystem level (Vitousek et al., 1987).

Clearly much remains to be learned about microbial colonization of lava and tephra.
What microbial functional groups colonize lava initially and what constrains their
proliferation?  How important are trace gas oxidizers as pioneers and which trace gases
are most important for supporting microbial growth?  How do initial colonists affect
weathering and elemental cycles on lava and what contributions do they make to
subsequent microbial, plant and animal succession?

In order to address these questions we will examine the dynamics and mechanisms
responsible for trace gas utilization under the extreme conditions that exist for recent
organic-limited lava and lava-derived soils in Hawai’i Volcanoes National Park.  Lava
flows from the various volcanic systems of the Hawaiian Islands have created a natural
laboratory with chronosequences including contemporary to ancient flows (< 1 yr to > 1
Myr; Chadwick et al., 1999).  These chronosequences, which were initiated with
effectively sterile (> 750 oC) basaltic substrates containing very low levels of organic
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carbon (see below), are ideal for assessing patterns of diversity in trace gas-oxidizing
microbes as a function of time, precipitation regimes, weathering and biotic complexity.

Expected results from this study will improve understanding of trace gas biogeochem-
istry, document the role of lithotrophy for microbial colonization and succession in
organic-poor systems, and contribute significantly to trace gas microbiology through in
situ detection, isolation and characterization of novel strains adapted to extreme environ-
ments.  The study will lead to novel insights relevant for understanding microbial dynam-
ics in organic poor extreme environments such as hot and cold deserts (e.g., Antarctic
Dry Valleys), and for understanding colonization and weathering of terrestrial Archean to
pre-Silurian volcanic features and perhaps Martian soils as well (Weiss et al., 2000).

III.  Background and rationale.

1. Microbial activity on recent volcanic materials.  A great deal is known about volcanic
soils (e.g., Shoji et al., 1993; Ping, 2000), including their microbiology, biogeochemistry
and macrobiotic succession (e.g., Dalghren and Ugolini, 1989a, b; Matson, 1990; Yang
and Insam, 1991; Aplet and Vitousek, 1994; Riley and Vitousek, 1995; Raich et al.,
1996; Kitayama, 1996; Riley, 1996; Dahlgren et al., 1997; Noordwijk et al., 1997;
Townsend et al., 1997).  Ancient basalts in the Pacific Northwest are also currently the
focus of intensive studies of sub-surface microbiology.  However, relatively little is
known about the microbiology and biogeochemistry of the young lava and tephra from
which volcanic soils and sub-surface formations are derived.

A microbiological analysis of young (1-yr old) cinders on Deception Island, Antarctica
revealed extremely low numbers of aerobic heterotrophs and no algae except at a fuma-
role and a much older site (Cameron and Boyd, 1970).  Smith (1985) has recorded a
variety of protozoans colonizing tephra on Deception Island within 1 year of an eruption;
these protists may persist at least in part on bacteria that colonize the tephra simultane-
ously.  Analyses of material collected near the summit of Mt. Erebus (the southernmost
currently active volcano) have revealed several bacterial taxa (e.g., Hudson et al., 1988),
including Bacillus schlegeli, a CO and H2 oxidizer reported from various temperate soils
and aquatic samples (Meyer and Schlegel, 1983).  Although B. schlegeli was enriched
using an organic medium (it uses a wide range of substrates) and no assays of in situ
activity or CO and H2 oxidation were conducted, Hudson et al. (1988) have documented
the presence of a trace gas utilizer in an extreme and remote volcanic environment.
Similar organisms, if not B. schlegeli per se, can be expected in other volcanic systems.

Using a different approach we found substantial diversity in 200-400 yr old lava-derived
Hawaiian forest soils (Nüsslein and Tiedje, 1998).  Sequence information revealed the
presence of genera that use trace gases and fix N2 (e.g., Pseudomonas, Bacillus, and
Rhizobium).  We also determined that these young, remote environments exhibit
enormous diversity and contain novel, uncultivated microbes (Nüsslein and Tiedje 1998).
Our observations suggest that the functional and phylogenetic diversity of microbes
colonizing Hawaiian lava are not likely limited by the remote location of the islands.  The



6

results also indicate that patterns of diversity and succession on recent lava likely reflect
traits of successful colonists and not limitations of the pool of potential colonists.

