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The removal of plants and soil to bedrock to eradicate exotic invasive plants within the Hole-in-the-Donut
(HID) region, part of the Everglades National Park (Florida), presented a unique opportunity to study the
redevelopment of soil and the associated microbial communities in the context of short-term primary succes-
sion and ecosystem restoration. The goal of this study was to identify relationships between soil redevelopment
and activity and composition of methanogenic assemblages in HID soils. Methane production potentials
indicated a general decline in methanogenic activity with restoration age. Microcosm incubations strongly
suggested hydrogenotrophic methanogenesis as the most favorable pathway for methane formation in HID
soils from all sites. Culture-independent techniques targeting methyl coenzyme M reductase genes (mcr4) were
used to assess the dynamics of methanogenic assemblages. Clone libraries were dominated by sequences
related to hydrogenotrophic methanogens of the orders Methanobacteriales and Methanococcales and suggested
a general decline in the relative abundance of Methanobacteriales mcrA with time since restoration. Terminal
restriction fragment length polymorphism analysis indicated methanogenic assemblages remain relatively
stable between wet and dry seasons. Interestingly, analysis of soils across the restoration chronosequence
indicated a shift in Methanobacteriales populations with restoration age, suggesting genotypic shifts due to

site-specific factors.

The Hole-in-the-Donut (HID) region is a 4,000-ha region
within Everglades National Park (ENP), in Florida. Once con-
sisting of oligotrophic sawgrass (Cladium jamaicense Crantz)
prairies and short hydroperiod pinelands, the HID was sub-
jected to agricultural land use practices for 60 years (10, 20).
Preagriculture, HID soils were characterized as shallow, poorly
drained, and low in nutrient marls (19). Intensive rock plowing
destroyed underlying limestone bedrock and created coarsely
textured, well-drained soil suitable for vegetable production
(19). When farming ceased in 1976, the HID was left aban-
doned as a relatively high-nutrient and short-hydroperiod en-
vironment. Farmland within the HID was invaded by dense
stands of Schinus terebinthifolius Raddi (Brazilian pepper), an
exotic shrub native to South America. S. terebinthifolius Raddi
was intentionally introduced to Florida as an ornamental in
1898 (1) and is thought to have entered ENP in the 1940s (2,
20). HID restoration efforts initiated by ENP in 1996 are based
on the complete removal of all plants and of much of the soil
down to bedrock. Plots within the HID are cleared one at a
time, so plots representing a chronosequence of times since
being cleared can be studied simultaneously. Several years will
be required to completely clear the S. terebinthifolius Raddi-
affected area (10). Following clearing, individual plots are left
undisturbed to allow the natural restoration of microbial com-
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munities and colonization by native wetlands plants. This stag-
gered approach to clearing provides an excellent opportunity
to study the development of soil, microbial communities, and
ecosystem processes over a short-term chronosequence in this
wetland.

Soil development is a critical first step preceding plant col-
onization on bare substrate. Soil formation results from com-
plex interactions between physical, chemical, and biological
factors. Subsequently, soil will become the direct link between
the biotic and abiotic factors that drive primary succession
(33). In a developing system such as the HID, establishment of
anaerobic microbial communities occurs in concert with soil
profile development and is related to organic matter accu-
mulation and the development of anaerobic food webs.
Methanogenesis is responsible for terminal anaerobic car-
bon mineralization in most freshwater wetlands (27), and the
development of methanogenesis and methanogenic guilds is
likely to be an important factor in the recovery of highly dis-
turbed wetlands such as the HID. An added complexity of this
system is the existence of wet and dry seasons, with sites being
submerged during the wet season and not submerged during
the dry season.

The overall objective of this study was to investigate the
development of methanogenic guilds with time since restora-
tion in the HID by using the gene encoding methyl coenzyme
M reductase (mcrA) as an indicator of the structure and com-
position of methanogens along the restoration gradient. The
methanogen-specific mcr4 has been used as a molecular
marker to study the distribution of methanogens in many ter-
restrial environments, including nutrient-impacted regions of
the Florida Everglades (4, 5).

