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Introduction

Methanogenesis is associated with anaerobic decomposi-

tion of organic matter in the absence or depletion of

other electron acceptors, such as O2, NO, Fe (III), and

Mn (IV) (Reddy et al. 1999; Valentine 2002). The coordi-

nated activity of diverse microbial groups, including fer-

menters, syntrophs, and methanogens are required for

effective conversion of organic matter to methane (CH4)

(Schink 1997; Conrad and Klose 1999). Oxidation of pri-

mary fermentation products such as propionate, butyrate,

and some alcohols under methanogenic conditions

requires cooperation between fatty acid oxidizing, H2 pro-

ducing bacteria (syntrophs), and H2 scavenging bacteria

such as hydrogenotrophic methanogens. Syntrophs can

oxidize fatty acids only if reaction products (acetate, for-

mate and H2) are removed efficiently (Schink 1997;

Conrad and Klose 1999), such that interactions between
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Abstract

Aims: Evaluation of the composition, distribution and activities of syntrophic

bacteria and methanogens in soils from eutrophic and low nutrient regions of

a freshwater marsh, and to compare these results with those obtained from a

similar study in the Florida Everglades.

Methods and Results: Culture dependent and independent approaches were

employed to study consortia of syntrophs and methanogens in a freshwater

marsh. Methanogenesis from butyrate oxidation was fourfold higher in micro-

cosms containing soil from eutrophic regions of the marsh than from low

nutrient regions. Propionate was oxidized in eutrophic microcosms at lower

rates than butyrate and with lower yields of methane. Sequence analysis of 16S

rRNA gene clone libraries from DNA extracted from microcosms and soils

revealed differences such that the dominant restriction fragment length poly-

morphism (RFLP) phylotypes (representing 82–88% of clone libraries) from

eutrophic soils clustered with fatty acid oxidizing Syntrophomonas spp. The

four dominant RFLP phylotypes (representing 11–24%) from microcosms con-

taining soils from low nutrient regions were sequenced, and clustered with

micro-organisms having the potential for fermentative and syntrophic metabo-

lism. Archaeal 16S rRNA sequence analysis showed that methanogens from

eutrophic regions were from diverse families, including Methanomicrobiaceae,

Methanosarcinaceae, and Methanocorpusculaceae, but clone libraries from low

nutrient soils revealed only members of Methanosarcinaceae.

Conclusions: These findings indicate that syntroph–methanogen consortia dif-

fered with nutrient levels in a freshwater marsh.

Significance and Impact of the Study: This is one of few studies addressing

the distribution of fatty acid consuming-hydrogen producing bacteria (syn-

trophs) and their methanogenic partners in wetland soils, and the effects of

eutrophication on the ecology these groups.
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syntrophs and methanogens are required for efficient

oxidation of these compounds, and hydrogenotrophic

methanogens are primary H2 scavengers in this process.

Blue Cypress Marsh Conservation Area (BCMCA) is a

freshwater marsh in southeast Florida, USA that forms the

headwaters of the St Johns River, the largest river in Flor-

ida. BCMCA was historically a low-nutrient ecosystem, but

adjacent agricultural fields drained into the marsh from

1960s to early 1990s, resulting in eutrophication of parts of

the marsh (Fig. 1). A major difference between the nutri-

ent-impacted and nonimpacted areas of BCMCA is the dif-

ference in plant communities; e.g. Cladium sp., better

adapted to low nutrient-environments, was replaced by

Typha sp., which thrives at high nutrient concentrations

(Davis 1991). Activities of microbial enzymes in detritus

and soils of BCMCA have been linked to the plant commu-

nities, suggesting ongoing assimilation and recycling of

exogenous nutrients in this marsh community (Prenger

and Reddy 2004). Soil oxygen demand, labile organic car-

bon (C), microbial respiration and potential methanogene-

sis rates are higher in eutrophic soils than in the lower

nutrient areas of this marsh (Seo 2002). Vegetation types

also affected microbial parameters, such that Typha domin-

ated areas have more readily available carbon donors and

greater microbial activities than do Cladium dominated

areas of BCMCA (Seo 2002). The effects of different veget-

ation types may be a result of the more labile nature and

higher nutrient content of some species, such as Typha

(Rejmánková 2001), growing in the phosphorus enriched

areas of the marsh (Davis 1991).

Very few studies document either distribution of

syntrophic consortia in wetlands or the potential effects

of eutrophication on the structure and function of these

consortia. Previous studies from our laboratory indicated

that sulfate reducing bacteria, and the numbers, activities,

and composition of syntroph–methanogen consortia are

dependent on position along phosphorus gradients in the

northern Florida Everglades (Castro et al. 2002, 2004;

Chauhan et al. 2004). Drake and coworkers (Drake et al.

1996) reported higher most probable numbers (MPN) of

many cultivable bacterial groups in the eutrophic soils in

similar regions of the Everglades.

