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Abstract The remediation of groundwater contami-
nated with benzene, toluene, ethylbenzene, and the
xylenes (BTEX) typically involves in situ biodegra-
dation. Although the mechanisms of aerobic BTEX
biodegradation in laboratory cultures have been well
studied, less is known about the microorganisms
responsible in mixed culture samples or at contami-
nated sites. In this study, the microorganisms respon-
sible for in situ degradation within mixed culture
samples were investigated using the molecular meth-
od stable isotope probing (SIP). For this, m-xylene
was utilized as a model BTEX contaminant. Specif-
ically, DNA-based SIP was utilized to identify active
m-xylene degraders in microcosms constructed with
soil from three sources (a gasoline-contaminated site

and two agricultural sites). Replicate microcosms
were amended with either labeled (13C) or unlabeled
m-xylene, and the extracted DNA samples were
ultracentrifuged, fractioned, and subjected to terminal
restriction fragment length polymorphism (TRFLP).
The dominant m-xylene degraders (responsible for
13C uptake) were determined by comparing relative
abundance of TRFLP phylotypes in heavy fractions
of labeled m-xylene (13C) amended samples to the
controls (from unlabeled m-xylene amended sam-
ples). Four phylotypes were identified as the dom-
inant m-xylene degrading species, falling within
either the β Proteobacteria or the Bacilli. Of these,
two 16S rRNA gene sequences were highly novel,
displaying very limited similarity (94% and 90%) to
any previously reported 16S rRNA gene sequence.
Further, three of these phylotypes fell within genera
with limited or no previous links to BTEX degrada-
tion, suggesting much information is still to be
gained concerning the identity of microorganisms
responsible for degradation within mixed culture
samples.
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1 Introduction

Benzene, toluene, ethylbenzene, and p-, o-, and m-
xylene (BTEX) are common contaminants of
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groundwater, primarily because of leaking under-
ground storage tanks. Significant efforts have been
directed towards remediating such contaminated
sites because of the toxicity associated with these
chemicals. Remediation typically occurs through
biodegradation, and although many isolates have
been obtained, less is known about the microorgan-
isms actually responsible for BTEX transformation
in mixed cultures or, indeed, in situ at contaminated
sites.

Methods to identify the microorganisms able to
transform problematic contaminants have traditionally
involved enrichment culture followed by isolations.
However, these approaches typically select for organ-
isms able to compete well under laboratory conditions
and likely do not reflect those responsible while in the
mixed culture of an environmental sample. Although
molecular approaches (e.g., denaturing gradient gel
electrophoresis, clone libraries, or terminal restriction
fragment length polymorphism (TRFLP)) have en-
abled the identification of community members in a
mixed culture sample, these techniques typically do
not directly link the ability to degrade a specific
contaminant to individual species. However, a
method developed recently, called stable isotope
probing (SIP), is emerging as a key tool for linking
activity or function with identity for mixed commu-
nity or environmental samples (Radajewski et al.
2000). The method involves addition of a labeled
substrate to a mixed community sample and identi-
fication of the organisms responsible for label uptake
through DNA or RNA extraction and ultracentrifu-
gation (isolates the labeled nucleic acids), followed
by 16S rRNA gene sequencing. The technique has
previously been used to identify microorganisms
able to transform key organic compounds, such as
polycyclic aromatic hydrocarbons, RDX, methane,
benzene, and toluene (Hutchens et al. 2004; Kasai et
al. 2006; Kunapuli et al. 2007; Liou et al. 2008; Luo
et al. 2009; Oka et al. 2008; Roh et al. 2009;
Singleton et al. 2005; Xie et al., submitted for
publication 2009). These reports linked a number
of novel microorganisms to biodegradation, indicat-
ing that information gained from isolations may not
reflect degradation in mixed culture or complex
environmental samples.

To obtain a more complete understanding of BTEX
degradation in mixed culture, DNA-based SIP was
applied here to identify the dominant organisms

responsible for the transformation of m-xylene in
microcosms constructed from three soils of different
origin. To our knowledge, this represents the first
report directly linking m-xylene degradation to spe-
cific microorganisms in a mixed community sample
using SIP. Soils from two agricultural and one
gasoline-contaminated site were chosen for this work
to provide a better understanding of the diversity of
m-xylene degraders as well as the variation in their m-
xylene transformation abilities.

