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SUMMARY

A molecular phylogenetic approach was used to characterize the composition of
microbial communities from two gas hydrate sedimentary systems in the Gulf of Mexico.
Nucleic acids were extracted from three distinct locales on surface breaching gas hydrate
mounds, i.e., sediment overlaying gas hydrate, sediment/hydrate interface and sedimentfree hydrate, and from three sediment depths, i.e., 0-2, 6-8 and 10-12 cm, in Beggiatoa
sp. mat-associated sediments located several meters from exposed gas hydrate. Samples
were collected from a research submersible (water depth 550-575 m) during two research
cruises aboard the R/V Seward Johnson I and II funded by the NSF Life in Extreme
Environments program. The 16S rRNA gene and 16S rRNA were amplified using PCR
and reverse transcription-PCR, respectively, from DNA and RNA extracted from the total
microbial community. The primers targeted microorganisms at the domain-specific, i.e.,
Bacteria and Archaea, and group-specific, i.e., sulfate-reducing bacteria (SRB) and
putative anaerobic methane-oxidizing (ANME) archaea, level. Sequence analysis of the
Bacteria clones revealed that the microbial communities were primarily dominated by
Deltaproteobacteria.

Other

Proteobacteria

classes,

including

Epsilon-

and

Gammaproteobacteria, represented a large fraction of the total microbial community
isolated from the sediment overlying hydrate sample and the metabolically active fraction
of the 0-2 cm sediment depth sampled from the Beggiatoa sp. mat-associated sediments.
Sequence analysis indicated the majority of the archaeal clones were most closely related
to Methanosarcinales, Methanomicrobiales and distinct lineages within the ANME

xvii

groups. Several novel lineages were identified including a fourth ANME-2 clade, i.e.,
ANME-2D, and three clades with no closely related previously sequenced 16S rRNA
gene clones or isolates, i.e., Unclassified Bacteria groups 1 and 2 and Unclassified
Euryarchaeota. These studies represent the first 16S rRNA gene and 16S rRNA
phylogenetic-based description of microbial communities extant in sediment-free gas
hydrate and in methane-rich hydrate-associated and Beggiatoa sp.-associated sediments
from a hydrocarbon seep region in the Gulf of Mexico.
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CHAPTER 1
INTRODUCTION

Gas hydrates, ice-like crystalline solids composed of rigid water molecule cages
that trap hydrocarbon gas molecules, are projected to become the main source of
hydrocarbon-based energy for this century (55). Hydrates are an attractive energy
resource because of the immense volume of methane sequestered at shallow sediment
depths (< 2000 m) and their wide geographical distribution (86). An estimated 50% of the
total organic carbon on earth, twice that of conventional fossil fuels, is trapped within
hydrates (84). Estimates of total hydrate-bound methane gas resources in the marine
subsurface exceed 1016 m3 (39, 55). The US Exclusive Economic Zone alone potentially
contains >1015 m3 of hydrate-bound methane (25), with ~40% localized in the Gulf of
Mexico (25, 83). Interestingly, the technologies necessary to harvest methane in this form
may not be available until after 2030 (55).
Whereas the geochemistry and economic importance of these Gulf of Mexico
(GoM) seep sites is well documented, the ecosystems within these environments,
potentially affecting hydrate formation and dissolution, are less understood. In this study,
the microbial communities from two GoM seep sites, i.e., GC185 and GC234 (Figure
1.1), were characterized using molecular techniques including cloning of PCR and
reverse transcription PCR derived amplicons of 16S rRNA genes and 16S rRNA,
respectively, restriction fragment length polymorphism analysis, and DNA sequencing.
Characterization of these extreme environment microbial communities can help
understand

the

processes

present

in

GoM

cold

seeps,

but,

may

also

2

increase the accepted boundaries where life is known to exist and potentially identify
novel organisms with medical and industrial applications.

1.1

Gulf of Mexico cold seep geology

The seafloor of the Gulf of Mexico (GoM) has been extensively mapped using
acoustic based techniques (31, 129, 138, 181) as a result of the continuous search for oil
reserves. As a result, numerous features including canyons, mud volcanoes, pockmocks,
carbonate encrusted surfaces, and surface breaching gas hydrates have been detected
across the northern GoM continental slope. Additionally, ship-based sonar can detect
immense gas plumes extending hundreds of meters up into the water column emanating
from active vents. A majority of these geologically influenced features can be attributed
to the slow rise of subsurface salt diapirs.

1.1.1

Diapirism in the Gulf of Mexico

The constant slow rise of numerous subsurface salt diapirs dominates the active
geologic forces present in the GoM (Figure 1.2). The history of GoM diapirism began
when crustal rifting led to the formation of many subbasins, during the Late TriassicMiddle Jurassic (140). During the Middle Jurassic, thick Callovian salt (Louann
Formation) was deposited (106). Rapid sediment deposition followed during the
Cenozoic (181). The sedimentation deformed the Callovain salt into allochthonous sheets
(181) providing the basis for future daipir activity (140). The diapirs extend upward from
the

large salt

deposits

to

depths

ranging

3

from

several

km to

over

15

chemosynthetic community

pockmark or minibasin

seafloor
>2 km

fault lines

diapir
diapir
diapir

active seep

water

surface-breaching
hydrate

sediment

oil and gas

Figure 1.2 Diagram of a subsurface salt diapir. As buoyant salt diapers several km
beneath the sediment surface rise, faults form as the overlying sediments fracture (138).
These faults act as conduits for subsurface oil and gas deposits to reach the upper
sediments (47, 141). As the sediments slump away from the rise center of the salt diapir,
pockmarks or minibasins can form (138). The venting gas and oil supports the formation
of diverse chemosynthetic communities and gas hydrates (148). Adapted from Ruppel
(unpublished).

4

km beneath the GoM seafloor (138). These rising salt domes can be detected and
measured using bathymetric maps, seismic profiles and thermal projections. As the diapir
rises, the compression of overlying sediments produces sufficient force to exceed
overburden pressures, thus causing the sediment to fracture and form faults and slumps
(138). Shallow (2-3 km) Mesozoic oil and gas reserves (79) utilize the faults as conduits
to reach the upper sediments (47, 141). Active faults, predominately located near the rims
of the minibasins and over salt ridges (142), localize high concentrations of oil and gas,
promoting the formation of both chemosynthetic communities and shallow gas hydrates
[Figure 1.2; (148)].

1.1.2

Vent gas formation

Active venting of hydrocarbon gas has been reported at numerous locales in the
northern GoM (31, 143, 147). Expansive gas and oil reserves in the deeply buried
Mesozoic hydrocarbon system (6-10 km) and connecting shallower accumulations (2-3
km) migrate to the surface through diapir-derived faults. In the upper sediment and water
column, the venting hydrocarbon gas has been identified as both thermogenic and
biogenic in origin. Thermogenic gas, including C1-C5 alkanes and CO2, is produced by
long-term exposure of hydrocarbons (oil) to high temperatures and pressures. The
majority of evolved thermogenic gasses exit the sediment by venting directly into the
water column (142). In contrast to the deep subsurface origin of thermogenic
hydrocarbon gas, biogenic gas, predominately methane, is produced by the microbial
reduction of carbon compounds at shallow sediment depths. In general, microbes
selectively utilize lighter, or lower mass, isotopes in metabolic processes (e.g.,

5

12

C is

preferentially utilized before

13

C). Therefore, a comparison of hydrocarbon gas isotopic

ratios can identify whether the origin of the vent gas is thermogenic (higher ratio of
heavy isotopes, δ13C = ~-43‰) or biogenic (higher ratio of light isotopes, δ13C = ~70‰)
(12). Therefore, vent gas sampled from both GoM sites, GC185 and GC234, having δ13C
values between -42‰ and -46‰ suggest a thermogenic origin (142, 144). Over 90% of
the vent gas is composed of methane, with a decreased relative abundance of gases
containing increasing carbon numbers, i.e., C2-C5 (150). Such hydrocarbon distributions
suggest unaltered thermogenic reservoir gas associated with crude oil deposits (71, 149).
Similar vent gas isotopic signatures and C1-C5 compositions detected at GC185 and
GC234 suggest the same Mesozoic subsurface hydrocarbon system as a possible
subsurface gas source (142).

1.1.3

Gas hydrates

1.1.3.1 Gas hydrate structural characteristics
Within the sediment, a fraction of the vent gas undergoes a rapid phase change
becoming entrapped within solid gas hydrate (150). Clathrate gas hydrates are formed by
weak van der Waals interactions between gas and water molecules in an open
arrangement that allows the gas to occupy nearly spherical cavities within a water
molecule cage [reviewed in (15)]. A majority of the cavities (>70%) must be gas filled to
prevent structural destabilization, although a completely gas filled clathrate is not
predicted to be found in nature [reviewed in (156)]. During crystallization, vent gas
undergoes molecular fractionation to assure optimal molecule size for the structure of the
water molecule cage (156). To date, three different structures, i.e., Structure I, II and H

6

Structure I.

Structure II.

Structure H.

Figure 1.3 Gas hydrate Structures I, II, and H. The 3 known gas hydrate structures are
composed of multiple gas filled water molecule cavities. Structure I, the smallest of the
three structures, and Structure II form two cavities each with unit cells comprising 46 and
136 water molecules, respectively (177). Structure H has a unit cell of 34 water
molecules forming a hexagonal lattice with three cavity types, i.e., pentagonal
dodecahedra, a 51268 and a 435663 (136). The numbers beneath each structure represent
the number of water molecules per face, while the superscript values indicate the number
of such faces forming that cavity. Therefore, 512 represents 12 pentagonal faces, or a
pentagonal dodecahedron cavity.

7

(Figure 1.3), have been identified in natural environments. Structure I, the most common
structure in nature (156), forms a unit cell of two small pentagonal dodecahedron cages
and six large tetradecahedral cages, optimally resulting in eight gas molecules trapped per
46 water molecules (72, 93, 156). The size and stability of Structure I cages dictates that
a minimum of 90% of the gas-filled cages contain methane (64). Primarily, this methane
is biologic in origin (72, 93). Thermogenic Structures II and H are capable of
incorporating larger hydrocarbons (C1-C5), carbon dioxide and hydrogen sulfide (12, 76,
156). Structure II, first sampled in the GoM at a water depth of 530-560 m (13), has a
unit cell consisting of 16 small dodecahedrons and eight large hexakaidecahedral cages,
together incorporating 136 water molecules with up to 24 entrapped gas molecules (93).
In contrast to the methane concentrations of Structure I, Structure II gas hydrate sampled
from GC185 and GC234 is typically composed of 72-86% methane (142). Structure H
(hexagonal lattice), first reported occurrence naturally at GC185, incorporates C1-C5
gases, although predominantly composed of i-C5 (41.1%) (146) within three cages
forming a unit cell of only 34 water molecules (80). However, this structure encloses four
times more volume than Structure I (80).