To our knowledge, this is the first study to monitor the
composition and activity of microbial assemblages during the



4136 SMITH ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Geochemical parameters of dry (April 2004) and wet (November 2004) season soils

Study time and

Mean amt (SD) in g kg~ ! of:

; Soil depth (cm)® % Moisture? LOI (%) MBC (mg kg 'y
site TC TN TP
April 2004
UND 5.9 (1.5-10) 43.7 (10.4) 159.4 (10) 6.6 (0.8) 0.2 (0.0) 17.03 3,881.2 (829)
R8&9 4.5 (3-6.5) 28.3 (7.4) 164.5 (16) 7.7 (1.6) 0.7 (0.2) 23.96 5,003.8 (1,323)
R97 5.2(2-8) 39.1(18.2) 169.4 (8) 8.2 (0.8) 1.0 (0.2) 24.84 4,806.3 (1,340)
ROO 2.7 (1-5.5) 36.8 (12.2) 161.1 (17) 6.7 (0.9) 0.6 (0.1) 20.88 4,185.3 (1,472)
RO3 1.6 (0.5-2.5) 13.5(9.1) 139.9 (9.7) 4.0 (0.9) 1.0 (0.1) 15.90 2,161.3 (579)
November 2004
UND 10.1 (2-15) 49.6 (4.5) 192.5 (8.8) 7.2(0.9) 0.1(0.2) 16.71 1,925.1 (516)
R89 5.4 (1-17) 56.7 (8.9) 340.9 (17.2) 9.2 (1.5) 0.8 (0.2) 14.38 3,109.9 (1,009)
R97 4.6 (3-11) 53.4(5.8) 323.7 (15.5) 9.0 (1.4) 1.0 (0.2) 14.19 3,237.5 (1,303)
RO0 33(1-4) 54.8 (0.8) 234.3 (11.3) 7.4 (0.8) 0.6 (0.1) 23.90 2,343.7 (494)
RO3 1.2 (0-3) 52.2(7.0) 194.1 (7.7) 5.2(0.6) 0.9 (0.2) 18.86 1,752.5 (680.8)

“ Values in parentheses represent the range of soil depths measured over 81 sample nodes, as described in Materials and Methods.
? Values in parentheses are standard deviations of the mean values for determinations based on three soil samples.

“TC, total carbon.

4 TN, total nitrogen.

¢ TP, total phosphorus.
/1LOI, loss on ignition.

£ Values are the means (= the standard deviations) of the results from the indicated soil samples. MBC, microbial biomass carbon.

restoration of a highly disturbed freshwater wetland ecosystem.
The short-term chronosequence created by complete soil re-
moval allowed us to characterize those communities initially
colonizing bare substrate and monitor their development with
soil accretion and changes in geochemical processes. Differ-
ences between wet and dry season communities were also
assessed.

MATERIALS AND METHODS

Site characteristics, sample collection, and biogeochemical characterization.
Samples were collected in April and November 2004. Plots of 20 by 20 m? were
established in sites cleared in 1989, 1997, 2000, and 2003 (R89, R97, R00, and
RO03, respectively) and in an undisturbed (not farmed) site (UND). The range of
elevations for the five plots was 0.5 to 0.6 m. Within each sampling area, 2- by
2-m? grids were used to establish 81 sampling nodes, which were evaluated with
respect to soil depth, ground coverage, and elevation. Nine nodes were chosen
based on relative range of soil depth within each site, three from each depth
range (shallow, intermediate, and deep). Sampling nodes were marked for future
sampling efforts. Soil samples were taken with a plastic coring device; however,
due to nonuniform soil cover in recently restored sites, grab samples were
collected where necessary. Individual samples from each depth range were com-
bined to make three representative soil samples, which were used for molecular
and geochemical analyses. Soil samples were kept on ice and transported to the
laboratory within 72 h of collection, where they were manually mixed and large
roots were removed from them. Subsamples for DNA analysis were stored at
—70°C until analysis. Biogeochemical analyses were conducted at the Wetland
Biogeochemistry Laboratory, University of Florida (11, 34, 35). Values for select
parameters are presented in Table 1.