2 Materials and Methods

2.1 Soil Incubations and m-Xylene Analyses

Soils were collected from three different locations in
Michigan, including a gasoline-contaminated site and
two agricultural sites. Agricultural site 1 was previ-
ously under alfalfa production, and site 2 was under
corn production. Both agricultural soils had received
biosolids from a municipal wastewater treatment plant
2–3 years before sample collection. Following sample
collection, soils were homogenized, sieved through a
4-mm screen, and stored at 4°C until use. Soil
microcosms consisted of phosphate-buffered mineral
medium (25 mL), as previously described (Mu and
Scow 1994), and soil (3 g) in serum bottles (150 mL).
The bottles were sealed with rubber stoppers and
aluminum seals. The treatments included the
following: sterile controls and unlabeled (6 µL,
99% pure, Sigma Aldrich) and labeled m-xylene
(6 µL, methyl-13C2 m-xylene, 99%, Sigma Aldrich)
amended samples. The sterile controls were obtained
by autoclaving repeatedly (three times in 1 day). All
samples exposed to m-xylene (labeled or unlabeled)
were prepared in duplicate, and thus the SIP
investigation (DNA extraction, ultracentrifugation,
fractionation, and TRFLP) occurred in duplicate for
each soil. Microcosms were incubated on a horizon-
tal shaker at room temperature (18–22°C), and
headspace m-xylene concentrations (200 µL sam-
ples) were determined daily with a gas chromato-
graph (Perkin Elmer) equipped with flame ionization
detector and a capillary column (J&W Scientific,
DB-624, diameter 0.53 mm). The injector and
detector temperatures were set at 200°C, the column
temperature was 80°C, and helium was utilized as
the carrier gas.
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2.2 DNA Extraction and Ultracentrifugation

Following the depletion of m-xylene, DNA was
extracted from soil samples of replicate labeled and
replicate unlabeled m-xylene amended microcosms
with the Powersoil kit (Mobio Laboratories, Carlsbad,
CA) following the manufacturer’s instructions. Ul-
tracentrifugation was performed in Quick-Seal poly-
allomer tubes (13×51 mm, 5.1 mL, Beckman
Coulter). Approximately 10 µg DNA (quantified with
Nanodrop, ND-1000) was added to the tubes along
with a Tris–EDTA (pH 8.0)/CsCl solution. The
buoyant density (BD) of each sample was determined
(model AR200 digital refractometer, Leica Micro-
systems Inc.) prior to sealing the tubes (cordless
quick-seal tube topper, Beckman) and adjusted by
adding small volumes of CsCl solution or Tris–EDTA
buffer. The tubes were centrifuged within a Sorvall
WX 80 Ultra Series Centrifuge (Thermo Scientific) at
178,000×g (20°C) for 48 h in a Stepsaver 70 V6
Vertical Titanium Rotor (8×5.1 ml capacity). Follow-
ing ultracentrifugation, the tubes were placed into a
fraction recovery system (Beckman Coulter) for
fraction (150 µL) collection. The BD of each fraction
was measured. The DNAwas purified by the addition
of glycogen (20 mg mL−1), water, and ethanol,
overnight storage at 4°C, centrifugation, and pellet
resuspension in sterile water. The resuspended pellet
was stored at −20°C.

2.3 Polymerase Chain Reaction, TRFLP, and 16S
rRNA Gene Sequencing

Each ultracentrifugation fraction from DNA extracted
from the replicate labeled and replicate unlabeled m-
xylene amended microcosms was analyzed by terminal
restriction fragment length polymorphism following
standard procedures (Liu et al. 1997). The fractions
were amplified with 27F-FAM (5′ AGAGTTT
GATCMTGGCTCAG, 5′ end-labeled with carboxy-
fluorescine) and 1492R (5′-GGTTACCTTGTTACG
ACTT) (Operon Biotechnologies) using the following
polymerase chain reaction (PCR) program: 94°C
(5 min); 94°C (30 s); 55°C (30 s); 72°C (1.5 min) (30
cycles); 72°C (5 min). Following amplification, PCR
products (150 ng) were purified with a QIAquick PCR
purification kit (Qiagen Inc.), following the manufac-
turer’s instructions, and digested with Hae III (New
England Biolabs) with a 6-h incubation period. Addi-

tional digests (Hha I and Msp I) for TRFLP analyses
were included to correlate the TRFLP fragment lengths
to the in silico cut sites of the cloned 16S rRNA gene
sequences and thus determine the identity of the
enriched fragments. DNA fragments were separated
by capillary electrophoresis (ABI Prism 3100 Genetic
Analyzer, Applied Biosystems) at the Research Tech-
nology Support Facility (RTSF) at Michigan State
University. Data were analyzed with GeneScan soft-
ware (Applied Biosystems), and the percent abundance
of each fragment was determined as previously
described (Yu and Chu 2005).