The objectives of this study were to evaluate the com-

position, distribution and activities of syntrophic bacteria

and methanogens in soils taken from eutrophic and low

nutrient BCMCA, and to compare these results from pre-

vious results obtained from a similar study in the Florida

Everglades (Chauhan et al. 2004). To the best of our

knowledge these represent the only studies documenting

the effects of eutrophication on syntrophic methanogene-

sis in freshwater wetlands. A major difference between

BCMCA and the Florida Everglades is soil pH, which ran-

ges from 5 to 6 in BCMCA (Seo 2002; Prenger and Reddy

2004), and 7 to 7Æ8 in the Everglades (DeBusk et al. 2001;

Wright and Reddy 2001). Further, some regions of the

Everglades have soils that are primarily calcium carbon-

ate-based (Gleason et al. 1974; DeBusk and Reddy 1998;

Reddy et al. 1999), unlike BCMCA, which is low in car-

bonate. These chemical differences may affect the rates

and pathways through which carbon is mineralized. Ear-

lier reports have showed that fatty acid oxidation, and H2

production and consumption coupled with methanogene-

sis, occur at slower rates in acidic regimes (Goodwin and

Zeikus 1987; Goodwin et al. 1988). In this study, we

investigated the activities and composition of these con-

sortia in high and low nutrient soils of BCMCA.

Blue Cypress
Lake

Upper St. Johns River Basin

BCT

BCMCA

Kilometers6303

SW

NE

Figure 1 Sampling sites within Blue Cypress

Marsh Conservation Area. Studies were con-

ducted with soils from one sampling stations

each from northeast (NE; eutrophic), Blue

Cypress Trail (BCT; low nutrient), and south-

west (SW; eutrophic). Arrows indicate historic

inflows of elevated nutrients.
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Materials and methods

Site description and sampling procedure

The project site is comprised of 8000 ha of freshwater

marsh wetlands located within the Blue Cypress Marsh

Conservation Area (BCMCA), which forms the headwa-

ters of St Johns River in east central Florida, USA

(Fig. 1). Approximately 65% of the marsh was drained

for animal husbandry and citrus farming, resulting in

declining populations of flora and fauna of the remaining

flood plain. This marsh received nutrient runoff from

nearby agricultural areas between 1960s and early 1990s

from the northeast (NE) and southwest (SW) areas

within the marsh (Fig. 1). The project area receives inflow

from Fort Drum Marsh Conservation Area (FDMCA) to

the south with two sub-basin watershed tributaries from

the west. All eastern inflows, which were agricultural,

have been diverted away from the marsh as part of the

water management project. Large contrasts in water qual-

ity and soil parameters concomitant with differences in

vegetation are observed with Cladium spp. and Panicum

spp. dominating the low nutrient and Typha spp. domin-

ating eutrophic zones (Davis 1991). A gradient in phos-

phorus concentrations is present, extending from the two

surface water inflow regions (NE and SW) into the lower

nutrient interior of the marsh [Blue Cypress Trail (BCT);

Fig. 1]. NE and SW are the eutrophic sites, and northwest

(BCT) site is the relatively low nutrient reference site

(Fig. 1). Sampling was conducted in Fall 2001. At each

sampling station, three soil cores were obtained within an

area of approximately 50 m)2 by removal of the top det-

ritus layer, followed by pushing an aluminum irrigation

pipe (7Æ6 cm diameter) into soil. The upper 10 cm of soil

were collected and transported to the lab within 24 h.

Statistical analyses

All statistical analyses in this study were performed by a

general linear model to test for the main effects and their

interactions on all response variables using PROC GLM

(SAS Institute 2003). Population normality was tested for

each variable before using parametric statistics for com-

parisons and testing.

Laboratory biogeochemical analyses

After removal of roots and other plant material, biogeo-

chemical analyses were performed as previously described

(Andersen 1976; DeBusk and Reddy 1998; White and

Reddy 1999). Soil pH was read by pH meter after 20 g

wet soil was equilibrated with 10 ml of deionized water

and soil moisture content was measured by placing

homogenized subsamples in a tin dish, the samples were

weighed and baked in the oven for 3 days at 70�C and

then reweighed to calculate the moisture content. Other

measurements included bulk density, total C, N, and P

analyses. Bulk density was calculated on a dry soil weight

basis.

In brief, total N analysis was performed on dried, finely

ground (<0Æ2 mm) samples with Carlo-Erba NA-1500

CNS analyzer (Carlo Erba, Milan, Italy). Total P analysis

was performed on separate samples following combustion

(ashing) at 550�C for 4 h in a muffle furnace and dissolu-

tion of the ash in 6 mmol l)1 of HCl. The digestate was

analysed for P by an automated ascorbic acid method

(USEPA 1983). Extractable inorganic P (Pi) was deter-

mined by extraction of the wet soil equivalent of 0Æ5 g

dry weight with 25 ml 0Æ5 mmol l)1 of NaHCO3 (pH

8Æ5), shaken for 16 h at low speed and filtered through a

0Æ45 lm membrane filter (White and Reddy 1999;

DeBusk et al. 2001). Total organic C (soluble organic C)

was analysed in a Dohrmann DC-109 TOC analyzer

(Rosemount Analytical Inc., Santa Clara, CA, USA).

Microbial biomass C was calculated from the difference

in K2SO4 extractable C between fumigated and nonfumi-

gated samples as explained earlier (Seo 2002). Exchange-

able ammonium (NH4–N) was determined by extraction

of the wet soil equivalent to 0Æ5 g (dry weight) soil with

25 ml of 2 mmol l)1 KCl, followed by filtration through

Whatman no. 41 filter paper. HCl extractable cations

were determined by extraction of 0Æ5 g dry soil in 25 ml

1 N HCl with shaking for 3 h, and filtrated through

0Æ45 lm membrane filter, and analysed using ICP

(USEPA 1983). Total Kjeldahl nitrogen (TKN) was meas-

ured on digested samples using a sulfuric acid–mercuric

sulfate–potassium sulfate reagent. The digestion converted

TKN to ammonium, which was quantitated colorimetri-

cally. TKN is the sum of ammonia and organic nitrogen.