1.1.3.2 Conditions for hydrate formation.
To date, more than 50 thermogenic and biogenic gas hydrate accumulations have
been identified in the northwest GoM continental slope margin (440-2400 m water depth)
(12, 13, 142, 150). Hydrates form when hydrocarbon gases, mainly C1-C5, actively vent
through sediment porewater at specific temperatures, pressures and dissolved gas
concentrations. Phase equilibrium calculations predict the stability of gas hydrates at

8
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Figure 1.4 Phase diagram showing pressure and temperature boundaries for hydrate
stability. The conditions for hydrate formation in this diagram assume pure water. The
addition of salts shifts the boundary to the left. The influx of C2-C5, CO2, or H2S to the
methane shifts the boundary to the right. Depth scale assumes lithostatic and hydrostatic
pressure gradients of 10.1 kPa m-1 (86). Redrawn after Katz et al. (77).
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various temperatures, pressures and gas concentrations, thus determining the gas hydrate
stability zone (GHSZ) (Figure 1.4) (156, 186). The methane concentration at which
saturation is achieved in water decreases with a reduction of temperature and a pressure
increase. Over saturation of dissolved gases forces the gases out of the liquid phase,
promoting gas hydrate formation. In natural environments, additional factors that
facilitate hydrate formation include, but are not limited to dissolved salts (37) and texture
and mineralogy of surrounding sediments (23, 58). Ambient water temperatures (~7oC) at
the GoM continental shelf sea floor (water depths of ~550 m) (97) support shallow
sediment, as well as surface breaching gas hydrate formation. However, the amount of
geologic heating in the sediment rises with increased sediment depth, thus creating a
lower thermal boundary to the gas hydrate stability zone (187). Thus according to the
phase diagram (Figure 1.4), below a certain sediment depth, liquid water and free
methane gas would coexist without gas hydrate formation (106). Formation of hydrates at
the lower edge of the GHSZ can form a seal blocking the upward migration of gases
through the sediments, thus trapping pools of gas (55). The potential disruption of this
seal during active drilling represents a significant risk to surface vessels (55). As
deepwater oil production continues to increase [e.g., such drilling exceeded shallow water
drilling for the first time in 1999 (7)], a greater importance is placed on detecting and
identifying hydrate fields.

1.1.3.3 Detection of gas hydrates
The presence of a bottom simulating reflector (BSR) in seismic profiles is a
widely recognized indicator of the presence of subsurface gas hydrate. A BSR is created

10

by an acoustic impedance contrast between solid and vapor phases, typically forming
when gas concentrations exceed the saturation point at the base of the gas hydrate
stability zone (4, 70). The BSR thus represents the sediment depth at which solid and
gaseous phases of methane are at equilibrium, and therefore can vary with temperature
and pressure changes (52, 55). The amplitude of the BSR is determined by the hydrate
concentration and sediment porosity (19). Although hydrate has been observed in large
quantities in the northern GoM slope provinces, acoustic profiles of GoM sediments
indicate that BSRs are either absent or in low abundance (105).

1. 2

Gulf of Mexico cold seep chemosynthetic communities

Numerous seep locales in the GoM support diverse biological communities that
rely on chemosynthetic bacteria as the energetic basis for the ecosystem (Figure 1.5).
Below the photic zone, these primary producers oxidize reduced compounds, i.e.,
methane and hydrogen sulfide, released at active vent systems, providing the energy
necessary to synthesize organic compounds utilized by higher trophic levels. The
inundation of crude oil into the upper sediment layers and the presence of surface
breaching gas hydrate provide a unique environment for examining biological diversity.

1.2.1

Symbiotic macrofaunal communities

The first biological characterizations of GoM cold seep chemosynthetic
communities examined the physiology of vestimentiferan tubeworms and methanotrophic
mussels (14, 78, 96). Two main genera of tubeworms have since been classified from the
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tubeworms

Figure. 1.5 Schematic detailing cold seep chemosynthetic community energetics.
Chemoautotrophic methanotrophs and thiotrophs convert inorganic compounds into
organic molecules utilizing energy gained from reduced compounds abundant at the cold
seeps (i.e., CH4 and H2S, respectively). These groups are either directly associated with
primary consumers in a symbiotic relationship (22, 43), or are grazed by or provide
secondary metabolites to heterotrophic microbes and higher organisms (116). Higher
trophic levels acquire their energy from lower trophic levels, providing the energy
transfer necessary to sustain a complex chemosynthetic community (142). Adapted from
Van Dover (unpublished).
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GoM, including Lamellibrachia and Escarpia, both related to the well characterized
hydrothermal vent tubeworm, Riftia pachyptila (49). The dominant GoM tubeworm
species, Lamellibrachia cf. luymesi produces relatively straight tubes that extend over a
meter into the water column. Aggregations of L. cf. luymesi can include 500-2000
individuals, while groups of aggregations may involve over 100,000 individuals and
encompass 1,600 m2 (96). Estimates of the L. cf. luymesi life span suggest these species
can live at least 170-250 years (8, 46). Observations of large tubeworm bushes suggest
that these genera may provide a matrix which numerous arthropod and gastropod species
can utilize as a habitat for survival.
The most common mussel species identified at GoM cold seep environments is
Bathymodiolus childressi. B. childressi has been observed in numerous GoM
environments, including surface breaching hydrate sediments at GC234 (119) and in
close proximity to brine pools (157). The range of B. childressi shell sizes varied across
three distinct zones at a brine pool, from 10 to 70 mm with maximum sizes of ~134 mm
in the inner zone, to an average size of 115 mm for both the middle and outer zones
(157). The size of the mussels sampled from the inner zone was also the most variable
across multiple sample dates (157). This zone was also more than three times more
densely populated and contained mussels in the best physiological condition compared to
the other zones (157). Water geochemistry measurements indicated that the inner zone
contained the highest methane and oxygen concentrations and lowest sulfide
concentrations in the mussel beds (81, 157). Compared to the brine pool mussels, B.
childressi identified at GC234 hydrate associated sediments were smaller, grew slower
and were generally in poorer physiological condition (119). Interestingly, methane
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concentrations were similar between the brine pools and hydrate-associated sediments
(119, 157). Smith et al. (157) hypothesize that the increased hydrocarbon (oil)
concentrations reduce the growth and fitness of hydrate-associated mussel beds.
Although the two genera of tubeworms and one genus of mussels have different
growth characteristics, all require microbial endosymbionts for energy production. Both
genera of GoM tubeworms possess thiotrophic bacteria endosymbionts localized within
the worm’s trophosome (43). The tubeworms take up H2S from the sediment using their
posterior extension or “root” (49, 75) while absorbing oxygen and carbon compounds
from the water column using their anterior extension. Digestion of symbiont tissue or
adsorption of symbiont released metabolic byproducts provides a nutrient source for the
host tubeworm. In contrast to the tubeworm incorporation of thiotrophic bacteria, the
mussel species B. childressi incorporates methanotrophic endosymbionts within its gill
tissue (22). Isotopic signatures of methane carbon incorporated in host tissue support
mussel nutrient acquisition from the endosymbionts (22, 44, 160). In addition, juvenile
mussels were able to grow using methane as the sole carbon and energy source (17).
Therefore, tubeworms and mussels have different isotopic signatures as a result of their
thiotrophic and methanotrophic bacteria endosymbionts utilizing different carbon
sources, i.e., dissolved CO2 or methane, respectively, (28, 43, 95).

1.2.2

Cold seep microbial communities

Existing below the photic zone, chemoautotrophs from GoM cold seep
environments use readily abundant reduced substrates, i.e., H2S and CH4 (28, 75), to
provide the energy necessary for organic carbon synthesis. Thiotrophic (H2S oxidizing)
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bacteria utilize inorganic carbon dissolved in the pore water, whereas methanotrophic
(CH4 oxidizing) bacteria use CH4 (28, 43). These symbiotic organisms, as well as their
free-living counterparts, comprise the bulk of the primary producers in the cold seep
environment (Figure 1.5). Research on thiotrophic and methanotrophic bacteria in the
GoM has described their symbiotic relationship with tubeworms and mussels (49, 157).
Although fewer studies have focused on free-living primary producers, thiotrophic
orange- and white-pigmented Beggiatoa spp. have been well characterized from
numerous seep locales (2, 74, 116, 148). Interestingly, no pure cultures of marine
Beggiatoa spp. have been obtained. Additionally, molecular characterizations of the
microbial communities associated with the sediments beneath the Beggiatoa sp. mats are
lacking.

1.2.2.1 Microbial mats
Numerous reports have characterized the physical and metabolic properties of
GoM mat forming, anaerobic sulfur-oxidizing, orange- and white-pigmented Beggiatoa
spp. (89, 116, 148, 182). The source of the orange pigmentation has yet to be determined,
however, similarly pigmented Beggiatoa spp. have been described in Monterey Canyon
(6). Microscopic observations indicate that GoM Beggiatoa spp. range in filament width
from 20-200 µm (116, 148, 182) and contain numerous sulfur granules (116). Visible
Beggiatoa sp. mats generally occur in close proximity to active gas vents, tubeworms and
mussels, or covering shallow gas hydrate deposits (43, 56, 96). White- and orangepigmented Beggiatoa spp. have been observed to be spatially separated, suggesting a
possible competitive exclusion (96, 116, 146). A single Beggiatoa sp. cell is capable of
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coupling nitrate reduction to the anaerobic oxidation of H2S, producing ammonia and
sulfate as end products (Figure 1.6). Beggiatoa sp. have been reported to migrate from
the sediment surface to depths >10 cm, potentially in response to H2S gradients (116).
Ribulose bisphosphate carboxylase-oxygenase (RuBisCo) activities (115) and δ13C
values (148) support the hypothesis that white-pigmented Beggiatoa are chemosynthetic,
using CO2 for carbon and H2S for energy. However, a lack of RuBisCo activity and
carbon fixation activity for orange-pigmented species suggests that they are heterotrophic
(116). The sediment geochemistry beneath the microbial mats indicates partial bacterial
oxidation of oils and C1-C5 gases (78, 145), suggesting additional microbial species are
active at depth. To date, no studies have examined the metabolically active fraction of the
total microbial community, i.e., Bacteria and Archaea, across a sediment depth profile
within and beneath a Beggiatoa sp. mat.

1.2.2.2 Anaerobic methane oxidizing archaea
Distinct archaeal lineages common to several cold seep environments, i.e.,
anaerobic methane oxidizing archaea group 1 (ANME-1) and group 2 (ANME-2) (62,
123), can oxidize CH4 in anaerobic environments, unlike methanotrophic bacteria. To
make anaerobic oxidation of methane (AOM) energetically favorable for the archaea, this
process has been hypothesized to be coupled to the reduction of sulfate. The net equation
describing the AOM reaction is as follows:
SO42- + CH4 Æ H2S + CO32- + H2O (63, 133)
16S rRNA gene phylogenetic analysis of the two archaeal lineages associated
with AOM, i.e., ANME-1 and ANME-2, reveals sequence similarity to the methanogenic
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Figure 1.6 Hypothesized microbial utilization of nitrogen, sulfur and carbon down a
sediment depth profile in sediments associated with Beggiatoa sp. mats. External sources
of nitrate, nitrite and sulfate are from the overlying water column. Methane and hydrogen
sulfide seep into the sediments from deep subsurface reservoirs. Depth indicators are
approximated based on clone data from Mills et al. (109). Adapted from Montoya
(unpublished).
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orders Methanomicrobiales and Methanosarcinales. To date, no anaerobic methane
oxidizing archaea have been cultivated in pure culture; therefore the complete physiology
of these groups is unknown. However, a consortium visualized by fluorescent in situ
hybridization (FISH) revealed a close spatial interaction between a δ-Proteobacteria and
an ANME-2 archaea (10, 123). Although the AOM reaction is thermodynamically
favorable and FISH images of a δ-Proteobacteria and an ANME-2 archaea revealed an
apparent consortium of sulfate reducing bacteria and anaerobic methane oxidizing
archaea (10), recent reports question this symbiosis (74, 125). In particular, fluctuations
in sulfate reduction and AOM rate measurements from GoM sediments appear to be
uncoupled suggesting that this tenuous link between sulfate reduction and AOM may not
be present at GC234 (74). The debate surrounding the AOM reaction may not be resolved
until a successful pure culture of an ANME archaeon is obtained.