For 16S rRNA gene sequencing, heavy fraction
13C-DNA was amplified as above, except the forward
primer was unlabeled (27F 5′ AGAGTTTGATCM
TGGCTCAG), and the final extension period was
extended (72°C for 15 min). The PCR products were
purified with QIAquick PCR purification kit (Qiagen
Inc.) and cloned into Escherichia coli TOP10 vector
supplied with a TOPO TA cloning kit (Invitrogen
Corporation). E. coli clones were grown on Luria–
Bertani medium solidified with 15 g agar L−1 with
50 µg mL−1 ampicillin for 16 h at 37°C. Colonies
with inserts were verified by PCR with primers M13
F (5′-TGTAAAACGACGGCCAGT-3′) and M13 R
(5′-AACAGCTATGACCATG-3′), plasmids were
extracted from the positive clones with a QIAprep
miniprep system (Qiagen, Inc.), and the insertions
were sequenced at RTSF. The Ribosomal Database
Project (Center for Microbial Ecology, Michigan State
University) analysis tool “classifier” (Wang et al.
2007b) was utilized to assign taxonomic identity. The
partial 16S rRNA gene sequences of organisms linked
to m-xylene degradation were deposited with Gen-
Bank under accession numbers GU294754,
GU294755, GU294756, and GU294757.

3 Results and Discussion

3.1 Comparison of m-Xylene Degradation Rates
in the Three Soils

The time required for m-xylene degradation varied
between the three soil microcosms (Fig. 1). Degrada-
tion occurred rapidly (7 days) in the microcosms
constructed from the contaminated soil, whereas in
both agricultural soils, m-xylene removal was slower.
In agricultural soil 1, approximately 9 days was
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required, and in agricultural soil 2, degradation was not
complete until day 14. This pattern of slower degrada-
tion in agricultural soils compared to the contaminated
site soil is expected as these microorganisms have
likely had no previous exposure to this contaminant. A
significant loss occurred in the autoclaved controls,
likely due to sorption. However, in all three cases,
there was a significant difference in m-xylene concen-
tration between controls and samples, clearly indicating
a biological removal mechanism.

3.2 Enriched TRFLP Fragments Following Label
Uptake

DNA extracts from replicate labeled and replicate
unlabeled m-xylene amended soil microcosms were
subjected to ultracentrifugation and fractionation,

followed by TRFLP on each fraction. Unlabeled
samples provided a control for DNA present in heavy
fractions because of high guanine cytosine (GC)
content rather than label incorporation. In other
words, TRFLP fragments present in heavy fractions
of samples, but not controls, represented the dominant
microorganisms responsible for label uptake, there-
fore m-xylene degradation. Analyses of TRFLP
profiles illustrated the enrichment of different frag-
ments in each soil in the heavy fractions obtained
from the 13C m-xylene microcosms but not in the
unlabeled controls (Fig. 2). This trend suggests that a
different dominant microorganism was responsible for
13C label uptake, thus contaminant degradation, in
each soil. One TRFLP fragment (219 bp) was
enriched in the microcosms constructed with soil
from a gasoline-contaminated site. Similarly, one
fragment was enriched from agricultural soil 1
(214 bp), whereas two TRFLP fragments (217 or
229 bp) were enriched in agricultural soil 2. DNA
extracted from replicate microcosms for each soil
produced similar trends (Fig. 2).