Methanogen enumerations

Acetoclastic and hydrogenotrophic methanogens were

determined by MPN estimation by a 3-tube dilution

method using basal carbonate yeast extract trypticase

(BCYT) medium as described earlier (Chauhan et al.

2004). After 2 months of undisturbed incubation, tubes

were scored positive on the basis of twice the amount of

methane produced from that in the negative control

tubes, to which acetate and H2 were not added.

Laboratory microcosm studies and growth conditions

Methanogenic conversion of fatty acids was studied by

constructing microcosms from each of triplicate NE, SW

and BCT cores in the same manner as performed for the

A. Chauhan et al. Syntroph and archaeal associations
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Everglades samples (Chauhan et al. 2004). Briefly, each

serum bottle contained 25 ml of BCYT (50 ml for acet-

ate), soil (4–5%, wet weight), with propionate, butyrate,

or acetate at a final concentration of 20 mmol l)1, added

from anaerobic concentrated stocks as described in previ-

ous studies (Goodwin and Zeikus 1987; Mormile et al.

1996), and reduced with 2% cysteine–sodium sulfide

(Drake et al. 1996). All incubations were performed at

28 ± 2�C. Subsequent transfers were made in BCT media

(basal carbonate trypticase without yeast-extract to dis-

courage background growth of primary fermenters) fol-

lowing standard anaerobic culturing techniques (Hungate

1969). Stoichiometric calculations were based on reaction

stoichiometries of conversion of propionate and butyrate

to CH4 (Mormile et al. 1996; Schink 1997), accounting

for consumption of the respective fatty acid.

Microscopic analyses and analytical methods

Phase-contrast and fluorescence photomicrographs were

taken after placing 10 ll of actively growing consortia

onto glass slides mounted by a cover slip and imaged

with a short distance condenser and 100· objective in a

Nikon OPTIPHOT microscope (Nikon Instruments,

Lewisville, TX, USA). Archaeal coenzyme F420, which

fluoresces blue at 420 nm (Doddema and Vogels 1978),

allows identification of methanogens by fluorescence

microscopy. For visualization of the consortia, the excita-

tion wavelength of 488 nm was selected.

Fatty acids and acetate were quantified by HPLC

(Waters Corp., Milford, MA, USA) with an Aminex HP

87 H column (300 · 7Æ5 mm), with UV detection at

210 nm. Headspace CH4 in microcosms was estimated by

gas chromatography using a Shimadzu 8A GC (Shimadzu

Scientific Instruments, Columbia, MD, USA) as previ-

ously reported (Castro et al. 2002). All determinations

were carried out in triplicate microcosms and average val-

ues from these replicates are reported.

Nucleic acid extraction and PCR amplification

DNA from soil samples (0Æ5 g) and microcosms/terminal

MPN series (cells centrifuged from 10 ml cultures after

4 weeks incubation) were extracted using UltraClean Soil

DNA kit (MoBio, Solana Beach, CA, USA) with minor

modifications as described earlier (Chauhan et al. 2004).

DNA was routinely analysed by electrophoresis through

0Æ7–1% agarose gel with Tris-acetate–EDTA buffer. Prim-

ers used for the PCR amplification of 16S rRNA gene

sequences were 27F (5¢-AGAGTTTGATCMTGGCTCAG-

3¢) and 1492R (5¢-TACGGYTACCTTGTTACGACTT-3¢)
(Lane 1991). Archaeal 16S rRNA genes were amplified

with the universal primer 1492R and archaea-specific pri-

mer 23F (5¢-TGCAGAYCTGGTYGATYCTGCC-3¢) (Burg-
graf et al. 2001). PCR amplification was performed in a

GeneAmp PCR system 2400 (Perkin-Elmer Applied Bio-

systems, Norwalk, CT, USA) using HotStarTaq Master

Mix (Qiagen, Valencia, CA, USA), as reported earlier

(Chauhan et al. 2004).

Cloning of bacterial and archaeal 16S rRNA genes and

RFLP analyses

Freshly generated archaeal and bacterial amplimers were

ligated into pCRII-TOPO cloning vector and trans-

formed in chemically competent E. coli TOP10F’ cells

according to the manufacturer’s instructions (Invitrogen,

Carlsbad, CA, USA). Individual colonies of E. coli were

screened by colony PCR with appropriate primers using

previously described PCR programs to confirm the

expected insert size of bacterial and archaeal 16S rRNA

(Uz et al. 2003). Restriction fragment length poly-

morphism (RFLP) analyses were conducted using HhaI

and AluI in separate reactions, and analysed by electro-

phoresis through a 2% agarose gel. To confirm that

sufficient numbers of RFLP groups were selected to

represent the clone libraries from soil and microcosms,

RFLP patterns were analysed by analytic rarefaction

using ararefactwin software (version 1.3; S. Holland,

Stratigraphy Lab, University of Georgia, Athens; http://

www.uga.edu/~strata/software/).

DNA sequencing and sequence analysis

Plasmid DNA was extracted from clones representing dif-

ferent RFLP groups and sequenced by the DNA Sequen-

cing Core Laboratory at the University of Florida with

27F (Lane 1991) and 23F primers (Burggraf et al. 2001).