Methane production potentials. Soil samples were collected in November 2004
from the UND, R89, R97, R00, and RO03 sites, and 2 grams of soil from each site
was mixed with 25 ml of anoxic modified basal carbonate yeast extract Trypticase
(BCYT) medium (6, 30) under a N, stream in 50-ml anaerobic culture bottles
that were later closed with butyl rubber stoppers and aluminum crimp seals.
Modified BCYT contains 0.01 g/liter Trypticase-peptone and induced negligible
methanogenesis in a previous study (6). Tubes were preincubated for 10 days
prior to the addition of electron donors. Acetate and formate (20 mM each) were
added from N,-sparged sterile stock solutions. The bottles were fitted with
three-way Luer stopcocks (Cole-Parmer, Vernon Hills, IL) for gas sampling and
incubated in the dark at 25°C without shaking. Methane in the headspace was
measured by gas chromatography as previously described (6). All determinations
were carried out in triplicate with bottles with soil samples from each site (three
bottles per site). Headspace pressure was measured using a digital pressure
indicator (DPI 705; Druck, New Fairfield, CT).

Nucleic acid extraction and PCR amplification. Nucleic acids were extracted
from 0.25 g of soil with a Power Soil DNA isolation kit (MoBio, Carlsbad, CA)
according to the manufacturer’s instructions. PCR amplification was conducted
using the primer set designed by Luton et al. (23) and consists of primers mcrA-f
(5'-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3") and mcrA-r
(5'-TTCATTGCRTAGTTWGGRTAGTT-3"), which amplify a fragment of 465
to 490 bp of mcrA. Each 20 pl of PCR mixture contained 7 pl of distilled water,
1 ul of each primer (10 pmol pl~'), 10 pl of HotStarTaq Master Mix (QIAGEN,
Valencia, CA), and 1 pl of diluted DNA solution.

PCR amplification was carried out in a GeneAmp PCR system 9700
(PerkinElmer Applied Biosystems, Norwalk, CT). The initial enzyme activation
and DNA denaturation were performed for 15 min at 95°C, followed by five
cycles of 30 s at 95°C, 30 s at 55°C, and a 30-s extension at 72°C, and the
temperature ramp rate between the annealing and extension segment was set to
0.1°C s~ ! because of the degeneracy of the primers (23). After this, the ramp rate
was set to 1°C s, and 30 cycles were performed with the following conditions:
30 s at 95°C, 30 s at 55°C, and a 30-s extension at 72°C, and a final extension of
72°C for 7 min. PCR conditions for terminal restriction fragment length poly-
morphism (T-RFLP) analysis were identical, except the annealing temperature
was decreased to 53°C. PCR products were analyzed by electrophoresis through
2% agarose gels to confirm amplification of expected size product. To account
for the spatial patchiness of soils and attempt to more fully characterize diversity,
bulk nucleic acid extracts from all soil samples from within a site were combined
prior to PCR.

Cloning and RFLP analysis. Fresh PCR amplicons were ligated into pCRII-
TOPO cloning vector and transformed into chemically competent Escherichia
coli TOP10F’ cells according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). Positive colonies were screened by PCR amplification with the
primer set and PCR conditions described above. PCR product from positive
clones was digested with Rsal restriction enzyme. Each 10-pl reaction consisted
of 5 U of enzyme, 1X restriction enzyme buffer, 0.6 pg of bovine serum albumin,
5 ul of PCR amplicon, and water to volume. Digests were analyzed by electro-
phoresis through 4% agarose gels.