1.2.2.3 Sulfate reducing bacteria
The microbial reduction of sulfate in seep environments is one of the dominant
heterotrophic microbial processes (30, 53, 102). Restricted to anaerobic sediments, highly
energetic sulfate reduction converts sulfate to hydrogen sulfide. Sulfate concentrations in
the upper several cm of GoM continental slope sediments ranged from ~25 mM to <5
mM below 10 cm (74). Sulfate reduction rates are several orders of magnitude higher in
active seep sites relative to non-seep sediments (1). Sulfate reducing bacteria (SRB),
typically from the class δ-Proteobacteria and several lineages of Firmicutes, are capable
of utilizing various carbon compounds including long-chain hydrocarbons within the oil
seeping through the sediment (146, 188). A total of 31% of the sulfide produced as an
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end product of sulfate reduction in GoM sediments is either utilized by thiotrophs or
precipitated as sulfides (1).

1.2.2.4 Microbial metabolic activity within gas hydrates
Solid gas hydrate deposits and microbial mat covered sediments have been the
focus of several studies attempting to identify and characterize GoM free-living microbial
communities (88, 189). The rapid crystalization and dissolution of solid gas hydrate
promotes the formation of faults and fissures, and the inclusion of sediment particles
(176). The inclusion of microbes, coupled to the fluid flow through faults and fissures
provide a possibility for microbial colonization of the gas hydrate interior (142). Methane
trapped within GC185 and GC234 hydrate deposits is enriched in

13

C and D relative to

associated vent gas, whereas no alterations were observed with C2-C5 isotopic
concentrations. These data suggested bacterial oxidation of methane within the hydrate
(142), because microbes preferentially incorporate

12

C and 1H during oxidation of CH4

(24) and are not able to utilize reduced compounds with carbon-carbon bonds (114).
Additional evidence for microbial activity was reported as depletion in CO2

12

C in

trapped hydrate gas relative to vent gas (142).

1.2.2.5 Characterization of GoM cold seep microbial communities
Culture dependent and independent techniques can be used to characterize
microbial populations, including the extant microbial members of the GoM cold seep
communities. However, current cultivation techniques provide limited information on
environmental microbial community structure, with a small percentage (<1%) of the total
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population being culturable (3) and the frequency of individual species cultured often
misrepresenting the true proportions in the community (178). Culture independent,
molecular-based techniques target nucleic acid sequences, stable isotopes and fatty acids
rather than rely on the cultivation of isolates. New technological advances have allowed
numerous molecular-based techniques to be applied to many microbial communities from
extreme environments, but only measurements of phospholipid fatty acids (PLFA), stable
carbon isotopes, and PCR-based amplicon clones have been utilized at GoM cold seeps
(88, 189). Zhang et al. (189) utilized PLFA and stable carbon isotope analysis to
characterize the microbial community in hydrate-associated sediments. Results indicated
16-52% of the total fatty acids identified from the sediments could be attributed to sulfate
reducing bacteria (SRB). Similarly, stable carbon isotope analysis indicted an abundance
of SRB within the sediment communities. However, the presence or absence of specific
SRB lineages cannot be determined using this method.
The first detailed microbial characterization published from a GoM cold seep was
by Lanoil et al. (88). Total DNA was extracted from buried hydrate samples obtained
from shipboard piston cores at site AT425, a deep-water site (~1000 m) 35 km east of
GC185 (Figure 1.1). Bacteria and Archaea 16S rRNA genes were amplified, cloned and
grouped according to restriction fragment length polymorphism (RFLP) patterns.
Sequencing of representative clones indicated a large percentage of the bacterial and
archaeal libraries were most related to several Pseudomonas and non-ANME-2
Methanosarcinales lineages. Similar lineage frequencies have not been previously
observed at other cold seeps including Cascadia Margin, Eel River and Santa Barbara
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Basin (62, 123). Therefore, additional detailed characterizations of the microbial
communities associated with gas hydrates are required to confirm these results.
The northern Gulf of Mexico is a geologically dynamic extreme environment
containing vast oil and gas reserves under the constant influence of rising salt diapirs.
Ambient bottom temperatures and pressures, in association with upward fluxes of
thermogenic and biogenic gases, predominately methane, support the formation of
massive surface breaching gas hydrates mounds. Numerous reports have characterized
the macrofauna, i.e., tubeworms, mussels (18, 38, 82, 98), around the gas vents and
hydrate mounds, however detailed molecular characterizations of the free-living
microbial communities in these habitats is lacking. Reported herein is one of the first
molecular characterization of total microbial populations and the first characterization of
the apparent metabolically active fraction of the populations from three distinct layers on
surface breaching gas hydrate mounds, i.e., sediment overlying gas hydrate, sediment
entrained hydrate, and interior hydrate. In addition, this study reports the first molecular
characterizations of the metabolically active fraction of the microbial community extant
across a depth profile in sediments associated with orange- and white-pigmented
microbial mats.
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CHAPTER 2
MICROBIAL DIVERSITY IN SEDIMENTS ASSOCIATED WITH SURFACE
BREACHING GAS HYDRATE MOUNDS IN THE GULF OF MEXICO

2.1

Abstract

A molecular phylogenetic approach was used to characterize the composition of
microbial communities from two gas hydrate sedimentary systems in the Gulf of Mexico.
Nucleic acids, extracted from sediments directly overlaying surface-breaching gas
hydrate mounds collected from a research submersible (water depth 550-575 m), were
amplified with nine different 16S rRNA gene primer sets. The PCR primers targeted
microorganisms at the domain-specific (Bacteria and Archaea) and group-specific
[sulfate reducing bacteria (SRB) and putative anaerobic methane oxidizing archaea]
level. Amplicons were obtained with five of the nine primer sets including two of the six
SRB groups (SRB Group 5 and Group 6) and used to generate five different clone
libraries. Analysis of 126 clones from the Archaea library revealed that the sediments
associated with naturally occurring gas hydrate harbored a low diversity. Sequence
analysis indicated the majority of archaeal clones were most closely related to
Methanosarcinales, Methanomicrobiales and distinct phylogenetic lineages within the
anaerobic methane oxidation (ANME) groups. The most frequently recovered phylotypes
in the ANME library were related to either ANME-2 or Methanomicrobiales. In contrast
to the two archaeal libraries, Bacteria diversity was higher with the majority of the 126
bacterial clones most closely related to uncultured clones dominated by the δ- and ε-
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Proteobacteria. Interestingly, while 82% of the clones in the SRB Group 5 library were
affiliated with δ-Proteobacteria, the vast majority (83%) of clones in the SRB Group 6
library was affiliated with the Firmicutes. This is the first phylogenetic-based description
of microbial communities extant in methane-rich hydrate associated sediments from a
hydrocarbon seep region in the Gulf of Mexico.

2.2.

Introduction

The northern continental slope of the Gulf of Mexico, a hydrocarbon seep region,
contains vast reservoirs of oil and gas deposits, areas of active gas venting and gas
hydrate mounds occurring as seafloor outcroppings and in the shallow (i.e., < 6 m)
subsurface (12, 97, 105, 106).

The ice-like gas hydrate, composed of water and

hydrocarbon gas molecules (predominately methane), requires suitable gas, temperature
and pressure conditions for formation and stability (reviewed in (15)). Although such
conditions occur globally, with gas hydrates distributed in many marine (active and
passive continental margins) and terrestrial locales (85), focused seep locations in the
shallow Gulf of Mexico (GoM) basin provide a unique access to abundant gas hydrate
mounds and associated sediments at the seafloor. Gas hydrates have become the subject
of intense investigation owing to their potential use as an alternative energy resource
(84), possible effect on sea-floor stability (127, 137), change in climatic conditions (87,
91, 98, 117, 118, 128) and presence on other planets and satellites (5, 94, 185).
In marine methane seeps with naturally occurring hydrates an increasing number
of geochemical-based studies (e.g., (69, 74)) demonstrate significant contributions of
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sulfate reduction and anaerobic methane oxidation activities to the cycling of methane.
Such gas hydrate-bearing marine sediments have recently become the focus of numerous
studies characterizing the extant microbial communities.

Specifically, a number of

groups have reported the phylogenetic diversity of microorganisms in hydrate-containing
sediments collected from seep locales in the Cascadia margin off the Oregon coast (9,
100), and the California continental margin including Eel River (62, 122), and Santa
Barbara Basins (122) where sulfate reduction (SR) and anaerobic oxidation of methane
(AOM) processes predominate. Although it has been proposed that AOM is mediated by
a syntrophic coupling between archaeal (i.e., ANME-1 or ANME-2 groups) and sulfate
reducing bacterial (i.e., Desulfosarcina sp.) partners (123), recent evidence suggests that
such a specific association may not always be necessary for AOM (125). This particular
microbial consortia, however, has been repeatedly detected either directly [i.e., FISH;
(10, 123, 124)] or indirectly [16S rRNA gene sequences; (62, 170, 172)] in methane-rich
sediments, cold methane seeps, hydrothermally active sediments and within the methanesulfate transition zone of near-shore sediments. In contrast, there remains a considerable
lack of knowledge regarding the phylogenetic diversity of Bacteria and Archaea within
GoM methane-rich cold seep sediments associated with gas hydrates.
In this present study, sediments and gas hydrate were sampled by deploying a
custom-made hydrate drill from a manned research submersible at two different GoM
cold seep locations (550-575 m water depth) to obtain discrete sediment/hydrate samples
at gas hydrate mound outcrops. The objective was to characterize the sediment microbial
community in direct contact with surface breaching gas hydrates. Total nucleic acids
were extracted from the sediment samples and subjected to PCR amplification with nine
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different primer sets representing microorganisms at the domain and group-specific level.
This is among the first 16S rRNA gene surveys to be conducted on free-living GoM seep
sediment microbial communities directly associated with surface-breaching gas hydrate
mounds.