Sequences were compared with previous submissions in

the National Center for Biotechnology Information

(NCBI) database using BLAST (Altschul et al. 1990), and

aligned using ClustalX v. 1.8 (Thompson et al. 1997).

Phylogenetic trees were generated with PAUP v. 4.0b8

using maximum parsimony algorithm with default set-

tings (Swofford; D.L., Sinauer Associates, Sunderland,

MA, USA). Bootstrap resampling analysis for 100 repli-

cates was performed to estimate the confidence of tree

topologies.

Nucleotide sequence accession numbers

The partial 16S rRNA gene sequences obtained in this

study were deposited in GenBank under accession num-

bers AY652468–AY652485 for methanogen clones, and

AY652486–AY652494 for clones clustering with anaerobic

bacteria.

Syntroph and archaeal associations A. Chauhan et al.
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Results

Physical and biogeochemical characteristics of the soils

Table 1 presents major biogeochemical parameters from

BCMCA. Moisture content and nitrogen values were sim-

ilar in the eutrophic and low nutrient areas. Redox poten-

tials ranged from )90 (NE) to )123 (SW) in eutrophic

regions to )37 in the low nutrient area (BCT). NE and

SW exhibited slightly higher levels of total phosphorus

and total inorganic phosphorus concentrations than those

observed in BCT. The values for total carbon, extractable

organic carbon and microbial biomass carbon were higher

in NE and SW than in BCT. Soil pH was acidic (5Æ4–6Æ1).
An extensive study of the temporal and spatial variabil-

ity of these sites (Prenger and Reddy 2004) reported that

the levels of total carbon, total phosphorus, total micro-

bial biomass carbon, and total extractable carbon are sig-

nificantly higher in NE and SW than in BCT. Significant

differences between the high nutrient samples (NE and

SW) and BCT were observed for samples in the current

study for pH, moisture content, nitrogen, carbon, phos-

phorus, microbial biomass carbon, and organic carbon

(Table 1).

Methanogen enumerations in eutrophic and reference

soils

MPN hydrogenotrophic methanogens were approximately

4Æ7 · 106 (95% CI: 1Æ1–15Æ0 · 106) g)1 in NE and SW,

and 0Æ9 · 106 (95% CI: 0Æ05–2Æ8 · 106) in BCT. MPN

acetoclastic methanogens were between 1Æ2 · 106 (95%

CI: 0Æ2–3Æ7 · 106) and 1Æ6 · 106 (95% CI: 0Æ2–7Æ2 ·
106) g)1 in NE and SW, respectively, and approximately

0Æ5 · 106 (95% CI: 0Æ1–1Æ4 · 106) g)1 in BCT. MPN

propionate and butyrate oxidizers were determined, but

significant concerns regarding the accuracy of these

enumerations arose (data not shown). MPN enumera-

tions of syntrophs are rough estimations at best, and we

suspect that their numbers greatly underestimated the

true values, perhaps because of the potential for disrup-

tion of syntroph–methanogen consortia and their slow

growth.

Methane production from propionate, butyrate

and acetate

Microcosms of soils taken from eutrophic and low nutri-

ent regions were monitored for depletion of fatty acids

and CH4 accumulation (Fig. 2a,b). Eutrophic soils

showed immediate CH4 formation without an observable

lag period from butyrate; low levels of methane were

detected in the low-nutrient microcosms. Methane forma-

tion correlated well with depletion of fatty acids and was

much faster in eutrophic soils than in low-nutrient

microcosms, indicating that added fatty acids were con-

verted to CH4 as a terminal product (Fig. 2a,b). In the-

ory, one mole of propionate oxidation yields 1Æ75 mol of

CH4, and 1 mol of butyrate oxidation yields 2Æ5 mol of

CH4 (Mormile et al. 1996; Schink 1997). Table 2 presents

a comparison of predicted vs observed methane produc-

tion based on consumption of butyrate, propionate, and

acetate in these microcosms. Predicted and observed val-

ues for 6 and 8-week incubations are presented to corres-

pond with onset of plateaus for methane production for

butyrate and propionate (Fig. 2). Propionate yielded less

CH4 than predicted compared with butyrate for all

microcosms, indicating a more complex fate of propion-

ate than butyrate in these soils. Propionate has been

shown to be dismutated to butyrate (Schink 1997), but

an increase in butyrate concentrations, concomitant with

the utilization of propionate, was not observed in any of

the microcosms indicating that propionate may be util-

ized by diverse microbial groups forming terminal prod-

ucts other than CH4, such as CO2. Observed propionate-,

butyrate-, and acetate-dependent methanogenesis were

considerably lower than predicted for microcosms from

BCT compared with those from NE or SW, strongly sug-

Table 1 Selected biogeochemical characteristics of eutrophic and low nutrient regions of Blue Cypress Marsh Conservation Area during Fall

2001�

Field

stations

pH content

(%)

Moisture

(g kg)1)

TN

(g kg)1)

TC

(mg kg)1)

TP

(mg kg)1)

TPi

(mg kg)1)

NH4–N

(mg kg)1)

TKN

(mg kg)1)

MBC

(mg kg)1)