Sequencing and phylogenetic analysis. Representative clones from the most
frequently occurring restriction patterns from each library were sequenced at the
DNA Sequencing Core Laboratory at the University of Florida using internal
vector primers. DNA sequences of mcrA generated from each treatment were
translated into putative amino acid sequences and aligned manually in Se-Al
version 2.0all (http://evolve.zoo.ox.ac.uk/). Sequences were then aligned with
Clustal_X version 1.81 (29) to objectify gapping within the alignment. Phyloge-
netic trees were built with a neighbor-joining analysis using a Jukes and Cantor
correction method as implemented in the TREECON software package (31).
Bootstrap analysis was performed with 100 resamplings of the amino acid se-
quences.
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TABLE 2. Potential methanogenesis rates and accumulated CH, in wet season soils

No addition Formate Acetate
Site
Rate? Total” Rate? Total” Rate? Total”
UND 0.1 (0.0) 41 (16) 0.4 (0.1) 198 (37) 0.1(0.1) 52 (21)
R89 1.1 (0.3) 513 (112) 26.6 (1.6) 8,843 (3951) 1.5(0.1) 700 (34)
R97 11.4 (4.7) 4,193 (283) 36.0 (11.1) 17,274 (3066) 7.3 (1.0) 3,782 (141)
RO0 3.4(1.3) 1,619 (425) 22.6 (13.9) 10,844 (3843) 6.6 (12.0) 3,178 (701)
RO3 7.4 (2.2) 1,052 (744) 50.4 (14.7) 24,183 (4077) 8.8 (3.3) 2,998 (926)

“ Potential methanogenesis rates (in nanomoles per gram soil per hour). Standard errors of the means are shown in parentheses for determinations with three

replicate soil samples.

b Average total methane accumulated in headspace of three replicate samples per site after 10 days of incubation, expressed as nanomoles of methane accumulated.

T-RFLP analysis. A total of 35 dry season samples and 26 wet season samples
contained enough mcrA4 amplicons to be used in T-RFLP. No samples from the
wet season UND samples and only eight from the wet season R03 samples were
amplified. Approximately 100 to 150 ng of PCR product was digested with Rsal.
The enzymatic digestion reaction consisted of 5 units of restriction enzyme
(Promega, Madison, WI), 1X restriction enzyme buffer, 0.6 ug bovine serum
albumin, and deionized water to a final volume of 10 pl. Enzymatic digestions
were incubated at 37°C overnight. One and one-half microliters of digested
product was used for terminal restriction fragment (T-RF) detection by the DNA
Sequencing Core Laboratory at the University of Florida. Briefly, digested prod-
ucts were mixed with 2.5 pl deionized formamide, 0.5 pl ROX-labeled GeneScan
500-bp internal size standard (Applied Biosystems, PerkinElmer Corporation,
Norwalk, CT), and 0.5 pl of loading buffer (50 mM EDTA, 50 mg/ml blue
dextran). Samples were denatured by heating them at 95°C for 3 min, and they
were subsequently transferred to ice until the loading of the gel. One microliter
was electrophoresed through a 36-cm, 5% polyacrylamide gel containing 7 M
urea at 3 kV on an ABI PRISM 377 genetic analyzer (Applied Biosystems).
T-RFLP profiles were analyzed with GeneScan version 2.1 (Applied Biosystems).
T-RF size (in base pairs) was calculated using internal standards. Peak sizes in
base pairs and peak areas were exported to Excel 97 SR-1 (Microsoft Corpora-
tion, Redmond, WA) for data analysis.

Diversity indices. Clone libraries were analyzed by analytic rarefaction em-
ploying RarefactWin (version 1.3; S. Holland, Stratigraphy Lab, University of
Georgia, Athens; http://www.uga.edu/~strata/software/). Cumulative expected
phylotypes were calculated for each clone library according to the methods of
Castro et al. (5). Rarefaction curves were fit to a hyperbolic model with the
formulay = ax/(b + x) using Datafit software version 8.0.32 (Oakdale Engineer-
ing, Oakdale, PA), where y represents the number of phylotypes and x is the
number of individuals. Coverage values were determined by comparison of
obtained versus cumulative expected phylotypes. Shannon-Weaver values were
calculated using default parameters of the program DOTUR (28).

Nucleotide sequence accession numbers. GenBank accession numbers for
partial mcrA sequences are DQ662544 to DQ662598.

RESULTS AND DISCUSSION

Methane production in HID soils. Observed rates of meth-
ane production did not correlate with measured geochemical
parameters (Table 1) (correlation statistics not presented) or
show clear trends associated with time since clearing.