2.3

2.3.1

Materials and methods

Gulf of Mexico site description, sample collection and preservation
The study sites sampled are located in the northern GoM continental slope

province. The sites, GC185 (Bush Hill; 550 m depth) and GC234 (575 m depth) are
located at 27°46'N, 91°30'W and 27°44'N, 91°13'W, respectively (Figure 1.1). These
locales were selected for study as both sites have visible oil and gas seepage with gas
hydrates occurring as exposed hydrate breaching the sediment-water interface and buried
hydrate covered by a layer of sediment that is centimeters to meters thick. Multiple core
samples (2.9 cm OD, 12-15 cm average length) containing overlaying sediments in direct
contact with hydrate outcroppings and intact hydrate were collected during July 2001.
Cores were collected with a custom-made rotary drilling device fitted for the Johnson Sea
Link manned submersible. To prevent solid gas hydrate samples from decomposing
during submersible operations and recovery, samples were immediately placed into a
hydrate recovery chamber (HRC) that maintains bottom water pressure and temperature
(50 atm, 7°C). Onboard ship, the HRC was immediately transferred to a refrigerated van
(4°C) and intact cores were removed from the HRC and placed into a hydrate
stabilization container (HSC). The HSC is an ethanol-sterilized metal tray (29.8 x 20.3 x
25

12.7 cm) insulated with styrofoam and maintained between -30 to -35°C with a
continuously chilled ethanol bath. Aliquots of gas hydrate and sediments were removed
aseptically and immediately transferred to N2 purged glass containers and held at –20°C
until DNA extraction. Direct cell counts were performed on aliquots (0.5 g wet wt) of
overlaying sediment, sediment-hydrate interface and sediment-free hydrate samples as
previously described in Powers et al. (131).

2.3.2 Nucleic acid extraction and PCR amplification
DNA was extracted from 0.5 g (wet weight) sediment aliquots sectioned from the
interface directly in contact with gas hydrate as previously described (107). Three to five
separate DNA extractions per sampling site were performed and samples were pooled.
The crude pooled DNA extract was purified according to the method of Tebbe and
Vahjen (168) with ion-exchange columns (Qiagen-Tip 500). Primers were synthesized
by Integrated DNA Technologies, Inc. (Coralville, IA) and sequences are listed in Table
2.1. Aliquots of marine sediment community DNA (1 µl, corresponding to the DNA
recovered from approximately 5-10 mg sediment) were PCR-amplified in reaction
mixtures containing (as final concentrations) 1 × PCR buffer (Stratagene, CA, USA), 1.5
mM MgCl2, 200 µM of each deoxynucleoside triphosphate, 1 pmol of each forward and
reverse primer, and 0.025 U µl-1 TaKaRa TaqTM (TaKaRa, Japan). Reaction mixtures
were incubated in a model 2700 GeneAmp thermal cycler (Applied Biosystems, CA,
USA) initially at 95˚C for 2-5 min, followed by amplification according to recommended
conditions as previously described for each primer set (Table 2.1) (29, 33, 73, 172).
Amplified products were analyzed on 1.0% agarose gels run in TBE buffer, stained with
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Table 2.1
Oligonucleotide primer pairs used and amplicons obtained.
Primers

Specificity

Annealing
temperature
(oC)

Product size

Sequence (5’-3’)

Reference

(bp)

Amplification
products obtained
from site:
GC185

GC234

27

27Fa
1522R

Domain Bacteria

52

1495

AGAGTTTGATCCTGGCTCAG
AAGGAGGTGATCCARCCGCA

(73)

+

+

Ar21F
Ar958R

Domain Archaea

55

937

TTCCGGTTGATCCYGCCGGA
YCCGGCGTTGAMTCCAATTT

(33)

+

+

DFM140
DFM842

SRB Group1

58

702

TAGMCYGGGATAACRSYKG
ATACCCSCWWCWCCTAGCAC

(29)

-

-

DBB121
DBB1237

SRB Group 2

66

1116

CGCGTAGATAACCTGTCYTCATG
GTAGKACGTGTGTAGCCCTGGTC

(29)

-

-

DBM169 SRB Group 3
DBM1006

64

837

CTAATRCCGGATRAAGTCAG
ATTCTCARGATGTCAAGTCTG

(29)

-

-

DSB127
DSB1273

60

1146

GATAATCTGCCTTCAAGCCTGG
CYYYYYGCRRAGTCGSTGCCCT

(29)

-

-

SRB Group 4

Table 2.1 (continued)
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a

DCC305
DCC1165

SRB Group 5

65

860

GATCAGCCACACTGGRACTGACA
GGGGCAGTATCTTYAGAGTYC

(29)

+

+

DSV230
DSV838

SRB Group 6

61

608

GRGYCYGCGTYYCATTAGC
CYCCGRCAYCTAGYRTYCATC

(29)

+

+

ANMEF
907R

ANME

57

817

GGCUCAGUAACACGUGGA
CCGTCAATTCCTTTRAGTTT

(172)

+

+

F and R denote forward and reverse, respectively
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ethidium bromide, and UV illuminated. Amplicons were subsequently pooled from three
to five reactions and purified with the Qiaquick gel extraction kit (Qiagen, CA, USA).

2.3.3 Cloning, RFLP grouping and 16S rRNA gene sequence analysis
Purified pooled amplicons were cloned into vector pCR2.1 according to
manufacturer’s instructions (Invitrogen, CA, USA).

Inserts were PCR-amplified as

described above with primers listed in Table 2.1. To prevent amplification of Escherichia
coli host 16S rRNA genes, M13F/R primers (Table 2.1) were used to amplify inserts
from clones obtained with 27F and 1522R primers. Products from the Archaea, Bacteria,
anaerobic methane oxidizing archaea (ANME) and sulfate reducing bacteria (SRB)
libraries were digested with MspI and HhaI (Promega, WI, USA). Clones were grouped
according to restriction fragment length polymorphism (RFLP) banding patterns, unique
clones identified and sequenced. Multiple representative clones were sequenced from
RFLP groups containing five or more members. Sequencing was performed at the
Georgia Tech core DNA facility using a BigDye Terminator v3.1 Cycle sequencing kit
on an automated capillary sequencer (model 3100 Gene Analyzer, Applied Biosystems).
Inserts were sequenced multiple times on each strand.

2.3.4

Phylogenetic and rarefaction analysis
Multiple sequences of individual inserts were initially aligned using the program

‘BLAST 2 Sequences’ (167) available through the National Center for Biotechnology
Information and assembled with the program BioEdit v5.0.9 (57). Sequences were
checked for chimeras using Chimera Check from Ribosomal Database Project II (99).
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Sequences from this study and reference sequences, as determined by BLAST analysis,
were subsequently aligned using CLUSTALX v1.81 (171). Neighbor-joining trees were
created from the alignments using CLUSTALX v1.81 (171). An average of 600 (i.e.,
SRB Group 6 clones) to 1,300 (i.e., Bacteria clones) nucleotides were included in the
phylogenetic analyses. The bootstrap data represents a percentage of 1,000 samplings.
The final trees were viewed using NJPlot (130) and TreeView v1.6.6 available at
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html.

Rarefaction

analysis

was

performed using equations as described in Heck et al. (60).

2.3.5 Nucleotide sequence accession numbers
The 108 16S rRNA gene nucleotide sequences have been deposited in the
GenBank database under accession numbers AY211657-AY211765.

2.4

Results and Discussion

2.4.1 RFLP and rarefaction analyses of 16S rRNA gene libraries
Nine different PCR primer sets (Table 2.1) specific to microorganisms at the
domain and group-specific level were applied to total nucleic acids extracted from
sediments directly overlaying gas hydrate mounds at two different GoM locations (Figure
1.1). Direct microscopy cell counts for sediment-free hydrate, sediment/hydrate interface
and sediment overlaying hydrate were 2.0 x 106, 2.8 x 107 and 5.8 x 108 respectively.
Amplicons from GC185 and GC234 DNA samples were obtained with five of the nine
primer sets tested (Table 2.1) and subsequently used to construct 16S rRNA gene
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libraries. A total of 126 Bacteria, 126 Archaea, 127 putative sulfate reducing bacteria
(SRB) Group 5, 138 putative SRB Group 6 and 138 putative ANME archaea clones were
grouped according to RFLP patterns.
Rarefaction analysis was applied to determine if sufficient numbers of clones
were screened to estimate diversity within each of the clone libraries sampled (Figure
2.1). A caveat being that primer bias, cell lysis, and nucleic acid extraction and recovery
can contribute to an underestimation of overall microbial diversity. For those clones
obtained with Archaea, ANME and SRB Group 6 specific primers, the curves indicated
saturation. Thus, a sufficient number of clones were sampled representative of the
diversity of these particular microorganisms in each respective library (Figure 2.1).
Numerically dominant RFLP groups, ranging from 12 to 22% of all clones, were
obtained for each of these three libraries (Table 2.2 and Table 2.3). In contrast, curves
generated for rRNA gene clones obtained with Bacteria and SRB Group 5 primer sets did
not indicate saturation (Figure 2.1). Although additional sampling of clones would be
needed to reveal the full extent of the diversity, numerically dominant RFLP groups were
obtained (Table 2.2). Specifically, one dominant group of clones from each of the
Bacteria (represented by clone GoM GC185 507E) and SRB Group 5 (represented by
clone GoM GC234 014S5) libraries comprised 16 and 13% of all clones, respectively
(Table 2.2).
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one dominant group of clones from each of the Bacteria (represented by clone GoM GC185

Number of RFLP patterns

50
40
30
20

Bacteria
SRB Group 5
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Archaea
SRB Group 6
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Number of 16S rRNA gene clones screened
Figure 2.1 Rarefaction curves determined for the different RFLP patterns of 16S rRNA gene clones in the Bacteria ( ), Archaea (),
ANME (+) and SRB Group 5 ( ) and Group 6 (Ì) 16S rRNA gene libraries. The number of different RFLP patterns was determined
after digestion with restriction endonucleases HhaI and MspI. Rarefaction analysis was performed using equations reported by Heck
et al. (60).
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Table 2.2
Summary of 16S rRNA gene sequences from Bacteria, SRB Group 5 and SRB Group 6 clone libraries.
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Representative Number of
Sequence
Related Clones
3
Bacteria GoM GC185 523E
GoM GC185 546E
4
GoM GC234 019E
4
GoM GC234 602E
1
GoM GC234 616E
2
GoM GC185 507E
20
GoM GC234 030E
8
GoM GC185 538E
6
GoM GC234 615E
5
GoM GC234 613E
4
GoM GC234 005E
3
GoM GC234 035E
2
GoM GC185 503E
8
GoM GC234 618E
4
GoM GC185 515E
2
GoM GC185 524E
4
GoM GC234 610E
3
GoM GC185 508E
1
GoM GC234 007E
3
GoM GC234 022E
5

Site Clones
Acquired
GC185
GC185, GC234
GC185, GC234
GC234
GC234
GC185, GC234
GC185, GC234
GC185
GC185, GC234
GC234
GC234
GC234
GC185, GC234
GC185, GC234
GC185
GC185
GC185, GC234
GC185
GC185, GC234
GC185, GC234

Nearest Relative
DC Clone SHA-28
HS Clone GCA112
HS Clone GCA025
HS Clone GCA025
JT Clone JTB215
DV Clone 33 FL49B99
DV Clone 33 FL39B00
NT Clone NKB11
Sulfurospirillum arcachonese
HV Clone PVB OTU2
HV Clone PVB OTU6
HV Clone CS B016
ER Clone Eel-Be1A3
ER Clone Eel-Be1A3
ER Clone Eel-Be1A3
NS Clone SRB mXyS1
Syntrophus gentianae
Syntrophus gentianae
Aeromarinobacter lutacensis
CS Clone EI2