Extractable

TOC

NE 5Æ9 (0Æ3)� 88Æ93 (2Æ0) 24Æ93 (1Æ5)� 461Æ60 (8)� 897 (110)� 114 (44) 61 (9) 335 (30) 5318 (558) 3128 (250)

SW 6Æ1 (0Æ5) 90Æ84 (2Æ0) 22Æ01 (1Æ8)� 443Æ33 (14)� 1011 (220) 130 (38) 88 (15) 607 (100) 8096 (628) 3665 (400)

BCT 5Æ4 (0Æ2)* 86Æ14 (1Æ0)* 28Æ29 (2Æ0)�* 379Æ45 (22)�** 519 (77)** 67 (23)* 66 (10)* 470 (36)** 2115 (340)** 2006 (200)**

TN, total nitrogen; TC, total carbon; TP, total phosphorus; TPi, total inorganic phosphorus; NH4–N, extractable ammonium; TKN, total Kjeldahl

nitrogen; MBC, microbial biomass carbon; TOC, total organic carbon.

�Content of different substances is expressed per kilogram (dry weight) of soil.

�Values in parenthesis are standard deviations of triplicate analysis.

*Significantly different at the P £ 0Æ01 level; **significantly different at the P < 0Æ001 level.
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gesting different microbial activities or pathways for fatty

acid metabolism in eutrophic and low nutrient areas of

BCMA.

To further explore structure–function relationships of

dominant syntrophs and methanogens in BCMCA,

enrichment cultures were established.

Phase contrast microscopic analysis of the consortia

Syntophic bacteria are not restricted to a monophyletic

group, nor has a functional gene characteristic of syn-

trophs been identified, which precludes design of a ‘uni-

versal’ syntroph PCR primer set. These organisms must

therefore be studied by functional and cultivation based

approaches. Laboratory microcosms were therefore used

as starters to enrich syntrophic bacteria. Consortia

obtained from NE, SW and BCT soil enrichments after

two to three transfers with butyrate were analysed by

phase contrast microscopy. Figure 3 shows rods and some

smaller globular cells forming a consortium from eutro-

phic microcosms incubated with butyrate. Smaller associ-

ated bacteria were presumed to be syntrophs, which was
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(a)

(c) Figure 2 Weekly utilization of 20 mmol l)1

of spiked fatty acids or acetate (filled symbols)

in Blue Cypress Marsh Conservation Area

microcosms leading to methane formation

(open symbols). (a) Propionate, (b) butyrate,

(c) acetate. Symbols: triangles, northeast

(eutrophic); circles, Blue Cypress Trail (low

nutrient); squares, southwest (eutrophic).

Analyses were conducted in triplicate, and

mean values are presented; error bars repre-

sent one standard deviation. Weekly methane

values from microcosms were corrected

taking into account the methane produced by

the un-amended controls (without exogenous

additions of C).

Syntroph and archaeal associations A. Chauhan et al.

78 ª 2005 The Society for Applied Microbiology, Journal of Applied Microbiology 100 (2006) 73–84



confirmed later by sequence analysis (presented below).

Enrichments from low nutrient site were different from

the consortia obtained from eutrophic microcosms (data

not shown), consisting exclusively of abundant Methano-

sarcina-like and presumed bacterial cells. Terminal

positive MPN dilution series from eutrophic samples

contained similar methanogen-syntroph consortia.

The same aggregate was observed through a 420 nm

filter and methanogens fluoresced bluish-green because of

autofluorescence of coenzyme F420, which is characteristic

of archaeal cells (Doddema and Vogels 1978), allowing

assumptions to be made regarding methanogens inter-

twined with presumptive syntrophic bacteria (Fig. 3a,b).

These well-defined aggregates resemble previously des-

cribed ‘nests’ of syntrophs (Schink 1997), surrounded by

dense aggregates of methanogens similar to those repor-

ted in microcosms made with soils from eutrophic areas

of the Florida Everglades (Chauhan et al. 2004). Such

nest-like formations were not found in BCT enrichments,

where an abundance of Methanosarcina with their charac-

teristic grape bunch-like appearance was observed (data

not shown).

16S rRNA gene sequence analysis

After two transfers of the enrichments, Bacterial 16S

rRNA gene clone libraries were constructed and

sequenced. Many of these sequences shared relatively little

similarity with previously identified strains, although the

broad clusters in which these sequences grouped in Figs 4

and 5 provide some insight into shared characteristics.

Sequences from NE and SW samples clustered with

Syntrophomonas spp., which are known to syntrophically

utilize butyrate (Fig. 4). Sequences from NE and SW clus-

tered together with previously described butyrate-oxid-

izing Syntrophomonas spp. Eutrophic sequences (NE-1/B,

2/B, SW-1/B, 2/B) from this study formed deeply branch-

ing clades separate from Syntrophomonas spp. Dominant

sequences from BCT microcosms clustered with primary

Table 2 Propionate, butyrate and acetate conversion to methane in eutrophic and low nutrient regions of Blue Cypress Marsh Conservation Area

during Fall 2001*

Fermentation

products (weeks)

Northeast Southwest Blue Cypress Trial

Predicted

CH4 (lmol)

Observed

CH4 (lmol) (%)�

Predicted

CH4 (lmol)

Observed

CH4 (lmol) (%)�

Predicted

CH4 (lmol)

Observed

CH4 (lmol) (%)�

Propionate (6) 413 155 37 424 210 49 203 55 27

Propionate (8) 478 250 52 527 300 56 195 34 17

Butyrate (6) 853 813 95 965 873 95 250 180 72

Butyrate (8) 1250 669 54 1250 684 55 265 185 69

Acetate (6) 616 601 95 675 605 89 355 261 73

Acetate (8) 817 700 85 817 780 95 451 299 66

Values were calculated only for CH4 and not for other terminal products such as CO2 and H2S. Reactions employed for calculations were:

4CH3CH2COO
) + 4H+ + 2H2O fi 7CH4 + 5CO2; 2CH3CH2CH2COO

) + 2H+ + 2H2O fi 5CH4 + 3CO2; CH3COO
) + 2H2O fi HCO + CH4.