Intrinsic (no added carbon or electron donors) methane
production rates were highest in R97 and R03 soils, methane
production potentials in UND soils were the lowest of all study
sites, and data suggest a general decline in methanogenic ac-
tivity in older sites (Table 2). UND soil produced the least
methane, with rates approximately 30 times lower than intrin-
sic rates reported for oligotrophic soils of the Everglades Wa-
ter Conservation Area 2A (5). Additions of acetate to micro-
cosms led to insignificant increases in methane production
after 10 days. R03 showed the greatest rate of methane pro-
duction, although the average rate was only 1.2-fold higher
than that observed in unamended soils. UND soils were unaf-
fected by acetate addition, and rates suggest a general decline

in acetoclastic methanogenesis with restoration age. In gen-
eral, less than 2% of the acetate added to all samples was
converted to methane over the 10-day incubation period, sug-
gesting an alternative pathway for consumption of acetate under
methanogenic conditions in these soils. Syntrophic acetate oxida-
tion is a major pathway for acetate consumption in soils of the
northern Everglades (6, 7) and may be important in HID soils.
Hydrogen has been shown to be an important electron do-
nor for methanogenesis in other regions of the Everglades (5,
8). Formate is commonly used as an analogue for H,-CO, in
anaerobic mineralization studies (12) and was added to HID
soil microcosms to estimate the activity and population sizes of
hydrogenotrophic methanogens. Methane production poten-
tials in formate-amended soils were 4 to 17 times higher than
in unamended soils and 4 to 20 times higher than in acetate-
amended soils. Approximately 18 to 50% of added formate was
converted to methane over the 10-day incubation period, and
production rates and total substrate conversion percentage
values were strongly correlated, indicating the dominance of
hydrogenotrophic methanogenesis in HID soils. Further, these
data may underestimate actual hydrogenotrophic production
potentials, as only 60% of hydrogenotrophic methanogens are
able to utilize formate for methane production (16). Corre-
spondingly, most probable numbers of hydrogenotrophic
methanogens were recently reported to be 100 to 1,000 times
higher than those of acetoclastic methanogens in the northern
Everglades (8). Relatively low numbers of acetoclastic me-
thanogens may be due to consumption of acetate by syntrophic
acetate oxidation (7), which is more energetically favorable than
acetoclastic methanogenesis in some subtropical climates (25).
Phylogenetic characterization of methanogenic assemblages
in HID soils. PCR amplification of mcrA4 from soils sampled in

TABLE 3. Expected and observed phylotypes and diversity indices
for dry season mcrA clone libraries for HID soils

Site No. of expected No. of observed Coverage Shannon’s
phylotypes® phylotypes® (%) H'
UND 35.35 (1.60) 16 (31) 45 2.09
RS89 21.41 (0.13) 14 (39) 67 2.01
R97 13.62 (0.53) 10 (39) 76 1.68
ROO 13.29 (0.43) 10 (39) 76 2.10
RO3 19.20 (1.32) 12 (37) 63 1.76

“ Value of constant a from the equation y = ax/(b + x) (standard error).

? Value in parentheses is the total number of clones screened.

¢ Expressed as the percentage of expected phylotypes obtained within each
library.



4138 SMITH ET AL.

99

Met
Megn’ianf

Methanelobus taylerii (U2 22—3
Methanolobus bombmem’m [ [222'57}

APPL. ENVIRON. MICROBIOL.

Methanococeoi

Methanococcaides methylutens (1122235)
Mwhamka.l‘apkffur mathii (1 ]222'%? )

anolubus tindariy }
s oregoufnm { 2}

ides burtonii (U22 21-1-

Mot .

|-I .%f:'rmmn!lm‘ophr.‘m ;mhzrh;!m (U22259)

ortucalensis (1122239)

ler- HII389-¢ MCR-1

Mer-HIDU-3¢
d ._:h
Mer-HIDOO-14
a1 f

Methanosarcinales

Mer-HIDO3-4
100 Mer-HIDU-26
96 = Mer-HID03-8 MCR-2
Mer-HIDU-T

100 JMer-HID03-
Mer-HIDO-
Mer-HIDRO-

100  Mer-HIDU-13
—l Mer-HIDU-25

Mer-HIDRD-33

Methanosarcina thermophila (U lZ'ZZSlIB
)

ina vacuolata (U2225
— M. 8)
Meth

thanosarcing mazei strain DSM 2053 (AF314043)
Methanosarcina mazeii strain C 16 (U22258)

ethanosarcing barkeri (Y0158

Mer Hll"ﬁmmrmmwmf ~oncilii strain DSM 3671 (AF414037)