17

Similarity
(%)
GNS Bacteria
92
GNS Bacteria
92
97
Firmicutes
97
Firmicutes
Firmicutes, Low G+C
98
98
ε-Proteobacteria
97
ε-Proteobacteria
96
ε-Proteobacteria
96
ε-Proteobacteria
95
ε-Proteobacteria
91
ε-Proteobacteria
95
ε-Proteobacteria
96
δ-Proteobacteria
97
δ-Proteobacteria
98
δ-Proteobacteria
97
δ-Proteobacteria
93
δ-Proteobacteria
90
δ-Proteobacteria
96
γ-Proteobacteria
99
α-Proteobacteria
Phylogenetic Group

Table 2.2 (continued)
GoM GC234 058S5
GoM GC185 538S5
GoM GC234 014S5
GoM GC234 683S5
GoM GC234 676S5
GoM GC185 542S5
GoM GC234 094S5
GoM GC185 510S5
GoM GC185 580S5
GoM GC185 585S5
GoM GC234 629S5
GoM GC234 634S5
GoM GC234 069S5
GoM GC234 601S5
GoM GC234 681S5
GoM GC234 054S5
GoM GC234 613S5
GoM GC234 631S5
GoM GC234 662S5
GoM GC234 071S5

3
4
17
9
9
9
8
7
6
5
4
2
2
2
3
2
2
7
2
2

GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC234
GC185, GC234
GC234
GC234
GC185, GC234
GC234
GC185, GC234
GC185, GC234
GC234

Acidaminobacter hydrogenoformans Firmicutes, Low G+C
CS Clone MERTZ 0CM 115
Firmicutes, Low G+C
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
HS Clone GCA017
δ-Proteobacteria
CG Clone 12-2
δ-Proteobacteria
δ-Proteobacteria
MC Clone UASB-TL9
δ-Proteobacteria
Isolate EbS7
HV Clone C1 B013
γ-Proteobacteria
HV Clone C1 B013
γ -Proteobacteria
Hyphomicrobium sp. Ddeep-1
γ -Proteobacteria

89
89
98
95
96
96
99
99
94
99
97
95
99
97
90
89
94
96
96
99

SRB-6

GoM GC185 515S6
GoM GC185 610S6
GoM GC234 023S6
GoM GC234 051S6

24
5
3
2

GC185, GC234
GC185, GC234
GC234
GC234

RM Clone PBS-III-27
RM Clone PBS-III-27
RM Clone PBS-III-27
RM Clone PBS-III-27

94
89
92
89
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SRB-5

18

Firmicutes
Firmicutes
Firmicutes
Firmicutes

Table 2.2 (continued)
GoM GC185 543S6
GoM GC234 676S6
GoM GC185 608S6
GoM GC234 612S6
GoM GC185 601S6
GoM GC185 503S6
GoM GC234 694S6
GoM GC185 619S6
GoM GC234 615S6
GoM GC234 680S6

16
2
29
16
7
2
8
8
5
2

GC185, GC234
GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC234
GC234

MC Clone BA143
MC Clone BA143
AB Clone R35
AB Clone Y36
Caloranaerobacter azorensis
Clostridium botulinum
ER Clone Eel-BE1B1
ER Clone Eel-BE1B1
BR Clone SHA-42
ER Clone Eel-BE1D3

35
19

Firmicutes
Firmicutes
Firmicutes, Low G+C
Firmicutes, Low G+C
Firmicutes, Low G+C
Firmicutes, Low G+C
δ-Proteobacteria
δ-Proteobacteria
δ-Proteobacteria
δ-Proteobacteria

90
87
95
94
92
88
98
94
92
98

Table 2.3
Summary of 16S rRNA gene sequences from Archaea and ANME clone libraries.
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Representative
Number of
sequence
Related Clones
1
Archaea GoM GC234 621R
GoM GC234 626R
9
GoM GC234 001R
3
GoM GC234 007R
2
GoM GC234 643R
1
GoM GC234 024R
4
GoM GC234 030R
1
GoM GC234 609R
18
GoM GC234 614R
5
GoM GC234 616R
1
GoM GC234 015R
2
GoM GC234 026R
3
GoM GC234 003R
13
GoM GC234 633R
17
GoM GC234 619R
1
GoM GC234 033R
1
GoM GC185 517R
3
GoM GC234 606R
2
GoM GC185 520R
15
GoM GC185 505R
4
GoM GC234 622R
2

Site Clones
Acquired
GC234
GC185, GC234
GC185, GC234
GC234
GC234
GC185, GC234
GC234
GC185, GC234
GC234
GC234
GC234
GC234
GC234
GC234
GC234
GC234
GC185
GC234
GC185, GC234
GC185, GC234
GC234

29

Nearest Relative

Phylogenetic Group

HV Clone pMC2A15
MA Clone VC2.1
MA Clone VC2.1
SA Clone AEGEAN 71
AD Clone 101B
ER Clone TA1f2
ER Clone BA2e8
ER Clone TA2e12
ER Clone BA2e8
SB Isolate SB-17a1A11
SM Clone 2C174
SM Clone 2C174
HV Clone CSR002
GoM AT425 ArC3
GoM AT425 ArC3
GoM AT425 ArC3
ER Clone BA2H11fin
HV Clone G72 C12
ER Clone Eel-36a2E1
ER Clone Eel-36a2E1
ER Clone TA1a4

Crenarchaeota
Crenarchaeota
Crenarchaeota
Thermoplasmales
Thermoplasmales
Thermoplasmales
ANME-1
ANME-1
ANME-1
ANME-1
Methanomicrobales
Methanomicrobales
Methanomicrobales
Methanosarcinales
Methanosarcinales
Methanosarcinales
ANME-2A
ANME-2D
ANME-2C
ANME-2C
ANME-2C

Similarity
(%)
89
91
89
83
83
95
96
97
96
94
93
96
96
99
99
98
95
94
98
98
97

Table 2.3 (continued)
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GoM GC185 503R
GoM GC234 021R
GoM GC234 019R

8
8
1

GC185, GC234
GC185, GC234
GC234

GoM AT425 ArD2
HV Clone C1 R019
HV Clone C1 R019

ANME-2C
ANME-2C
ANME-2C

98
97
99

ANME GoM GC234 011A
GoM GC185 601A
GoM GC234 045A
GoM GC234 610A
GoM GC234 009A
GoM GC185 624A
GoM GC234 033A
GoM GC234 022A
GoM GC185 618A
GoM GC185 623A
GoM GC234 046A
GoM GC185 626A
GoM GC185 620A

4
3
2
2
11
3
11
30
2
23
3
2
31

GC234
GC185, GC234
GC234
GC234
GC234
GC185
GC185, GC234
GC185, GC234
GC185, GC234
GC185, GC234
GC234
GC185, GC234
GC185, GC234

ER Clone TA1f2
ER Clone TA1f2
ER Clone TA1f2
ER Clone TA2e12
Methanospirillum hungatei
HV Clone CS-R002
HV Clone CS-R002
HV Clone CS-R002
HV Clone G72 C12
HV Clone G72 C12
HV Clone G72 C12
HV Clone G72 C12
HV Clone G72 C12

Thermoplasmales
Thermoplasmales
Thermoplasmales
ANME-1
Methanomicrobales
Methanomicrobales
Methanomicrobales
Methanomicrobales
ANME-2D
ANME-2D
ANME-2D
ANME-2D
ANME-2D

96
96
96
99
90
97
96
97
94
94
94
94
94
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2.4.2 Phylogenetic diversity of Bacteria
Analysis of the 126 Bacteria clones revealed a greater diversity relative to the
Archaea clone library (Figure 2.1) and included predominately uncultured bacterial
lineages. A total of 45 distinct RFLP patterns representing six phylogenetic lineages were
detected (data not shown). A considerable majority of the clones (78 of 126) were
representative of the phylum Proteobacteria (Figure 2.2). Of these, 62% were related to
the ε class of Proteobacteria, including the most numerically dominant phylotype
represented by clone GoM GC185 507E (16% of the total clone library; Table 2.2). This
phylotype, present at GC185 and GC234 (Figure 1.1 and 2.2), was most closely related
(98% similar) to a non-cultured microorganism (DV Clone 33 FL49B99; (65)) obtained
from a deep-sea volcano in the northern Pacific. The second most dominant phylotype
was most closely related to the δ class of Proteobacteria (17% of all clones; Table 2.2).
Similar to the ε-proteobacterial clones, the δ-proteobacterial clones are most closely
related to non-cultured microorganisms, except for two phylotypes related to Syntrophus
gentianae (Figure 2.2). Although a high degree of bacterial diversity was observed, the
majority (i.e., 60%) of the Bacteria 16S rRNA gene sequences belonged to δ- and εProteobacteria. While no phylotypes related to β-Proteobacteria were detected, multiple
clones were obtained from GC185 and GC234 related to α- and γ-Proteobacteria. The
phylotype representatives belonging to the α- (GoM GC234 022E; Table 2.2) and γProteobacteria (GoM GC234 007E; Table 2.2) were most related to CS Clone EI2 (169),
obtained from continental shelf sediments off the New England coast, and to
Aeromarinobacter lutacensis, respectively. Additionally, 14 of the 126 clones,
representing five phylotypes, were identified as either green nonsulfur bacteria- or
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Figure 2.2

Phylogenetic tree of relationships of 16S rRNA gene bacterial clone

sequences, as determined by distance Jukes-Cantor analysis, from Gulf of Mexico GC185
and GC234 seep sediments overlaying surface-breaching gas hydrate mounds (in
boldface) to selected cultured isolates and environmental clones. Abbreviation Th denotes
Thermus. Designations of environmental clone sequences are CS, continental slope; DC,
dechlorination consortia; DS, deep sea; DV, deep-sea volcano; ER, Eel River Basin; HS,
hydrocarbon seep; HV, hydrothermal vent; JT, Japan Trench; MS, marine sediment; NS,
North Sea; NT, Nankai Trough. Genbank accession numbers are in parentheses. One
thousand bootstrap analyses were conducted and percentages greater than 50% are
reported. Methanosarcina acidovorans was used as the outgroup. The scale bar
represents the expected number of changes per nucleotide position.
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Firmicutes-related (Table 2.2). These phylotypes were most related to non-cultured
environmental clone sequences from diverse niches.