*All calculations based on previously published tables (Mormile et al. 1996; Schink 1997).

�Percentage observed/predicted from stoichiometry of methanogenesis.

Spear shaped non-
fluorescent cells 

Spindle shaped 
non-fluorescent

Central core of the
syntroph-methanogen 

‘nest’ 

(a)

Fluorescent
cocci 

Fluorescent 
long rods  

(b)

Figure 3 Phase contrast and fluorescence microscopy of consortia

obtained from Blue Cypress Marsh Conservation Area, southwest

(eutrophic) microcosms. (a) Consortium showing diverse cells of cocci,

rods, spear and spindle morphologies juxtaposed forming a tight

aggregate. (b) The same field fluoresced at 488 nm showing archaeal

enzyme F420 fluorescing blue, which distinguishes methanogen cells

from the bacterial cells in the aggregate.
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fermenters (Fig. 4), which may function as syntrophs.

Relatively low levels of methanogenesis were observed in

these microcosms, as was a relatively low percentage of

the stoichiometric conversion to methane (Table 2).

Archaeal 16S rRNA gene clone libraries were construc-

ted from three different sources: (i) microcosms; (ii) ter-

minal MPN dilution series; and (iii) DNA isolated

directly from soil samples from NE, SW and BCT. RFLPs

from the microcosms were identical to those from ter-

minal MPN dilution series, indicating that methanogenic

assemblages in NE and SW microcosms differed from

those in BCT (Fig. 5). The archaeal clone library was divi-

ded into five distinct phylotypes. Phylotypes 1 and 2 were

found in NE and SW microcosms, but phylotype I was

more dominant in BCT microcosms. Phylotypes 4 and 5

were observed exclusively in microcosms from NE and

SW with propionate and butyrate and were not observed

in BCT microcosms. RFLP data were supported by 16S

rRNA sequence analysis (Fig. 5), which indicated that

phylotype 1 clones cluster with Methanosarcina barkeri, a

versatile methanogen that uses acetate, H2 and formate as

carbon donors (Jetten et al. 1992). Phylotype 2 clones

cluster with Methanosaeta sp., which thrives on low

acetate concentrations and is unable to utilize other car-

bon donors (Jetten et al. 1992). Phylotype 3 clones cluster

with Methanomethylovorans sp., an obligate methylo-

trophic archaea (Lomans et al. 1999) observed only in NE

and SW microcosms. Phylotype 4 clones were observed

only in the NE microcosm and clustered with Methanofol-

lis and phylotype 5 clones were observed only in the SW

microcosm, clustering with Methanocorpusculum. Met-

hanofolis and Methanocorpusculum species have been

shown to scavenge hydrogen and formate generated from

secondary fermentation of fatty acids (Zinder and Brock

1978; Zellner et al. 1989). The RFLPs generated from soil

DNA from NE, SW and BCT were more diverse than

those from microcosms and MPN terminal dilution

series, but the dominant RFLP patterns (and hence the

sequences) in soils were identical to the dominant

sequences obtained from microcosms.

100

100

100

99

95

85

91

95

91

NE-1/B AY652486

SW-1/B AY652487

SW-2/B AY652489

NE-2/B AY652488

Syntrophomonas sp. MGB-C1

Syntrophomonas sapovorans

Syntrophomonas erecta

Syntrophomonas wolfei

Anaerobic bacterium F1/B-2

Anaerobic bacterium F4/B-1

Syntrophomonas sp.TB-6

SW-3/B AY652490

Anaerobic bacterium U3/B-2

BCT-1/B AY652494

BCT-2/B AY652492

Sedimentibacter hongkongensis

Clostridium hydroxybenzoicum

Clostridium lacusfryxellense

BCT-3/B AY652493

Ruminococcus albus

BCT-4/B AY652491

Bacteroides sp. 253c

Arthrobacter globiformis X80736

10 changes

100

100

100

65

Figure 4 Phylogenetic tree of partial 16S

rRNA gene sequences from domain bacteria,

constructed with PAUP version 4.0b8 using

maximum parsimony. Clones were obtained

from northeast (eutrophic); Blue Cypress Trail

(low nutrient); southwest (eutrophic) micro-

cosms, amended with B (butyrate). Numbers

at nodes represent bootstrap values (100

times resampling analysis); only values greater

than 50 are presented. Arthrobacter globifor-

mis was used as outgroup. Numbers adjacent

to sequences are GenBank accession

numbers.
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Discussion

Nutrient impacts on wetlands last for decades (Newman

et al. 1997) and include a variety of changes to the eco-

system. We are particularly interested in the mechanisms

by which eutrophication affects biogeochemical cycling

and the pathways through which carbon is cycled in

freshwater wetlands. Our objectives in this study were to

examine differences in mineralization of selected fatty

acids in high and low nutrient areas of BCMCA.