Our results (King, 2000) also document various microbial processes occurring under the
extreme conditions associated with Kilauea lava and soils.  We used phospholipid phos-
phate in lava extracts as an index of microbial biomass (Brinch-Iversen and King, 1990)
for material ranging from 20 to > 200 yr old.  Preliminary results (Fig. 1) suggest that
older material and material from wetter microclimates support higher levels of biomass.
Although we have not yet conducted a synoptic survey, the results indicate that conven-
tional methods (e.g., phospholipid assays) should prove useful for measuring biomass.

Results from exoenzyme assays reveal a similar pattern:  hydrolytic rates for a variety of
substrates are greater on older than younger material, and greater in wetter than drier
areas (Fig. 2).  However, the presence of glycosidases, sulfohydrolases and acid and
alkaline phosphatases at virtually all sites irrespective of age or microclimate suggests
that functionally complex microbial communities may develop rapidly, in spite of
extremely low organic matter levels (% OM for all lavas < 0.5; King, unpubl. results).

Results from “Ecoplate” assays are also consistent with rapid development of functional
complexity on young lava.  Microbial communities from a 200+ yr old forest soil and a
30-yr old lava flow were inoculated into microplates containing 31 growth substrates in
triplicate.  Substrates included sugars, sugar alcohols, organic acids and amino acids.
Forest and lava extracts metabolized 30 and 26 of 31 substrates, respectively, suggesting
that heterotrophic potentials were similar for the two sites in spite of dramatic differences
in organic content (5% versus < 0.05%), age and successional development.

NH4
+, CO and H2 oxidation rates provide further evidence for rapid development of

functional complexity.  NH4
+ oxidation, was greatest in 200-yr old forest soils, but was

also high in lava from a 30-yr old flow collected southeast of Kilauea (Fig. 3).  Lower
rates were observed for 25-yr old samples collected near Halema’uma’u Crater, while
activity was virtually undetectable in older material (King, 2000).  These results suggest
that NH4

+ oxidizers may be early colonists, but that either their numbers diminish
substantially or they become largely inactive over time except in locations where
conditions favor rapid weathering and vascular plant colonization and succession.

In contrast, H2 uptake occurs at significant rates across a range of substrate ages and
microclimates (Fig. 4), with highest rates in older, xeric material from the Kilauea Crater
rim, but with substantial rates in relatively young (25-yr old) material.  We have also
obtained evidence that H2 uptake in younger lava is due primarily to microbial rather than
exoenzyme activity as appears to be the case for most soils (see Conrad, 1988).  With
uptake rates approaching 2 mmol m-2 d-1, H2 represents a potentially significant energy
source for pioneering microbial communities (King, 2000).

Net CO uptake follows a similar trend, except that CO oxidation in organic rich forest
soils is less than abiological production, resulting in net CO emission (Fig. 4).  CO uptake
rates on all of the lava substrates are impressive, equaling or exceeding rates measured
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for Maine and Georgia soils (King, in press).  In the latter, CO and H2 oxidizers are a
small component of the total microbiota.  However, these groups could constitute a much
larger fraction of the microbiota on recent volcanic substrates.  Moreover, due to their
physiological diversity, CO and H2 oxidizers on lava may contribute significantly to the
heterotrophs, nitrogen fixers, and exoenzyme producers, among others.

In summary, the microbiology and biogeochemistry of lava and similar substrates are
poorly known.  Nonetheless, evidence from Hawai’i and elsewhere suggests that litho-
trophic trace gas utilization may promote microbial colonization and succession in
extreme environments.  Since lithotrophic trace gas oxidizers do not depend on signifi-
cant concentrations of organic matter (or fixed nitrogen in some cases), they appear to
represent ideal colonists for early microbial succession on lava.

2.  Trace gas oxidizers as pioneer colonists of lava.  Aerobic trace gas oxidizers include
several distinct functional groups (e.g., Madigan et al., 1997).  The best known oxidize
CH4 (methanotrophs), non-CH4 1-carbon gases (methylotrophs), CO (carboxydotrophs)
or H2 (hydrogenotrophs).  Substrate specificity varies markedly among these groups.
Methanotrophs typically grow on CH4 only (or non-gaseous C1 compounds) while car-
boxydotrophs and hydrogenotrophs often use multiple gases and organics (Conrad, 1988;
Conrad, 1996).  Other functional groups also oxidize trace gases; e.g., NH4

+ oxidizers
oxidize CH4 and CO though neither support growth (Bédard and Knowles, 1989).  These
and other distinctions notwithstanding, all known carboxydotrophs, hydrogenotrophs,
NH4

+ oxidizers and some methanotrophs couple trace gas oxidation to biosynthesis using
the Calvin cycle enzyme, ruBisCO.  The presence of ruBisCO provides valuable options
for assessing trace gas oxidizer diversity and activity (see Section IV).