Peak TRFLP relative abundance values and the
buoyant density at which they occurred differed for
each of these fragments. In the contaminated site soil,
the maximum relative abundance of fragment 219 bp
was 54.5% occurring at 1.725 g mL−1. A similar high
TRFLP relative abundance level (67.0%) was ob-
served for the fragment enriched in agricultural soil 1,
occurring at a similar buoyant density (1.724 g mL−1).
In contrast to this, a lower level of enrichment was noted
for agricultural soil 2, likely because two microorgan-
isms appeared responsible. TRFLP fragments 217 and
229 bp had peak relative abundance values of 6.0%
and 5.2%, occurring at buoyant density values of 1.733
and 1.736 g mL−1, respectively. These values are
similar to those found previously for aerobic benzene
(13C labeled) SIP degradation studies (Cupples et al.
2009), which ranged from 25.4% to 84.1% for peak
relative abundance occurring between 1.723 and
1.739 g mL−1. These statistics should be useful for
others preparing SIP studies to determine the range of
fractions to analyze for enriched DNA.

3.3 Identity of m-Xylene Degraders in the Three Soils

To determine the identity of these enriched fragments,
approximately ten plasmids were partially sequenced
for each soil microcosm. In addition, dominant
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TRFLP fragments obtained with 13C-enriched heavy
fractions with two additional restriction enzymes
(Hha I and Msp I) were used to provide a positive
identification of the Hae III TRFLP-enriched frag-
ments (219, 214, 217, and 229 bp). The dominant
fragments obtained from all TRFLP restriction
enzymes were compared to those obtained from in
silico digests to determine the 16S rRNA sequence of
the enriched fragments. A comparison of TRFLP cut
sites and in silico cut sites for each identified
phylotype is presented (Table 1). The slight differ-
ences (two to three bases) between the measured
fragment lengths and those predicted using sequence
data have also been noted by others (Clement et al.
1998; Liu et al. 1997; Osborn et al. 2000). The
taxonomic identities, as determined by the Ribosomal
Database Project (RDP) analysis tool “classifier”
(Wang et al. 2007b), of each enriched fragment
(cloned 16S rRNA sequence), thus m-xylene degrad-
ing microorganism, are presented in Table 2.

3.4 Relevant Genera Characteristics of Identified
m-Xylene Degraders

Although others have used SIP to link function with
identify for benzene and toluene degradation (Kasai et
al. 2006; Kunapuli et al. 2007; Liou et al. 2008; Luo
et al. 2009; Oka et al. 2008), to our knowledge, the
current study is the first to use SIP to examine in situ
m-xylene degraders.

Isolates able to degrade m-xylene include mem-
bers of the α Proteobacteria (genus Sphingobium)
(Chadhain et al. 2007; Kim and Zylstra 1999), β
Proteobacteria (genera Alcaligenes and Ralstonia)
(Cavalca et al. 2000; Olsen et al. 1994), γ Proteo-
bacteria (genera Pseudomonas and Pseudoxantho-
monas) (Assinder and Williams 1990; DiLecce et al.
1997; Duetz et al. 1997; Jeong et al. 2006; Kim et al.
2008; Velazquez et al. 2005, 2006; Williams and
Worsey 1976; Worsey and Williams 1975), as well as
members of the Actinobacteria (genus Rhodococcus)
(Jung and Park 2004; Lee and Cho 2008). Isolates
linked to m-xylene degradation from a contaminated
site were primarily γ Proteobacteria (Pseudomonas or
Stenotrophomonas species) (Hendrickx et al. 2006),
whereas clone library analysis revealed that a culture
consuming m-xylene was dominated by a β Proteo-
bacteria (Delftia acidovorans), with minor members of
the community including species of the Proteobacteria
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(genera Rhizobium and Mesorirhizobium), Firmicutes
(genus Paenibacillus), or Bacteroidetes (genus Sphin-
gobacterium) (Khomenkov et al. 2005). A member of
the Firmicutes (Bacillus firmus) was also used to seed
a biotrickling filter for xylene removal; however, the
xylene isomer was not reported (Liu et al. 2006). In the
current study, m-xylene degradation was directly linked
to two members of both the β Proteobacteria and
Bacilli.