Methanogens are not capable of directly converting

butyrate or propionate to methane and must form con-

sortia with syntrophs to utilize these substrates. Methano-

genesis from these substrates therefore represents the

actions of syntroph–methanogen consortia. In BCMA,

butyrate- and propionate-induced methanogenesis was

faster in eutrophic than in lower nutrient microcosms

(Fig. 2a,b). Other studies have also shown that higher

nutrient levels resulted in elevated methanogenesis (Drake

et al. 1996; Castro et al. 2002; Seo 2002; Chauhan et al.

2004). No significant differences were observed between

MPN of methanogens in NE and SW and BCT. MPN of

hydrogenotrophic methanogens in eutrophic regions of

the Florida Everglades were as high as 10 000-fold greater

than the acetotrophs (Chauhan et al. 2004). An obvious

contrast between eutrophic BCMCA and Everglades is the

slower methanogenic processes, which may be due to aci-

dic pH in BCMCA (5Æ4–6Æ1). This is not because of dif-

ferences in available carbon; parameters such as microbial

biomass carbon, phosphorus and nitrogen are similar or

greater in BCMA than in the Everglades study (Chauhan

et al. 2004). Beneath the Everglades peat is a bedrock of

Pleistocene limestone with calcite mud (Gleason et al.

1974; DeBusk and Reddy 1998; Reddy et al. 1999)

that results in higher carbonate and concomitant higher

pHs. Rates of carbon and electron turnover at each step

of the carbon cycle are significantly slower at acidic pH

than for neutral systems (Goodwin and Zeikus 1987;

Duval and Goodwin 2000). This may be one of the

reasons for methanogenic rates from fatty acid oxidation

to be only 43–134 lmol week)1 in BCMCA eutro-

phic microcosms (Fig. 2a,b); these rates were as high as

160–200 lmol week)1 in the Everglades (Chauhan et al.

2004), which is a neutral pH system.

NE-1/P AY652468

NE-2/B AY652469

SW-1/P AY652470

SW-2/B AY652471

Methanomethylovorans victoriae

SW-3/B AY652484

SW-4/P AY652485

NE-3/P AY652477

BCT-1/B AY652482

BCT-2/P AY652483

Methanosarcina barkeri

Methanosarcina acetivorans

NE-4/B AY652480

NE-5/P AY652481

SW-5/P AY652479

SW-6/B AY652478

Methanothrix soehngenii

BCT-3/B AY652476

Uncultured Methanosarcinaceae MRR47

NE-6/P AY652472

NE-7-B AY652473

Methanofollis liminatans

SW-7/P AY652474

SW-8/B AY652475

Methanocorpusculum labreanum

Halobacterium halobium M38280
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Phylotype 3

Phylotype 4

Phylotype 5

100

100

100

100
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100
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85
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50 changes

Figure 5 Phylogenetic tree of partial 16S

rRNA gene sequences from domain Archaea,

constructed with PAUP version 4.0b8 using

maximum parsimony. Clones were obtained

from northeast (eutrophic); Blue Cypress Trail

(low nutrient); southwest (eutrophic) micro-

cosms, amended with P (propionate) or B

(butyrate). Numbers at nodes represent boot-

strap values (100 times resampling); only

values greater than 50 are presented. Halo-

bacterium salinarum was used as outgroup.

Numbers adjacent to sequences are GenBank

accession numbers.
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Methane produced from propionate and butyrate in

BCMA microcosms were substantially lower than values

predicted from stoichiometric conversion of the fatty

acids to methane (Table 2). Propionate-induced methano-

genesis was 30–40% of that predicted in NE and SW

soils and 21–12% of predicted in BCT microcosms. This

discrepancy suggests that propionate may be utilized by

different bacterial groups (e.g. sulfate reducing prokaryo-

tes) resulting in terminal products such as CO2

(Table 2). The relatively low amount of propionate con-

verted to methane in BCT microcosms, particularly at

the 8-week time point, suggests that syntrophic pathways

are of limited importance in this soil. A drop in

methane concentrations in butyrate-spiked NE and SW

microcosms was observed between 6 and 8 weeks

(Fig. 2a,b), perhaps indicating methane consumption in

these microcosms. A similar decrease was not observed

in the BCT microcosms. Acetate-induced methanogenesis

was also faster in eutrophic samples (Fig. 2c). An

approximate 3 to 5-week lag was observed before acetate

was utilized in BCT microcosms, indicating relatively

low initial numbers of methanogens. Further, anova

analyses on the methane produced from spiked propion-

ate, butyrate and acetate indicated more rapid carbon

cycling in the eutrophic sites than in the oligotrophic

site.

Several lines of evidence indicate that syntrophic–meth-

anogenic consortia in eutrophic microcosms differ from

those in the lower nutrient microcosms of BCT. Domin-

ant cloned bacterial sequences (82% and 88%, from NE

and SW, respectively) from eutrophic soil/microcosms

clustered with butyrate-oxidizing Syntrophobacter spp.