Trace gas oxidizers likely play multiple roles in the successional development of lava and
lava-derived soils.  CO and H2 oxidizers typically grow on various organic substrates
(Meyer and Schlegel, 1983), in some instances growing on CO and organics together
(Kiessling and Meyer, 1982).  Thus, these microbes may contribute to or even dominate
total heterotrophic activity and strongly influence organic matter mineralization during
early colonization and succession.  In this context, patterns of organic matter utilization,
including exoenzyme production, command considerable interest.

Trace gas oxidizers also affect N cycling, and may dominate several N transformations
on lava.  For example, CH4 oxidizers could play a significant role in nitrification while
NH4

+ oxidizers could contribute to CO and CH4 
�utilization (Bédard and Knowles, 1989).

Perhaps more important, many trace gas oxidizers fix N2 and thus represent nitrogen
inputs that can control microbial and plant succession.  In this context, reports that
Frankia and Bradyrhizobium can utilize H2 (Hanus et al., 1979; Benson and Silvester,
1993) are especially significant since these genera promote colonization by legumes and
actinorhizal plants (e.g., Lupinus, Myrica) both of which are important successional
pioneers on volcanic substrates (del Moral and Clampitt, 1985; Vitousek et al., 1987).

In summary, trace gas oxidizers constitute a physiologically and phylogenetically diverse
but relatively poorly known functional group that affects global trace gas budgets and
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atmospheric composition (King, 1992; Conrad, 1996).  At a smaller spatial scale, trace
gas oxidizers likely play important roles in succession in organic poor systems, e.g., lava
and lava-derived soils, where inputs of trace gases can contribute significantly to carbon
and energy dynamics.  Several characteristics of trace gas oxidizers, e.g., their ability to
grow lithotrophically, to use both organic substrates and trace gases, to fix nitrogen, etc.,
may promote successful colonization of lava and form the basis for interactions that
ultimately control successional dynamics and rates of lava weathering.

IV.  Objectives, Hypotheses and Experimental Approaches.

Various field and in vitro approaches will be used to achieve the objectives below.  Study
sites (Fig. 5) will include a chronosequence with young lava (<1 yr old Pu’u O’o eruption
to flows > 30-yr old southwest of Pu’u O’o).  These sites occur at similar elevations and
experience similar temperature and precipitation regimes (Giabelluca et al., 1986).
Additional sites will be sampled near Kilauea Caldera and further west in the Kau desert
(see Fig 5 for details).  The latter include lava flows and tephra ranging from 20 to > 200
yr old.  They also occur at similar elevations but experience essentially xeric conditions.
An additional site near Thurston Lava Tube will also be sampled again (Nüsslein and
Tiedje, 1998).  The O’hia forest at this site occurs on 200-400 yr old tephra.  The site has
been studies extensively by Dr. P. Vitousek and his research group (see Chadwick et al.,
1999 and references therein).  It will provide a heavily weathered, non-extreme “end
member” for comparisons with the more extreme sites emphasized in our work.  We have
arranged for access to the site and to relevant data, and have also arranged for logistical
support (helicopter) with the U.S.G.S. Hawai’i Volcano Observatory to access the Pu’u
O’o sites (see supporting letters).  In addition, we have made arrangements for lab space
through the University of Hawaii-Manoa, and obtained permits from the National Park
Service for work in Volcano National Park, and from USDA for export of lava and soil
from Hawai’i to Maine.  Based on 4 previous sampling visits and fieldwork at most of the
proposed sites, we are fully prepared to conduct the work described below.

Objective 1.  Determine in situ rates of atmospheric trace gas (CO, H2, CH4)
utilization, the significance of trace gases for community metabolism, controls of
utilization, and likely microbial populations responsible for uptake on lava.

Hypothesis 1:  Trace gases provide a significant source of carbon and energy for the
dynamics of microbial communities on recent lava flows and tephra; the relative signifi-
cance of trace gases declines as weathering and plant colonization increase.