2.4.3 Phylogenetic diversity of sulfate reducing bacteria
Degenerate PCR primer sets, previously shown to be specific for six phylogenetic
groups of sulfate reducing bacteria (29), were used to identify potentially dominant
benthic Gram-negative and Gram-positive SRB populations in GoM sediment-gas
hydrate microbial communities. The rationale for further elucidating these SRB
assemblages is supported by the recent findings of Zhang et al. (189). Specifically, the
authors reported that more than 50% of total phospholipid fatty acids extracted from
GoM site GC234 hydrate-containing sediments belonged to branched-chain lipids
indicative of SRB. However, to be able to identify specific SRB populations and for
determining phylogenetic relatedness a 16S rRNA gene-based approach is required. Our
study thus represents the first report of 16S rRNA gene sequence analysis for SRB
populations in the GoM.
Of the six SRB subgroup primers tested (29), we obtained amplicons only with
primers

detecting

the

Desulfococcus-Desulfonema-Desulfosarcina-like

and

Desulfovibrio-Desulfomicrobium-like suprageneric Groups 5 and 6, respectively.
Although Daly et al. (29) reported the need to perform ‘nested PCR’ on some
environmental DNA samples we were able to amplify both of these subgroups directly
from extracted nucleic acids suggesting their numerical abundance in this extreme
environment. However, PCR amplicons were not observed either by nested PCR (data
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not shown) or direct amplification of environmental DNA, with primers for SRB
subgroups 1-4 from either GC185 or GC234.
A total of 35 distinct RFLP patterns were observed (data not shown) from 127
clones obtained with SRB Group 5 primers. The majority of sequenced representative
clones (92%; Table 2.2), present at GC185 and GC234, were most closely related to δProteobacteria. A vast majority of δ-Proteobacteria-related clones (80 of 97) were most
similar (>94%) to a clone designated HS clone GCA017 isolated from hydrocarbon seep
sediments. Interestingly, these clones form a distinct clade which we have denoted GoM
G5 (Figure 2.3). SRB Group 5 clones most related to γ-Proteobacteria and to Firmicutes
(>96% and >89% similarity, respectively) were also detected. The γ-Proteobacteriarelated clones showed high similarity to Hyphomicrobium sp. Ddeep-1 (99% similar;
(132)), isolated from deep-sea waters in the northwest Pacific Ocean, and to a
thioautotrophic symbiont environmental clone found in the gills of the hydrothermal vent
clam, Maorithyas hadalis (96% similar; (51)).
In contrast to SRB Group 5, the Group 6 library (138 clones) contained fewer (21)
RFLP patterns (data not shown). The 18 δ-Proteobacteria-related Group 6 clones (Table
2.2) grouped into three phylotypes and exhibited similarity to nucleotide sequences
obtained from Eel River Basin, a cold seep site on the California continental margin
(122). These GoM phylotypes formed a clade separate from previously determined SRB
Group 6 isolates (Figure 2.3) (29). The vast majority of SRB Group 6 sequences were
however, most closely related to the Firmicutes (82%; Table 2.2. and Figure 2.3). Among
the numerically dominant sequences occurring at GC185 and GC234 was the phylotype
GoM GC234 608S6, related to an Artesian Basin clone (AB Clone R35; unpublished;
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Figure 2.3 Phylogenetic tree of relationships of 16S rRNA gene sulfate reducing Group
5 and Group 6 bacterial clone sequences, as determined by distance Jukes-Cantor
analysis, from GoM seep sediments overlaying surface-breaching gas hydrate mounds (in
boldface) to selected cultured isolates and environmental sequences. Designations of
environmental clone sequences are AB, Artesian Basin; AS, anoxic sediment; BR,
bioreactor; CA, contaminated aquifer; CG, contaminated groundwater; CS, continental
slope; ER, Eel River Basin; HS, hydrocarbon seep; HV, hydrothermal vent; JT, Japan
Trench; MC, methanogenic consortium; MS, marine sediment; NS, North Sea; RM, rice
microcosms; SM, salt marsh; TS, thioautotrophic symbiont II; UM, uranium mine.
Genbank accession numbers are in parentheses. One thousand bootstrap analyses were
conducted and percentages greater than 50% are reported. Methanosarcina acidovorans
was used as the outgroup. The scale bar represents the expected number of changes per
nucleotide position.
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GenBank accession no. AF407679). In addition, a number of clones exhibited similarity
to a second environmental rRNA gene sequence obtained from the Artesian Basin (AB
Clone Y36), and a methanogenic consortium bacterium (MC Clone BA143; (184)) (Table
2.1). A total of four distinct Firmicutes-related phylotypes, representing 27% of the SRB
Group 6 clones, exhibited similarity (>89%) to the same environmental clone from a rice
microcosm (RM Clone PBS-III-27; (34)). The detection of a considerable number of
Firmicutes-related sequences may be explained in part by the cross-reactivity of the
forward Group 6 primer, DSV230, and the DSV687 oligonucleotide probe (35) to
culturable Gram-positive SRB isolates including Desulfotomaculum spp. In addition, our
Group 6 Firmicutes-like clones contain 14 of 16 nucleotides of the conserved region (5’
AGGAGTGAAATCCGTA 3’) targeted by the DSV687 probe. However, as our
Firmicutes-like environmental clones are only 88% and 89% similar to the sulfate
reducing Desulfotomaculum geothermicum (159) and Clostridium subatlanticum
respectively, we cannot ascertain definitively whether or not they dissimilate sulfur
compounds. Although the sulfur metabolism capabilities of Clostridium subatlanticum
have not been reported, strain Lup 21T designated Clostridium thiosulfatireducens sp.
nov. (61), and C. peptidivorans (104) have been shown to reduce thiosulfate to sulfide.
Therefore, in addition to an SRB partner coupling with an aceticlastic methanogen as has
been reported for other cold seep habitats (10, 62, 122, 124, 170, 172), we hypothesize
that fermentative thiosulfate reducing bacteria could thus potentially play an important
role in the anaerobic oxidation of methane in GoM hydrocarbon seep sediments.
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2.4.4 Phylogenetic diversity of Archaea
A total of 126 Archaea clones from GC185 and GC234 were grouped into 25
RFLP patterns (data not shown) and representative clones from all patterns were
sequenced (Figure 2.4). The 25 RFLP groups encompassed five phylogenetic lineages
including the Crenarcheota and four groups of Euryarchaeota (i.e., Thermoplasmales,
Methanomicrobiales, Methanosarcinales, and ANME-1). Although a small percentage of
clones from the Bacteria library were most closely related to cultured isolates, none of
the archaeal clone sequences exhibited such similarity as the library was dominated by
the as yet to be cultured groups ANME-1 and ANME-2. Similar findings have recently
been reported for other hydrocarbon seep systems (62, 122, 134, 170). In Archaea
assemblages associated with one sediment-free gas hydrate sample collected by piston
coring in the GoM [AT425, 1920 m water depth (Figure 1.1)] significantly fewer RFLP
groups (n=8) were observed (88).
The majority of the Archaea clones (84%; Table 2.3) are related to methanogens
(i.e., the orders Methanosarcinales and Methanomicrobiales) as well as to ANME-1. A
total of 43 clones associated with the order Methanosarcinales branch within the cluster
to form a distinct clade known as ANME-2. Members of this cluster, as well as those
related to ANME-1, are frequently and often exclusively detected in methane seep
environments with sediment profiles indicative of anaerobic methane oxidation activity
(62, 88, 122, 169). As reported by Orphan et al. (122), the ANME-2 cluster can be
divided into three distinct subgroups designated A, B and C. A total of 41 clones from
our study can be assigned to either the A or C subgroups (Table 2.3), with none of the
GoM clones being related to the ANME-2 subgroup B. In addition to these subgroups, a
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Figure 2.4

Phylogenetic tree of relationships of 16S rRNA gene archaeal clone

sequences, as determined by distance Jukes-Cantor analysis, from GoM seep sediments
overlaying surface-breaching gas hydrate mounds (in boldface) to selected cultured
isolates and environmental clones. Designations of environmental clone sequences are
AD, anaerobic digester; ER, Eel River; HV, hydrothermal vent; MA, Mid-Atlantic Ridge;
SA, South Aegean; SB, Santa Barbara Basin; SM, salt marsh. Genbank accession
numbers are in parentheses.

One thousand bootstrap analyses were conducted and

percentages greater than 50% are reported. Pseudomonas aeruginosa was used as the
outgroup. The scale bar represents the expected number of changes per nucleotide
position.
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fourth lineage, ANME-2 subgroup D, was identified (Figure 2.4) to incorporate those
clones represented by GoM GC234 606R (Table 2.3). The remaining clones associated
with Methanosarcinales are most closely related to environmental clones from the GoM
(>98% similarity) (88) and the cultured isolate Methanothrix soehngenii (40) (>91%
similarity). A total of 25 of the 126 clones were related to the ANME-1 clade (Table 2.3).
With the exception of one phylotype (GoM GC234 633R), all ANME-1-related clones
were >93% similar to 16S rRNA gene clones derived from nucleic acids extracted from
other methane seep sediments (62, 88, 122, 170). In the present study, clones related to
Methanomicrobiales comprised 14% of the total Archaea library (Table 2.3). As
observed with ANME-1 and Methanosarcinales-related clones, these particular clones
were most closely related to non-cultured phylotypes [Figure 2.4; (112, 170)].
The remaining 16% of the Archaea clones were either related to nonmethanogenic Euryarchaeota (i.e., Thermoplasmales; n=7) or to Crenarchaeota (n=13).
The four clones represented by GoM GC234 024R are most related to environmental
clones (>94% similar) isolated from methane-rich seep sediments (62) and sediment-free
hydrate from the GoM (88) and only distantly related to cultured Thermoplasmales sp.
(75% similar). In addition, the three clones represented by phylotypes GoM GC234 007R
and GoM GC234 643R are also only distantly related (78% similar) to other previously
identified environmental clones [Figure 2.4; (110)]. As observed with the
Thermoplasmales-related clones, the Crenarchaeota-related clones are most closely
related (>92% similar) to marine environmental clones (135, 166). This is the first report
of Methanomicrobiales-related (14% of total library) and Crenarchaeota-related (10% of
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total library) sequences obtained from the GoM hydrate-sedimentary system (Table 2.3
and Figure 2.4).

2.4.5

Phylogenetic diversity of ANME archaea
To better elucidate the members of the ANME-1 and ANME-2 phylotypes, we

constructed 16S rRNA gene libraries based on primer sets for putative anaerobic methane
oxidizing Archaea (172). A total of 138 ANME clones grouped into 22 RFLP patterns
and representatives were sequenced (Table 2.3).

The most frequently recovered

phylotypes (n=116) were related to either the ANME-2 (44% of all clones; Table 2.3) or
Methanomicrobiales (40% of all clones). In contrast to the Archaea library (ANME-1;
n=25), the resulting GoM ANME library contained few ANME-1 clones (n=2), whereas
7% of the clones were related to Thermoplasmales (Figure 2.5). Instead, as much as 44%
of the clone sequences were most closely related to the ANME-2 group. Although
ANME-2-related sequences are indeed frequently present in Archaea libraries from other
high-flux methane-rich cold seep sediment systems (10, 62, 122) and coastal marine
habitats (112), we cannot rule out the possibility that the ANME primer set used to
construct our GoM ANME library is biased against ANME-1-related groups.
Sequences of ANME-2-related clones were most similar (>94%) to HV Clone
G72_C12 (unpublished, GenBank accession no. AF356643) isolated from nucleic acids
recovered from the Guaymas Basin (Figure 2.5). While our Archaea library lacks clones
related to ANME-2 subgroup B, clones related to both ANME-2 subgroups A and C were
present (122). Interesting, our GoM ANME library contained ANME-2 related sequences
solely represented by members in a yet to be described clade we are designating ANME-
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Figure 2.5 Phylogenetic tree of relationships of 16S rRNA gene putative anaerobic
methane oxidizing archaeal clone sequences, as determined by distance Jukes-Cantor
analysis, from GoM seep sediments overlaying surface-breaching gas hydrate mounds (in
boldface) to selected cultured isolates and environmental sequences. Designations of
environmental clone sequences are ER, Eel River Basin; HV, hydrothermal vent; SB,
Santa Barbara Basin; SM, salt marsh.