Methanosaeta concilii strain DSM 3671 (AF313802)
Methanosaeta concilii strain VeAc9 (AF313803)
Mer-HIDES-29

o | MCR-3
3

Mer-HIDU-23 MCR-4
Mer-HID03-20

Methanacorpusculum aggregans strain DSM 1(}27 J\HN{}H]
MR Methanocorpusc ufreml;mn wm strain DSM 3823 (A
a3 Methanocarpuscu

i bul(m( 1m strain DS] 4[?9 glﬂl]-lﬂ-l-g

1 M

i rerhinm muhu’f strain DSM 15

1 Methanospirillum hungatei sirai L) E’{
Methanaculleus .rﬁemrr;phl s strain ])SM 2624 {AI 1 1380

Edl
il ¢ sirin DSM 86-4 Ak 1901%) Methanococcales

Methanaoc

'[I ra

.‘rﬂ'c:ham.rr‘mmm.men'idn.l(X 765)
Mer- 7-14

Mer-HIDY7-19 MCR-5
100 Mer-HIDO3 -6

Mer-HIDRG-20
Mer-HIDEY-39

Mer-HIDST7-3

Methanort idus (JO33T75)
&EH)‘WN " ﬁi:i{a( rerummmn.'lrfm

#7,

Methanoc oce us vanmieli (M1

i 5 strain DSM %tﬁ)erH]-lO-ﬁ)
Mer.i:auocm‘d’ocvr_rus jannaschii strain DSM 2661(U674635)

| Mer-HIDL -38

M)
train IDSM 4140 (AF414041)
ulleus qurgrmn strain DSM 3045 (AF414036)

92 Methanocaldococeus fannaschii strain DSM 2661(L77117)
94 Methanotorris igneus <Ir’1lrl DSM 5666 (AF414039)
[—Methanococcus vufmr( 07793)

\néim{anm' strain DSM 3091{AF414047) Methanomicrobiales

» | MCR-6
strain DSM 1093 (AF41404d6)
Xﬂmj

mobacter ther

Merr‘mm:!m( terium thermoanotrophic i [l 10036) i
terium bryantii sirain DSM 863 (AF313806) Methanobacteriales
brevibacter urbunpkr.frf{-l;aln LSM 1 IE\};\H 1403

Mer-HIDO3- 13 MCR

\|1.r HII}(I\ 2
Mer-HIDU-22
Mer-HIDAT-8

(1.1 substitutions/site

ferium

mrmcum almln DSM 1312 (AF414050)

-7
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undisturbed and cleared sites during the dry season (April
2004) yielded the expected ca. 465- to 490-bp mcrA fragments.
Clone libraries constructed from dry season soils indicated
considerable diversity of methanogens in HID soils. The num-
ber of obtained and expected phylotypes was highest in UND
soils and lowest in R0O0 soils (Table 3). Coverage of expected
mcrA diversity within each clone library was ascertained by

comparison of observed versus expected phylotypes for each
library. Values ranged from 45 to 76% and were highest in the
R97 and ROO libraries and lowest in the UND library (Table 3).
Both measures of sampling coverage indicate that our clone
libraries do not fully represent mcrA diversity in HID soils.
mcrA sequences obtained from dry season soils formed
seven clades distributed among the orders Methanobacteriales,
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FIG. 2. Distribution of mcrA sequences obtained from dry season
soils within designated phylogenetic clusters.