A.  Atmospheric trace gas utilization rates by the chronosequences described above will
be measured in situ with chambers (1 l headspace) deployed on collars (70 cm2 area) as
described by King (1999; in press).  CH4 and CO2 exchanges will be determined using a
methanizer-equipped FID gas chromatograph.  CO and H2 exchanges will be determined
in the field with a transportable GC fitted with a Hg-vapor detector.  Triplicate collars
will be deployed at each sampling site up to 24-h prior to use; assays will typically use
darkened chambers, but assays with illuminated, temperature-regulated chambers will
also be conducted to determine the influence of solar radiation on gas fluxes.  As warran-
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ted, similar assays will be conducted in vitro using intact cores or material collected and
incubated at field temperatures with minimal disturbance.  We have extensive experience
measuring in situ trace gas exchanges for soils (references in Section I and curriculum
vita), and have conducted such measurements for Hawaiian lava and tephra.

CH4 and CO exchange rates will be compared to CO2 exchange rates in order to estimate
the contribution of the former to total net respiration.  The significance of H2 exchange
will be estimated by converting exchange rates to a heat flow equivalent using standard
thermodynamic data.  Heat flow associated with total net respiration can be estimated by
assuming a 1:1 correspondence between CO2 production and O2 consumption and using
standard thermodynamic data for the reaction: 2H2 + O2 ! 2H2O.  Gas exchange rates
combined with estimates of assimilation efficiencies (see B. below) and biomass will also
provide a measure of the extent to which trace gases contribute to standing stocks of
biomass and pools of organic C and N.  Microbial biomass will be approximated using a
phospholipid phosphate assay (Brinch-Iversen and King, 1990) and direct microscopic
counts of total extracted bacterial cells.  Total organic carbon and nitrogen will be
estimated using a Perkin-Elmer C/N analyzer and Walkley-Black digestions.

B.  Assays for photosynthetic and lithotrophic CO2 incorporation will be conducted in
situ using light and dark incubations with the quartz chamber and collar described above
and modified to direct the chamber headspace through a Licor model 6200 photosynthe-
sis analyzer (see King, 1998).  Should CO2 incorporation prove too slow for accurate
assay with the Licor, we will use in vitro assays of intact cores or suitable lava pieces in a
sealed headspace containing air plus 14CO2.  In this case, we will monitor accumulation
of 14C into biomass after extracting and acidifying lava sub-samples (Sawyer and King,
1990).  Similar assays will be conducted with 14CH4 and 14CO to measure incorporation
rates of these gases into biomass.  Procedures will follow Schnell and King (1995).

C.  Controls of trace gas utilization will emphasize water availability, temperature and
nutrient supply.  Water availability will be increased by short-term field additions to
simulate realistic, episodic precipitation events based on climate records for Mauna Loa
and Hilo obtained from NOAA-NMS.  Responses of in situ trace gas exchange to wetting
will be monitored as described above for controls and treatments prior to and at intervals
up to 7 d after wetting.  Impacts of temperature will be determined by controlled in vitro
incubations of intact cores and lava samples at various temperatures.  Results will estab-
lish the sensitivity of trace gas exchange to temperature and temperature fluctuations that
reflect diurnal shifts.  Nutrient impacts on trace gas exchange will be determined on the
basis of in vitro incubations involving additions of N, P, trace metal and vitamin stocks.

D.  The roles of various microbial functional groups in trace gas exchange will be
assessed using several approaches.  At sites where NH4

+ and CH4 oxidation occur
actively, inhibitors such as CH3F and acetylene will be used to determine the relative
contribution to CO oxidation (if any) of CH4 and NH4

+ oxidizers versus carboxydotrophs
(see King, 1999).  Selective use of allyl sulfide can distinguish between CH4 oxidation by
methanotrophs and NH4

+ oxidizers where both are present (Roy and Knowles, 1995).
Chloroform fumigation will help distinguish between exoenzymatic and bacterial H2
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uptake.  Antibiotics (e.g., streptomycin versus cycloheximide) will help distinguish
between eucaryotic and bacterial CO oxidation (Conrad and Seiler, 1980).  In addition,
NH4

+ oxidation will be determined using slurries of lava and tephra, crushed as needed.

Objective 2.  Characterize in situ trace gas oxidizer diversity for various lava and
lava-derived materials using molecular approaches for specific functional groups.