Pseudomonas aeruginosa was used as the

outgroup. Genbank accession numbers are in parentheses.

One thousand bootstrap

analyses were conducted and percentages greater than 50% are reported. The scale bar
represents the expected number of changes per nucleotide position.
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2D. Again, while primer bias may occur it is important to note that clones related to
ANME-2D clade were also obtained in our Archaea library. Although no cultivated
isolates were closely related to this tightly branching ANME-2D clade, the same
environmental clone, HV Clone G72_C12 from Guaymas Basin was most closely related
(94% similarity) to clone sequences from the GoM Archaea and ANME libraries.
Interestingly, clones from this phylotype were less then 86% similar to previously
identified ANME-2 subgroups A, B and C (122).
As previously seen with ANME-2, the majority of the clones (44 of 55) related to
Methanomicrobiales were most similar to rRNA gene sequences from Guaymas Basin
hydrothermal sediments [Figure 2.5; (170)]. The remaining 11 Methanomicrobialesrelated clones are most similar to Methanospirillum hungatei (>91%), one of the few
cultured members of the family Methanospirillaceae reported to date (11). The
Methanomicrobiales-related clones comprise 40% of the total ANME library, however
this cluster has not previously been linked to anaerobic methane oxidation. Although
such clones may be due to primer bias, Methanomicrobiales share common physiological
traits with Methanosarcinales and thus may contain ANME related phylotypes. Due to
the lack of sequence information and cultivated ANME isolates to compare, we cannot
rule out that this group may represent an additional cluster of anaerobic methane
oxidizing archaea.
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2.5

Conclusion

To date, few studies have addressed the microbial ecology of the hydrocarbonrich GoM seep sediments and associated gas (i.e., methane) hydrate habitats. The
composition of these communities, as determined by our 16S rRNA gene analyses, lends
further support to recent geochemical findings (74, 189) indicating that anaerobic
methane oxidation is a predominate microbial process in the GoM gas hydrate ecosystem.
A recent molecular characterization of microbes extant in a single gas hydrate sample
recovered from piston-cored sediment collected from a deep water site also located in the
GoM (AT425, 1,920 m; Figure 1.1) resulted in vastly different dominant Bacteria and
Archaea populations (88). Lanoil et al. (88) observed a surprisingly low percentage of δProteobacteria (5%) and failed to detect any ε-Proteobacteria. Instead, their libraries
were dominated by sequences related to Actinobacteria (26%), γ-Proteobacteria, nonANME-2 Methanosarcinales (30%) and ANME-1 (17%) groups. This is in contrast to
our results and other seep sediment studies (62, 122, 170) in which δ- and εProteobacteria and ANME-2-related sequences dominated. Such differences serve to
highlight the diversification and potential specialization of microbial communities
associated with GoM gas hydrate and associated sedimentary niches.
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CHAPTER 3

CHARACTERIZATION OF MICROBIAL COMMUNITY STRUCTURE IN GULF OF
MEXICO GAS HYDRATES: A COMPARATIVE ANALYSIS OF DNA- AND RNADERIVED CLONE LIBRARIES

3.1

Abstract

A molecular phylogenetic approach was used to characterize the metabolically
active fraction of the microbial communities extant at the sediment/hydrate interface and
in sediment-free hydrate from active cold seeps in the northern Gulf of Mexico. Samples
were obtained using a specialized hydrate chipper designed for use on the mannedsubmersible Johnson Sea Link (water depth approximately 550 m). Geochemical analysis
and extracted RNA and DNA concentrations indicated increased metabolic activity at the
sediment/hydrate interface relative to the sediment-free hydrate. Phylogenetic analysis of
RNA- and DNA-derived clones indicated more diversity at the sediment/hydrate
interface. Numerous phylotypes were isolated exclusively from a single sample type
indicating a potential niche specialization for some lineages. A majority of clones
obtained from the metabolically active fraction of the microbial community were most
related to putative sulfate reducing bacteria and anaerobic methane oxidizing archaea.
Several novel bacterial and archaeal phylotypes with no previously identified closely
related cultured isolates were detected in both RNA- and DNA-derived clone libraries.
This study represents the first phylogenetic analysis of the metabolically active fraction
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of the microbial community extant at the sediment/hydrate interface and in sediment-free
hydrate.

3.2

Introduction

Marine gas hydrates, ice-like crystalline solids, are composed of rigid water
molecules with trapped gas molecules, primarily methane and other hydrocarbons. In
addition to their potential use as a fossil fuel energy source (55), the estimated global
occurrence of submarine methane hydrates exceeds 1016 m3 (39, 55), highlighting the
impact of hydrates on global carbon cycling, climate conditions, and seafloor stability
(86, 91, 127, 143, 150). Gas hydrate reservoirs are distributed in the sediments of active
and passive continental slope margins as well as terrestrial (i.e., permafrost) regions
(156). The stable formation of gas hydrates is dependent upon suitable gas, temperature
and pressure conditions (reviewed in (15)). Geological and chemical conditions in the
northern continental slope of the Gulf of Mexico (GoM) promote the formation of gas
hydrates where seepage of hydrocarbon gases form extensive surface-breaching mounds
on the seafloor as well as vast vein-filling hydrates in hemi-pelagic sediments (122).
Geochemical characterizations, including gas composition and isotopic ratios of
surface breaching hydrate in the GoM have been well documented (13, 145, 146, 156).
The growth and dissolution of GoM hydrate mounds has also been observed with
changes in mound size and shape evident over a period of months (97). Such hydrate
growth patterns would increase fluid and solid (i.e., sediment) inclusions as well as
increase the frequency of interconnecting flaws and fissures (176). Thus, Sassen et al.
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(150) have proposed that rapidly growing hydrate crystals on the outer layers of hydrate
mounds, such as those found in the GoM (144), can be colonized by microorganisms.
While rate measurements indicate that active microbial populations are present in the
distinct layers of solid gas hydrate (121), information regarding the composition of the
corresponding metabolically active fraction of the microbial communities extant in these
hydrate environments is lacking. Thus, the characterization of microbial assemblages
within solid hydrate, especially those that may be physiologically active under in situ
hydrate conditions, is essential to gain a better understanding of the effects and
contributions of microbial activities on GoM hydrate ecosystems.
In the present study, nucleic acids (DNA and RNA) were extracted from samples
representing two distinct layers of a gas hydrate environment.

One layer denoted

‘interior hydrate’ refers to the solid materials collected from within the interior portion of
solid gas hydrate (> 5 cm from the outside surface) entirely devoid of sediment particles.
The second layer, denoted ‘sediment-entrained hydrate’ refers to materials collected at
the interface between the interior portion of the hydrate (IH) and the sediment directly in
contact with hydrate. Sediment-entrained hydrate (SEH) samples were mainly composed
of solid gas hydrate with less than 5% of the mix composed of sediment particles. The
primary objective of this study was to characterize the metabolically active fraction of the
microbial communities present in these distinct hydrate layers.

Total rRNA was

extracted from the IH and SEH layers and subjected to reverse transcription-polymerase
chain reaction (RT-PCR) with primers specific for the Bacteria and Archaea domains.
Co-extracted DNA was also amplified with Bacteria and Archaea domains so that
comparisons to the RNA-derived 16S rRNA gene libraries could be made. This study is
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the first phylogenetic analysis of interior hydrate-associated microbial communities from
surface-breaching GoM gas hydrate mounds and the first report of the metabolically
active fraction of IH- and SEH-associated microbial communities.

3.3

3.3.1

Materials and methods

Gulf of Mexico site description and sample collection

The study site, GC 234 (575 m depth) is located in the Green Canyon area in the
northern Gulf of Mexico (GoM) continental slope province at 27°44'N, 91°13'W. A
detailed site description has recently been reported in Orcutt et al. (121). This area
contained oil and gas seepage with extensive (i.e., meters thick) surface breaching gas
hydrate mounds and displaced sediments colonized by chemosynthetic tube worms,
mussels and polychaete ice worms (45, 49, 157). Samples of solid gas hydrate with
overlying sediment drape were collected from visible gas hydrate mounds during
multiple dives of the Johnson Sea Link manned submersible in July 2002. Recovery,
preservation and storage of solid gas hydrate samples and shipboard manipulations have
been described in detail in Mills et al. (108). Solid gas hydrate with overlying, entrained
sediment was aseptically divided into i) sediment-entrained solid hydrate (SEH) and ii)
interior solid hydrate (IH). SEH samples were composed of solid gas hydrate with
generally no more than 5% of the mix being sediment particles. IH samples were
composed of interior solid hydrate devoid of any sediment, acquired by aseptically
cutting and paring away the outer sediment-entrained layers of intact solid gas hydrate
(12 cm diameter). Multiple aliquots (150-250 g) of SEH and IH were subsequently stored
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in liquid N2. Direct cell counts were performed on unfrozen aliquots (0.5 g wet wt) of
displaced, overlying sediment, SEH and IH samples as previously described (131).
Replicate samples were processed for geochemistry (i.e., gas composition and anion
concentrations) and microbial activity rate measurements of sulfate reduction and
methane oxidation. Relevant geochemical and rate data was included in Table 3.1 and a
description of the (geo)chemistry of these samples has been reported (121).

3.3.2

Preparation of reagents and materials used for RNA extraction

Prior to nucleic acid extraction, RNases were removed from solutions and solids
by treating stock solutions and water with 0.1% diethylpyrocarbonate (DEPC) overnight
at 37oC and autoclaving. All glassware and non-plastics were baked at 250oC for 24 h.
All surfaces and plastics were cleaned with RNase Erase (ICN, Aurora, OH) to remove
contaminating RNases during shipboard and laboratory manipulations.

3.3.3 RNA and DNA isolation
Total nucleic acids from triplicate samples of SEH and IH aliquots (50-100 g)
were extracted as described in Hurt et al. (66). In brief, SEH and IH samples stored in
liquid N2 were repeatedly thawed by physical grinding in the presence of a denaturing
solution (4 M guanidine isothiocyanate, 10 mM Tris-HCl [pH 7.0], 1 mM EDTA, 0.5%
2-mercaptoethanol) and refrozen by immersion in liquid N2. The SEH and IH samples
were incubated 30 min at 65oC in pH 7.0 extraction buffer (100 mM sodium phosphate
[pH 7.0], 100 mM Tris-HCl [pH 7.0], 100 mM EDTA [pH 8.0], 1.5 M NaCl, 1%
hexadecyltrimethylammonium bromide [CTAB], and 2% SDS) and centrifuged (1,800 ×
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Table 3.1
Biogeochemical profile of sediment/hydrate interface and sediment-free hydrate samples
Sample Type

Cells g-1

RNA
(µg g-1)

DNA
(µg g-1)

RNA:DNA

Sulfate
(mM) b

Sediment overlying
hydrate

4.3 x 108 ±
4.8 x 107 c

NDd

ND

ND

Sediment-entrained
hydrate

2.0 x 107 ±
4.2 x 106

11.4

11.5

0.99
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0.9
3.6
0.25
4.3 x 106 ±
2.1 x 106
abbreviations: AOM, anaerobic oxidiation of methane; SR, sulfate reduction

Interior hydrate
a

12.3 ± 1.4

AOM a
(nmol cm-3
day-1) b
0.60 ± 0.2

SR a
(nmol cm-3
day-1) b
76.2 ± 20.8

9.5 ± 1.0

0.13 ± 0.1

23.0 ± 1.0

3.2 ± 2.1

0.28 ± 0.3

3.2 ± 4.1

b

previously reported in Orcutt et al. (121) from the same samples as used in this study

c

previously reported in Mills et al. (108) from samples acquired at GC234 in July 2001

d

not determined

165

g for 10 min). The supernatants from three separate extractions were pooled, extracted
with 24:1 (v/v) chloroform-isoamyl alcohol and centrifuged (1,800 × g for 20 min). The
nucleic acids were precipitated at room temperature with isopropanol (30 min), pelleted
by centrifugation (16,000 × g for 20 min), resuspended in DEPC-treated water and
subsequently purified by ion exchange chromatography (66, 158) into DNA- and RNAonly aliquots.