(Table 3, Fig. 4), but BCT soil/microcosm sequences clus-

tered with known primary fermenters such as Sedimentib-

acter hongkongensis, Ruminococcus albus, Bacteroides and

Clostridiumhydroxybenzoicum, indicating that syntrophs

are more numerous in eutrophic systems. Clone libraries

constructed from terminal positive MPN dilution series

from NE, SW and BCT regions also contained phylotypes

similar to those obtained from microcosms/soil (related

to the dominant Syntrophomonas spp.) in the NE and SW

samples and primary fermenters in BCT samples (data

not shown). Interestingly, some sequences (NE-1 and 2/B

and SW-1, 2 and 3/B) from this study clustered closely

with sequences previously reported for the Everglades

(Chauhan et al. 2004), which may represent widespread

distribution of these lineages in Florida marshes.

Archaeal clone libraries constructed from eutrophic

samples exhibited greater diversity than did libraries con-

structed from soils from low nutrient areas. Sequences

clustering with Methanomethylovorans spp. (Table 3,

Fig. 5), a methylotrophic archaea (Lomans et al. 1999)

Table 3 Relative abundance of different phylotypes from eutrophic and low nutrient regions of Blue Cypress Marsh Conservation Area during Fall

2001*

Bacterial

clone

groups

Relative

abundance (%)

Closest phylogenetic relative

(sequence identity)

Archaeal

clone

groups

Relative

abundance (%)

Closest phylogenetic relative

(sequence identity)

NE-1/B 49 Syntrophomonas spp. (95–97%) NE-1/P 11 Methanomethylovorans victoriae (95–97%)

NE-2/B 33 NE-2/B 7

SW-1/B 52 SW-1/P 8

SW-2/B 36 SW-2/B 5

SW-3/B 5 Clone U3/B-2 (97%) NE-3/P 7 Methanosarcina barkeri (96–99%)

SW-3/B 3

SW-4/P 5

BCT-1/B 83

BCT-2/B 20 BCT-2/P 88 Uncultured Methanosarcinaceae (95%)

BCT-3/B 12

BCT-3/B 24 Ruminococcus albus (91%) NE-4/B 33 Methanothrix soehngenii (92–94%)

NE-5/P 27

SW-5/P 28

SW-6/B 32

BCT-4/B 20 Bacteroides sp. 253c (92%) NE-6/P 55 Methanofollis liminatans (96–97%)

NE-7/B 60

SW-7/P 59 Methanocorpusculum labreanum (97–98%)

SW-8/B 60

Two representatives each from dominant phylotypes were sequenced and compared with their next relative from the National Center for Biotech-

nology Information database.

NE, northeast (eutrophic); SW, southwest (eutrophic); BCT, Blue Cypress Trail (low nutrient).

*A total of 75 phylotypes were compared from each library.
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that utilizes dimethyl sulfide and methanethiol in fresh-

water sediments (Zinder and Brock 1978; Lomans et al.

1999), were found in clone libraries constructed from the

eutrophic soils. This methanogen may be involved in

methylotrophy in eutrophic BCMCA, but further studies

are required to confirm this.

Sequences clustering with Methanofollis and Methano-

corpusculum, observed in clone libraries constructed from

eutrophic microcosms (Table 3, Fig. 5), are known to

scavenge H2 generated from secondary fermentation. Low

levels of metabolic byproducts benefit syntrophy such that

an increase in levels of H2, formate and acetate can inhi-

bit utilization of fatty acids (Warikoo et al. 1996; Jackson

and McInerney 2002). Data indicate that acetotrophic,

hydrogenotrophic and methylotrophic methanogens exist

with butyrate oxidizing Syntrophobacter spp. in eutrophic

BCMCA.

Sequences clustering with Methanosaeta and Methano-

sarcina were also observed from eutrophic and oligotrophic

microcosms (Table 3, Fig. 5). These methanogens utilize

acetate from syntrophic butyrate oxidation with Methano-

follis, Methanocorpusculum and Methanomethylvorans,

which scavenge H2 and result in elevated methanogenesis

in eutrophic wetlands. Sequences related to Methanosarcina

barkeri dominated the BCT clone libraries (83–88%). Most

methanogens grow optimally at near-neutral pH, but

M. barkeri has been reported to grow at pH 4 (Bryant and

Boone 1987). This may be a reason Methanosarcina spp.

dominated clone libraries from the more acidic soils of

BCT. Clone libraries constructed from terminal positive

MPN dilution series from NE, SW and BCT regions con-

tained phylotypes similar to those obtained from the

appropriate microcosms (data not shown).

In summary, significant differences in the composition

and activities of syntroph–methanogen consortia were

observed between eutrophic and low-nutrient areas of

BCMCA, although numbers of these bacteria were not sig-

nificantly different in the three areas studied. The architec-

ture and composition of these consortia differed between

microcosms constructed of soil taken from eutrophic areas

and microcosms representative of low-nutrient regions.

These results differ considerably from those reported in

a previous study on the northern Florida Everglades

(Chauhan et al. 2004), in which many more methanogens

were observed in eutrophic than in oligotrophic regions of

that marsh. Differences between the two systems may be

related to chemical differences such as pH and carbonate

concentrations, although much more work is required

before these differences are understood. To the best of our

knowledge, these are the only two studies on potential

effects of nutrient pollution on the composition, activities

and numbers of syntroph–methanogen consortia in fresh-

water wetlands reported to date.

There is an increasing awareness to protect freshwater

ecosystems from environmental perturbation such as

nutrient pollution and precise assessments are required.

This study adds to the little knowledge available on the

distribution and composition of syntroph–methanogen

consortia and of the effects of eutrophication on these

consortia.
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