Hypothesis 1.  The diversity of specific functional groups, as determined from group
specific sequence data, is greatest for CO oxidizers and least for methanotrophs, similar
across a chronosequence in arid regions, and increases with age for chronosequences in
areas with moderate to heavy precipitation.

Several options exist for assessing trace gas oxidizer diversity.  The oxidoreductase for
CO oxidation has been sequenced for a number of genera (Bacillus, Arthrobacter,
Carbophilus, Zavarzinia, Oligotropha, Azomonas) and found to be strongly conserved
(Kraut et al., 1989; Hugendieck and Meyer, 1992; Schubel et al., 1995; Santiago et al.,
1999).  Thus, we will estimate the relative diversity of CO oxidizers using the cox gene as
a target for PCR and subsequent analysis, e.g., RFLP fingerprinting.  This work will
complement and benefit from the culture efforts with which it will overlap.

The genes for key methanotroph enzymes, smmo and pmmo, and methanotroph 16S
rRNA have been well characterized and will provide suitable targets for PCR and
diversity analyses (Brusseau et al., 1994; McDonald et al., 1995; McDonald and Murrell,
1997a, b; Shigematsu et al., 1999).  Primers have been developed and successfully
employed for PCR of methanotroph genes in a variety of soils, sediments and aquatic
samples, including our own work with aquatic plant roots (Williams et al., 1996).  Thus,
we anticipate no significant problems in implementing these assays and determining the
diversity of the major methanotroph phylotypes (e.g., Group I and II).

Similarly, the rbcL gene for ruBisCO represents a suitable target for lithotrophs and for
specific lithotrophic sub-groups (e.g., CO/H2 oxidizers, NH4

+ and Mn2+ oxidizers,
phototrophs).  RuBisCO is well characterized for lithotrophs, and PCR and phylogenetic
analysis of the rbcL gene for both Type I and II systems have been conducted for a
variety of systems (e.g., Robinson et al., 1998; Paul et al., in press).  Although our
application involves a novel habitat, consultation with Dr. J. Paul and our extensive
experience with the microbiota of terrestrial systems will minimize any problems that
may arise, and facilitate successful analyses of diversity.

Functional gene analysis will be based on DNA extractions from lava and tephra (crushed
as necessary) following our methods adapted to Hawaiian soils (Nüsslein and Tiedje,
1998), with gel electrophoresis for removal of humics or other potential PCR inhibitors.
In order to optimize detection, we update the design of our primers and probes using the
largest and most current 16S rRNA database (ARB, Ludwig et al., 1998), and test them
empirically on a thermocycler with automated temperature gradients.  PCR amplification,
DGGE/TGGE, cloning and sequencing will follow published protocols (e.g., Heuer and
Smalla, 1997; Muyzer et al., 1997; Nüsslein and Tiedje, 1998), with sequence data
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obtained from the Univ. of Maine and Univ. of Mass. sequencing facilities.  We have
used the relevant methods or variants of them previously (e.g., Williams et al., 1996;
Calhoun and King, 1998; Chung and King, 2000), and adapted them to diversity studies
in Hawaiian soils (Nüsslein and Tiedje, 1998; 1999).

As a complement to these assays, we will employ the “stable-isotope probe” approach
recently described by Radajewski et al. (2000).  A mixed microbial community will be
incubated with a 13C-labeled substrate (13CH4 or 13CO).  Those populations that utilize the
substrate produce 13C-labeled DNA that can be isolated from bulk 12C-DNA by CsCl
gradient ultracentrifugation.  The isolated 13C-DNA then becomes a PCR template for the
functional genes noted above.  This approach will yield diversity estimates for the most
active populations and provide extremely valuable comparisons with total community
approaches that tend to estimate the diversity of active and potentially active microbes.
To implement the stable-isotope probe approach, we will incubate intact cores or lava as
described for Objective 1, with the exception that we will use static headspaces and
replenish 13CH4 or 13CO as needed.  Based on Radajewski et al. (2000), we calculate that
modest incubation periods (100-200 d) should be sufficient to produce a distinctly labeled
13C-DNA.  We have extensive experience separating soil bacterial DNA and have
adapted our methods to Hawaiian soils Nüsslein and Tiedje (1998, 1999).

Objective 3.  Enumerate, isolate and characterize novel trace gas oxidizers from lava
chronosequences.

Hypothesis 1.  Trace gas oxidizers colonizing lava, though phylogenetically similar to
extant isolates, exhibit much higher substrate affinities, lower maximum growth rates and
greater tolerance for extremes in water availability, pH and temperature.