The m-xylene degrader in agricultural soil 1 was
classified within the genus Paenibacillus. This genus

was separated from members of Bacillus group 3 in
1993 (Ash et al. 1993) and contains more than 80
recognized species (Lee et al. 2008) with Paenibacillus
polymyxa as the type species. Bacteria in this genus
have been isolated from a wide variety of environ-
ments, including desert sand (Jeon et al. 2009), on
chestnut leaves (Valverde et al. 2008), in soil (Lee et al.
2008), poultry manure compost (Wang et al. 2007a),
warm springs (Saha et al. 2005), Antarctic sediment
(Montes et al. 2004), cow feces (Velaquez et al. 2004),
blood cultures (Roux and Raoult 2004), and raw and

Table 2 Phylogenetic affiliation of each enriched fragment (thus m-xylene degrading microorganism) as determined with the RDP
analysis tool “classifier”

Soil/Fragment Phylum Class Order Family Genus

Contaminated soil

Fragment
219 bp

Proteobacteria β Proteobacteria Burkholderiales Comamonadaceae Ramlibacter

Agricultural soil 1

Fragment
214 bp

Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus

Agricultural soil 2

Fragment
217 bp

Proteobacteria β Proteobacteria Burkholderiales Incertae sedis 5 unclassified
Incertae sedis 5

Fragment
229 bp

Firmicutes Bacilli Bacillales Bacillaceae Bacillus species

Soil Restriction
enzyme

TRFLP
fragment
length (bp)

Predicted fragment
length (bp) from
sequence data

Contaminated soil

Dominant enriched fragment Hae III 219 219

Msp I 491 490

Hha I 207 207

Agricultural soil 1

Dominant enriched fragment Hae III 214 215

Msp I 233 236

Hha I 158 161

Agricultural soil 2

Enriched fragment 1 Hae III 217 217

Msp I 137 139

Hha I 206 205

Enriched fragment 2 Hae III 229 231

Msp I 153 153

Hha I 240 240

Table 1 Comparison of
dominant fragments (bp) in
heavy fraction TRFLP to
clone restriction enzyme cut
sites predicted from se-
quence data to confirm the
identity of the enriched
TRFLP fragments
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heat-treated milk (Scheldeman et al. 2004). Interest-
ingly, it is an organism in this genus, Paenibacillus
larvae, that is the causative agent of the deleterious
honey bee disease (American foulbrood) (Genersch
2008). Relevant to the research presented here, there
have been several studies linking Paenibacillus
species to the degradation of both natural and
anthropogenic organic compounds. For example, sev-
eral have been linked to the degradation of poly-
saccharides (Khianngam et al. 2009; Lee and Yoon
2008; Park et al. 2007; Velaquez et al. 2004), the dye
Indigo carmine (Ramya et al. 2008), dibenzofuran (Iida
et al. 2006), the polycyclic aromatic hydrocarbons
naphthalene, biphenyl and phenanthrene (Daane et al.
2002), and polychlorinated biphenyls (Sakai et al.
2005). One study did find Paenibacillus as a minor
component of a microbial community displaying m-
xylene degradation (Khomenkov et al. 2005), although
no direct link between these organisms and substrate
depletion was provided. Significantly, no sequence in
GenBank was highly similar to the 16S rRNA gene
sequence of the Paenibacillus strain identified here.
The three closest (all 94%) sequences were obtained
from a pyrosequencing environmental survey
(FJ478656.1 656/691 or 94%), soil iron–manganese
nodules (EF492898.1, 657/693 or 94%), and
petroleum-contaminated sediments (DQ664166.1,
653/689 or 94%). The data presented here represent
the first direct report linking m-xylene degradation to
any organism in this genus.

The m-xylene degrader identified in the micro-
cosms constructed from the contaminated site sedi-
ment was classified as belonging to the genus
Ramlibacter within the class β Proteobacteria. Sur-
prisingly little information exists on microorganisms
within this genus. For example, only 38 16S rRNA
gene sequences are present for Ramlibacter within the
RDP, and of these, only seven belong to isolates.
Furthermore, the Web of Science contains only seven
entries under the topic search of “Ramlibacter.” The
genus was reported only recently (2003) with Ramli-
bacter tataouinensis (type species) and Ramlibacter
henchirensis. These were described as cyst-producing
bacteria isolated from subdesert soil in Tunisia
(Heulin et al. 2003). Interestingly, both require growth
factors and are slow growing under optimal condi-
tions (Heulin et al. 2003), making them ideal targets
for SIP. Four other isolates classifying within this
genus were obtained in 2007 from paddy soil micro-

cosms (Shrestha et al. 2007). Interestingly, the remain-
ing isolate was obtained from chlorinated solvent-
contaminated groundwater (Connon et al. 2005). The
three most closely related 16S rRNA gene sequences in
GenBank to the m-xylene degrader reported here were
from a hydrocarbon-contaminated soil (AM936163.1,
730/735 or 99%) and two different rice field soils
(EU589304, 745/755 or 98% and AY360686.1, 744/
756 or 98%). The data presented here directly link an
organism in the Ramlibacter genus to the degradation
of an important environmental contaminant. To our
knowledge, this is the first study to directly link an
organism in this genus to the degradation of any BTEX
compound.