Methanococcales, Methanomicrobiales, Methanosarcinales, and
two clades sharing similarity with genes from uncultured or-
ganisms (Fig. 1). MCR-1 sequences share ca. 90% DNA se-
quence similarity to Methanosarcina; these sequences were ob-
tained from UND, R89, and R00 soils, but not in significant
quantities. Related sequences were reported from nutrient-
impacted regions of the Florida Everglades (5). MCR-2 se-
quences were most abundant in UND soils but comprised a
small percentage of R03 and R00 sequences; they shared high-
est similarity with sequences from uncultivated methanogens
found in rice paddy (21) and Everglades soils (5), sharing
between 87 and 94% similarity with putative hydrogenotrophs
in rice cluster I (21). Clones in MCR-3, present in R89, R00,
and RO3 libraries, were most similar to uncultured Methano-
saeta spp. obtained from permanently flooded riparian soils
(18). Methanosaeta spp. may be considered specialists able to
generate methane only from catabolism of acetate (3). Cluster
MCR-4 branched deeply within cultured Methanomicrobiales
and contained sequences obtained from UND, R89, and R03
soils. MCR-4-like sequences have also been obtained from
eutrophic Everglades soils (5) and a peat bog (17); our clones
share ca. 85% similarity with sequences belonging to fen clus-
ter methanogens, a potentially novel group of uncertain func-
tion (14, 15). Cluster MCR-5 sequences branch deeply within
the Methanococcales and were obtained from all study sites; an
increase in MCR-5 abundance was observed in more-estab-
lished sites (Fig. 2). These sequences are closest to those from
uncultivated organisms obtained from rice roots (9). Previous
characterization of methanogenic assemblages in the Florida
Everglades did not recover sequences clustering with Methano-
coccales (4, 5). Cluster MCR-6 sequences, present in UND and
R97, clustered outside of cultured Methanococcales and shared
greatest similarity with clones from other regions of the Ever-
glades (5). Clones associated with MCR-7 were found in all
sites and formed a distinct clade within Methanobacteriales.
Sequence distributions suggest a general decrease in MCR-7
relative abundance as restoration progresses (Fig. 2). Methano-
bacteriales mcrA clones comprised a significant portion of
clone libraries constructed from other regions of the Ever-
glades (5).
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T-RFLP analysis of methanogenic assemblage structure.
Compositions of methanogenic assemblages at each of the nine
nodes selected per site were evaluated with T-RFLP for both
the wet and dry seasons. The likely phylogenetic affiliations,
determined by in silico digestion of clones, for individual T-
RFs are presented in Table 4. In silico analyses of mcrA4 clones
indicated that most observed T-RFs are likely associated with
known phylogenetic groups of methanogens, although a few
are associated with unknown groups. Averages of T-RF rela-
tive frequencies for UND, R89, R97, R00, and R03 dry and wet
season soil samples are presented in Fig. 3 and 4, respectively.
PCR amplification of mcr4 in UND samples was generally
poor, such that only dry season T-RFLPs were included in the
analysis. Dominant T-RFs for each site were obtained consis-
tently from replicate soil samples.

Seasonal structure of methanogenic assemblages. Thirteen
T-RFs were obtained from both dry (Fig. 3) and wet (Fig. 4)
season samples. T-RFs representative of MCR-7, clustering
with the hydrogenotrophic Methanobacteriales, and MCR-5,
clustering with the hydrogenotrophic Methanococcales, domi-
nated all samples. Methanobacteriales T-RFs comprised be-
tween 35 and 55% of total fluorescence within each site for
both wet and dry seasons, and no significant seasonal changes
in the relative abundance of MCR-7 T-RFs were observed
within sites.

T-RFLP analysis did not identify shifts in composition of
methanogenic assemblages between seasons. Significant shifts
in soil moisture between seasons may lead to the development
of hot spots of methanogenesis in dry soils. Methanogenesis
has been detected in extremely dry soils (26), and rewetting
events have been correlated to observed shifts in dominant
organisms (24). Microorganisms inhabiting seasonally water-
stressed soils may be more resistant to moisture fluctuations