Isolation schemes for trace gas oxidizers will be based on a combination of in situ enrich-
ments and “dilution to extinction” of bacterial extracts from lava, tephra and lava-derived
soils obtained for sites described above.  The former approach will follow Schnell and
King (1995).  Briefly, samples of lava and similar material will be incubated with a
continuous flow of air containing individual or mixed trace gases (CH4, CO or H2) at
concentrations elevated 10-100x above ambient.  Trace gas uptake at ambient concentra-
tions will be assessed over time to monitor population growth.  After a suitable period for
growth on the sample matrix, bacteria will be extracted gently and enriched further in
sand or liquid media.  Sand enrichments will include additions of mineral salts and other
nutrients to support growth.  Kinetic characteristics of the growing populations will be
monitored at intervals to ensure that the enrichments retain substrate affinities (apparent
Km) similar to those of the starting material (see above).  A similar approach has been
used by Dunfield et al. (1999) to successfully enrich high-affinity methanotrophs for
soils, and by Hardy and King (2000) to enrich high-affinity forest soil CO oxidizers.

“Dilution to extinction” will be used in parallel with in situ enrichments to isolate and
characterize abundant but potentially slow-growing CH4, CO and H2 oxidizers (e.g.,
Jackson et al., 1998).  The approach is in essence an MPN (“most probable number”)
assay that facilitates enumeration of the most abundant populations capable of growth
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under a given set of conditions.  Our approach will follow methods of Hirsch et al.
(1995), and will include parallel sets of simple mineral salts media and a crushed lava
medium modified from Vester and Ingvorsen (1998), who have shown that MPN's can
produce reliable population size estimates that obviate previously recognized limitations.
By using a crushed lava-based medium with low substrate concentrations in addition to
traditional media, we will increase the likelihood of enumerating the culturable popula-
tions most relevant for in situ activity.  Media will be modified with polyethylene glycol
as necessary to mimic water potentials measured for lava and lava soils by dew point
psychrometry (see Schnell and King, 1995).

We will characterize isolates for routine taxonomic and physiological traits and molec-
ular phylogeny (full 16S rRNA sequence) using standard methods that we have employed
previously for methanotrophs (e.g., Calhoun and King, 1998), a novel CO oxidizer (King
and Rich, in prep.) and 3 novel PAH degraders (Chung and King, 2000).  We will also
emphasize kinetic characteristics of pure cultures and their responses to water stress and
substrate starvation (e.g., Roslev and King, 1993-95; Schnell and King, 1996).  In
addition to establishing phylogenetic positions and diversity of our isolates, 16S rRNA
sequence data will provide a basis for determining their relative significance in situ.
Specifically, we will design primers for quantitative PCR that are unique for our isolates.
Using known amounts of isolate DNA as a standard, this technique will allow us to
determine our isolates’ abundance.

We will also use pure cultures for assays of structural genes based on published PCR and
sequencing protocols for smmo and pmmo (soluble and particulate methane monooxygen-
ases) in methanotrophs (McDonald and Murrell, 1997a, b), and cox (CO dehydrogenase)
in carboxydotrophs (Santiago et al., 1999).  In addition, PCR and sequencing of rbcL, the
gene for the large subunit of ribulose-1,5-bisphosphate carboxylase (ruBisCO), will
provide a phylogenetic tool for analysis of CO and H2 oxidizers.  RuBisCO, one of the
key enzymes for carbon assimilation by these groups (Meyer and Schlegel, 1983), also
occurs in eukaryotic and prokaryotic phototrophs, lithotrophs, and some methanotrophs
and methylotrophs (e.g., Methylococcus sp.; Xanthobacter flavus).  Published analyses of
these taxa (e.g., Igarahi and Kodama, 1996; Paul and Pichard, 1996; Watson and Tabita,
1997; Paul et al., in press) indicate that rbcL can be used in competitive PCR (Divacco et
al., 1992; Bjerrum et al., 1999), DGGE and additional phylogenetic analyses (Paul et al.,
in press).  This work will be facilitated using primers designed by Paul et al. (in press)
that will allow us to target specific functional groups possessing Type I ruBisCO, and
primers based on Robinson et al. (1999) for the Type II enzyme.  Dr. J. Paul, Univ. of
South Florida, an expert on molecular ecological analyses of rbcL, has agreed to provide
assistance with primer selection using his existing primers and sequence database, and to
consult on phylogenetic analysis as needed.