The two microorganisms responsible for m-
xylene degradation in agricultural soil 2 was classi-
fied within the β Proteobacteria as an unclassified
Incertae sedis 5 and within the Firmicutes as a
Bacillus species. The 16S rRNA gene sequence of
the Incertae sedis 5 illustrated very little similarity
(90% identity) to any sequence within Genbank. The
three most similar partial 16S rRNA gene sequences
originated from paddy soil (AM949517.1, 745/825
or 90%), the rhizosphere of trembling aspen
(EF018506.1, 733/821 or 89%), and another soil
(EF417657.1, 698/769 or 90%). Although the Pro-
teobacteria are well known for their ability to
transform organic contaminants, including m-xylene,
the uniqueness of the 16S rRNA gene sequence
identified here appears to represent a truly novel m-
xylene degrader within the phylum. The three most
similar partial 16S rRNA gene sequences in Gen-
bank to the m-xylene degrader classifying as a
Bacillus species originated from a clean room
(EU071493.1, 711/725 or 98%), urban aersosol
(DQ129492.1, 706/723 or 97%), and soil
(AY289495.1, 705/723 or 97%). There have been a
small number of reports linking Bacillus species to
BTEX degradation. These include a soil study that
suggested both Bacillus and Actinobacteria popula-
tions were affected by exposure to BTEX (Ji et al.
2007). Another study obtained a Bacillus sp.
(Bacillus sphaericus 205y) from a group of isolates
that could use benzene and/or toluene as their sole
carbon source (Hun et al. 2003). Furthermore, B.
firmus was used to seed biotrickling filter columns
designed for xylene treatment (the isomer was not
provided) (Liu et al. 2006). Another study isolated B.
sphaericus from a lab-scale biofilter treating an
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airstream mixture of BTEX and reported that it had a
high BTEX degrading activity (Mathur et al. 2007).
Others isolated Bacillus species from seawater and
deepsea sediment with benzene, toluene, and m-
xylene degrading abilities (Wang et al. 2008).

4 Conclusions

DNA-based stable isotope probing was used to
investigate the diversity of m-xylene degraders be-
tween microcosms constructed with sediment from
contaminated and uncontaminated sites. Four phylo-
types were identified as the dominant degraders
within these microcosms, all falling within the β
Proteobacteria or Bacilli. In the contaminated site
microcosms, an organism belonging to the genus
Ramlibacter (within β Proteobacteria) was identified
as the dominant m-xylene degrader, representing the
first report linking BTEX degradation to this genus.
In agricultural soil 1, the m-xylene degrader was
classified within the genus Paenibacillus and illus-
trated limited similarity (94% 16S rRNA gene
identity) to any previously reported microorganism.
Interestingly, Paenibacillus represents a genus with
previous links to organic compound degradation
but not directly to m-xylene degradation. In
agricultural soil 2, two dominant m-xylene degraders
were identified, one (unclassified Incertae sedis 5
within β Proteobacteria) with very little similarity
(90% 16S rRNA gene identity) to any previously
reported microorganism. The other was classified as
a Bacillus species and thus corroborates previous
reports linking BTEX degradation by Bacillus
species. In summary, although two of the m-xylene
degrading microorganisms identified belonged to a
phylum (Proteobacteria) previously linked to BTEX
degradation, neither represented commonly reported
aerobic BTEX degraders (Pseudomonas, Sphin-
gobium, Ralstonia) within this phylum. The other
two were classified with the Bacilli, with one
illustrating a unique 16S rRNA sequence. Such data
indicate that previous studies involving isolations
and clone libraries may not accurately represent the
active m-xylene (or BTEX) degraders in all mixed
community samples. These data provide an interest-
ing illustration of the use of SIP to determine the role
of uncultured microorganisms in environmental
processes.
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