TABLE 4. Phylogenetic affiliation of mcrA T-RFs for
HID soil samples

Observed Theoretical

T-RF (bp) T-RF (bp) Cluster Order

48 48 MCR-1 Methanosarcinales
MCR-7 Methanobacteriales

65 65 MCR-5 Methanococcales

80 80 MCR-1 Methanosarcinales
MCR-5 Methanococcales

85 84 MCR-7 Methanobacteriales

96 95 MCR-2 Methanosarcinales
MCR-4 Methanomicrobiales
MCR-6 Uncultured

Not obtained 175 MCR-6 Uncultured

Not obtained 177 MCR-3 Methanosarcinales
MCR-4 Methanomicrobiales

180 179 MCR-3 Methanosarcinales
MCR-4 Methanomicrobiales

186 188 MCR-7 Methanobacteriales

198 —

201 —

302 302 MCR-5 Methanococcales

305 305 MCR-7 Methanobacteriales

315 —

317 —

Not obtained 438 MCR-5 Methanococcales

458-487 No cut Not obtained

¢ —, unknown phylogenetic affiliation.
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FIG. 3. Community dynamics for mcrA in dry season HID soils determined by T-RFLP analysis. y-axis values represent percentages of total

fluorescence.

(13), however, and slow-growing organisms, such as methano-
gens, may be less affected by dry-wet cycles (32).

Shifts in methanogenic assemblages with restoration age.
The relative abundances of MCR-5 T-RFs (65 and 302 bp)
differ slightly within sites; however, significant variation be-
tween sites was not evident. Their combined abundance sug-
gests that Methanococcales populations remain stable in soils
from all sites.

The dynamics within MCR-7 (T-RFs of 85 and 305 bp)

proved interesting. The relative abundance of the T-RF of 85
bp decreased with successional stage and showed an approxi-
mately linear decrease with restoration age. The decreased
abundance of the T-RF of 85 bp in R89 and R97 soils corre-
sponded with the increased abundance of the MCR-7 T-RF of
305 bp. Shifts in MCR-7 T-RFs are evident in both seasons but
more pronounced in dry season profiles. Assuming these T-
RFs are exclusively associated with Methanobacteriales mcrA,
these data suggest a shift within Methanobacteriales popula-

100%
m317 bp
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| |
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8186 bp
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FIG. 4. Community dynamics for the mcrA4 gene in wet season HID soils determined by T-RFLP analysis. y-axis values represent percentages

of total fluorescence.
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tions with restoration age. T-RFLP analysis of mcrA4 genes
obtained from riparian soils also reported shifts in the abundance
of Methanobacteriales; T-RFs differing by approximately 100
bp were obtained in significantly different quantities in soils
subjected to differing periods of inundation (18).

At best, T-RFLP may be employed as a semiquantitative mea-
sure of community structure. Interpretation of shifts in T-RF
abundance may not indicate significant changes in assemblage
composition. Furthermore, different efficiencies of labeled and
unlabeled primers required the use of different annealing tem-
peratures during PCR for cloning and T-RFLP analysis, possibly
leading to discrepancies between T-RFLP profiles and clone li-
braries. Such discrepancies have been described previously for
mcrA PCR-cloning and T-RFLP analyses (4, 22).

Putative hydrogenotrophic mcrA genes were most frequently
observed in clone libraries and T-RFLP profiles. This is con-
sistent with the highest methane production resulting from
formate addition in all sites. However, the exact proportion of
Methanobacteriales and Methanococcales in HID restoration
sites is not reflected in T-RFLP results, as the degenerate
primers employed in this study do not provide quantitative
recovery of all phylogenetic lineages (22). Further, it has been
suggested that the primer set employed for this study is biased
toward hydrogenotrophic orders of methanogens and under-
represents Methanosaeta spp. and Methanosarcina spp (5, 23).

In summary, our results indicate that a diverse assemblage of
methanogenic archaea colonize recently restored sites. Seasonal
T-RFLP profiles indicate that methanogenic assemblage struc-
tures remained constant in composition across the two seasons.
This is consistent with previous studies reporting temporal stabil-
ity of prokaryotic communities (4, 13, 21). Shifts within certain
methanogenic groups in association with restoration age were
evident. Both molecular and functional assessments suggest hy-
drogenotrophic methanogens are responsible for most of the
methane production observed along the chronosequence.
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