V.  Timetable and PI responsibilities.

Briefly, the proposed research will be conducted in 3 phases.  During Yr 1, we will
emphasize trace gas exchange rates through 3-4 visits up to 10 d each at 3-4 month
intervals.  We will initiate enrichments and isolations during Year 1 as well, with the
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work extending into Yr 2 and requiring 2-3 field visits to complete a survey across
multiple sites.  Molecular assays will be initiated on a thermocycler Yr 1 and extend into
Yr 3 for cultures and volcanic substrates, again with 2-3 field visits necessary to complete
the sampling.  G.M. King has extensive experience with microbial biogeochemistry and
trace gases, and also employs molecular approaches in his work; GMK will be respon-
sible for assays of gas transformations, culture enrichment and isolation and portions of
the molecular studies.  K. Nüsslein has extensive experience in the application of
molecular approaches for microbial diversity, and will be responsible for 16S rRNA and
functional gene assays, quantitative PCR, and assays of 13C-enriched DNA and will
collaborate on assays involving cultures.

VI.  Expected results and significance.

Briefly, results of this study will represent a substantial contribution to the limited data-
base on the microbiology and biogeochemistry of extreme environments containing very
low levels of organic matter by:  1) documenting in situ trace gas transformations under a
variety of conditions, and the significance of those transformations for total community
metabolism; 2) detecting, isolating and characterizing novel trace gas oxidizers using
traditional and molecular approaches.  The results will also provide a basis for future
studies in other organic-poor extreme environments, including hot and cold deserts, and
help establish models of microbial community dynamics relevant for understanding
colonization of Earth’s early terrestrial surface and possible microbial activity in the
Martian sub-surface.

VII.  Relationship to Previous and Ongoing Studies.

NSF currently supports the PI’s research on rates and controls of wetland CO fluxes
(ending summer 2000), which will have resulted in 7 publications on atmospheric CO
and H2  oxidation and CO and H2 oxidizers (2 in prep.), a number of national and
international presentations, two Masters degrees and an undergraduate Honors thesis.
NSF also supports the PI’s work on CO dynamics in forest and agroecosystems.  This
work is in progress (Year 2) and has resulted in three papers (published or in press) with
two in prep.  A Masters student is due to finish in May, 2000.

VIII.  Broader impacts of the proposed activity.

We expect that the research program will involve undergraduates during summers, if not
year round.  G.M. King has sponsored summer undergraduates for a number of years, and
is currently participating in an NSF REU site program at the Univ. of Maine.  In addition,
he is actively involved with K-8 educational programs, and expects to use relevant
aspects of his research program in the K-8 environment.  K. Nüsslein of the Univ. of
Mass. is currently sponsoring two undergraduate research projects, and for the fourth year
in a row he is actively involved in designing and teaching of molecular microbial ecology
workshops at two universities in Puerto Rico.



14

Fig. 1.  Phospholipid phosphate (microbial biomass) in extracts from lava of varied ages;
“arid” sites from west of Kilauea, “moist” site from forest east of Kilauea.

Fig. 2.  _-D-glucosidase activity for lavas as above; solid bar is from forest site.  Scale for
open bars is to the right.

Fig. 3.  Potential NH4
+ oxidation in lava of varied ages per Fig. 1; solid bar is forest site.

Fig. 4.  CO (open bar) and H2 (closed bar) fluxes for lava of varied age as in Fig. 1; the
solid bars under the descriptor “moist” are for the forest site.
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Figure 5.  Map showing approximate locations of field sites in the vicinity of Kilauea
Caldera.  Ages of sites are (years since deposition):  1, ca. 210; 2 - 29; 3 - 79; 4 – 110; 5 –
41; 6 – 26; 7 – ca. 210.  Additional sites (off map) will be located in the vicinity of
Mauna Iki (ca. 9 km west of the Caldera) and Pu’u O’o (about 25 km southeast of the
Caldera).  Note:  sites 1-5 and those west of the Caldera experience relatively dry
conditions and are largely unvegetated; sites 6, 7 and Pu’u O’o experience mesic
conditions and site 7 is forested (the “Vitousek” site at Thurston Lava Tube).  From R.W.
Hazelett. 1993. Geological field guide:  Kilauea Volcano. Hawai’i Natural History
Association.