3.3.4

Reverse transcription of ribosomal RNA

Aliquots of ribosomal RNA were reverse transcribed (RT) with MMLV reverse
transcriptase according to manufacturer’s instructions (Invitrogen, CA). Purified RNA
was initially denatured by heating (65oC) for 10 min. The RT reaction mix consisted of 5
µM of a 16S rRNA reverse primer amplifying either domain-specific Bacteria, i.e.,
DXR518 (5’-CGTATTACCGCGGCTGCTGG-3’) (120) or Archaea, i.e., Ar958r (5’YCCGGCGTTGAMTCCAATTT-3’) (33), 50-100 ng of denatured RNA and 200 µM
dNTPs. The mix was incubated for 5 min at 65oC and 2 min at 4oC followed by the
addition of 1 × 1st Strand Buffer (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2)
and 75 U RNase inhibitor and heating at 37oC for 2 min. MMLV (200 U) was added prior
to a 50 min incubation at 37oC that resulted in transcription of the RNA into crDNA. The
crDNA end product was used as template for a standard PCR reaction. DNA
contamination of RNA templates was routinely monitored by PCR amplification of
aliquots of RNA that were not reverse transcribed. No contaminating DNA was detected
in any of these reactions. The primers used for standard PCR amplification included the
above reverse primers and 16S rRNA gene forward domain-specific Bacteria, i.e., 27F
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(5’-AGAGTTTGATCCTGGCTCAG-3’),

and

Archaea,

i.e.,

A341f

(5’-

CCTAIGGGGIGCAICAG-3’) (179) primers. The PCR reaction mix contained 10-50 ng
crDNA, 1× PCR buffer (Stratagene, CA), 1.5 mM MgCl2, 200 µM of each dNTP, 1 pmol
of each forward and reverse primer, and 0.025 U µl-1 TaKaRa TaqTM (TaKaRa, Japan).
Amplicons were analyzed on 1.0% agarose gels run in TBE buffer, stained with ethidium
bromide and UV illuminated.

3.3.5

Environmental clone library construction.

Aliquots of purified DNA (1 µl, corresponding to the DNA recovered from
approximately 0.5-1.0 g sample) were PCR amplified as previously described (108). 16S
amplicons, derived from SEH and IH DNA (e.g., 16S rRNA gene) and RNA (e.g., 16S
crDNA) samples, were subsequently pooled from three to five reactions, purified with the
Qiaquick gel extraction kit (Qiagen, CA) and cloned into the TOPO TA cloning vector
pCR2.1 according to manufacturer’s instructions (Invitrogen, CA). Cloned inserts were
amplified from lysed colonies with the following primers specific for either the vector,
i.e.,

M13F

(5’-GTAAAACGACGGCCAG-3’)

and

M13R

(5’-

CAGGAAACAGCTATGAC-3’) or the Archaea amplicons, i.e, A341f (179) and Ar958r
(33). The M13F/R primers were used to amplify inserts from bacterial clones to prevent
amplification of the Escherichia coli host 16S rRNA gene. PCR products of bacterial
clones were digested (2 h, 37oC) with MspI and HhaI and with HhaI and RsaI for
archaeal clones.

Clones were grouped according to restriction fragment length

polymorphism (RFLP) patterns and representative clones sequenced as previously
described (108). Representative clones from all phylotypes in each library, with the
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exception of the DNA-derived bacteria library constructed from the SEH samples, were
sequenced. Phylotypes from the SEH DNA library having more than one clone member
and a random selection of phylotypes with a single clone representative were sequenced.
Sequencing was performed at the Georgia Institute of Technology core DNA facility
using a BigDye Terminator v3.1 Cycle sequencing kit on an automated capillary
sequencer (model 3100 Gene Analyzer, Applied Biosystems). Inserts were sequenced
multiple times on each strand. Prior to comparative sequence analysis, vector sequences
flanking bacterial 16S rRNA gene and crDNA inserts were manually removed. A total of
97 sequences representing 374 Bacteria and Archaea clones were obtained in this study.

3.3.6

Phylogenetic and statistical analyses.

Sequence analysis was preformed as previously described in Mills et al. (108,
109). Multiple sequences of individual inserts were initially aligned using the program
‘BLAST 2 Sequences’ (167) available through the National Center for Biotechnology
Information and assembled with the program BioEdit v5.0.9 (57). Sequences were
checked for chimeras using Chimera Check from Ribosomal Database Project II (99).
Sequences from this study and reference sequences, as determined by BLAST analysis,
were subsequently aligned using CLUSTALX v1.81 (171). An average of 500 (Bacteria
clones) to 600 (Archaea clones) nucleotides were included in the final phylogenetic
analyses. Neighbor-Joining trees were created from the shortened sequence alignments.
The bootstrap data represented 1,000 samplings. The final trees were viewed using
NJPlot

(130)

and

TreeView

http://taxonomy.zoology.gla.ac.uk/rod/treeview.html.
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v1.6.6

available

Rarefaction

analysis

at
was

performed using equations as described in Heck et al. (60). Standard calculations were
used to produce the rarefaction curve using the total number of clones obtained compared
to the number of clones representing each unique RFLP pattern. Sorensen’s index and
Shannon-Weiner index were calculated using standard equations. Species richness was
determined by the EstimateS (20, 26, 27). Additional statistical estimators, including
gene (113) and nucleotide (113, 165) diversity, θ(π) (165), FST (155) and P tests (101),
were calculated using Arlequin (154). Lineage-per-time plots were constructed from
TreePuzzle (http://www.tree-puzzle.de) pairwise alignments assuming a molecular clock.

3.3.7

Nucleotide sequence accession numbers

The 97 16S rRNA gene and 16S crDNA nucleotide sequences have been
deposited in the GenBank database under accession numbers AY542171-AY542267.

3.4

Results

The composition of the Bacteria and Archaea community in a gas hydrate
environment in the GoM was determined by 16S rRNA gene phylogenetic analyses of
clone libraries derived from RNA and DNA extracted from sediment-entrained hydrate
(SEH) and interior hydrate (IH). The purified RNA was of sufficient quality and quantity
to be reverse transcribed.

The concentration of recovered RNA and DNA and the

corresponding RNA:DNA ratios were significantly higher in the SEH layer compared to
the IH layer (Table 3.1). Quantification of microbial cell numbers in the overlying
sediment indicated a one- to two-order of magnitude higher cell count relative to either
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the SEH or IH layers (Table 3.1). A similar trend was observed in sulfate reduction (SR)
rates where the highest rates were measured in the overlying sediment and the lowest
rates in the IH layer (Table 3.1). Higher rates of anaerobic oxidation of methane (AOM)
were detected in the IH layer relative to the SEH (Table 3.1). The highest rate of AOM
(0.60 + 0.2 nmol cm-3 day-1) was measured in the overlying sediment.

3.4.1

RFLP and statistical analyses of 16S rRNA-based libraries

Four different 16S rRNA-based libraries were constructed representing a total of
99 Bacteria 16S rRNA gene clones (DNA-derived), 97 Bacteria 16S complementary
rDNA clones (RNA-derived, denoted crDNA), 100 Archaea 16S rRNA gene clones and
97 16S crDNA clones from IH and SEH layers. All clones were grouped according to
restriction fragment length polymorphism (RFLP) patterns and subjected to rarefaction
and percent coverage analysis to determine if a sufficient number of clones from each of
the libraries were sampled to estimate library diversity (54). Curves reached saturation
for Archaea clones obtained from either DNA or RNA (data not shown). The percent
coverage for the Archaea clone libraries was greater than 92% with the exception of the
DNA-derived library from the SEH (82%; Table 3.2). All Archaea clones libraries had
significant (P<0.05) FST and P tests (data not shown) while lineage-per-time plots were
similar to plots indicative of constant birth and deaths (data not shown) (101). Greater
gene and nucleotide diversity, and θ(π) values were observed in IH DNA-derived
libraries, whereas these indices were higher in the SEH layer RNA-derived libraries
(Table 3.2).
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Table 3.2
Statistical analysis of Bacteria and Archaea 16S rRNA gene clone libraries using standard ecological and molecular estimates of
sequence diversity
Domain

Nucleic Acid Sample No. of Clones No. of Percent
Species
Sampled
Layer Screened
OTUs Coverage (%) Richness

Bacteria

DNA

RNA

67

Archaea

DNA

RNA

a
b

SEH
IH
Total

34
46
80

35
26
55

42.9
64.0
60.6

69 (57, 81)a
45 (38, 53)
77 (71, 82)

SEH
IH
Total

48
49
97

18
22
30

81.3
75.5
83.5

37 (14, 60)
39 (30, 47)
50 (44, 57)

SEH
IH
Total

50
50
100

12
14
20

82.0
92.0
94.0

33 (22, 45)
15 (14, 16)
24 (22, 27)

SEH
IH
Total

49
48
97

6
4
7

95.9
97.9
96.9

7 (4, 10)
4 (4, 4)
9 (4, 14)

parenthesis indicate 95% confidence intervals
standard deviation

Sorensen's ShannonGene Diversity Nucleotide Diversity θ(π)
Index
Weiner Index

0.238

2.785
2.762
3.168

0.95 + 0.02b
0.93 + 0.02
0.95 + 0.01

0.22 + 0.11b
0.24 + 0.12
0.23 + 0.11

85.0 + 41.7b
97.5 + 47.4
96.0 + 46.2

0.500

2.591
2.811
2.946

0.93 + 0.02
0.94 + 0.02
0.94 + 0.01

0.17 + 0.08
0.17 + 0.08
0.17 + 0.08

82.0 + 39.9
76.8 + 37.3
83.0 + 39.9

0.519

1.675
2.375
2.527

0.72 + 0.05
0.91 + 0.02
0.90 + 0.02

0.08 + 0.04
0.21 + 0.10
0.17 + 0.08

23.3 + 11.6
58.9 + 28.7
46.4 + 22.5

0.600

1.301
0.897
1.293

0.69 + 0.04
0.49 + 0.07
0.69 + 0.02

0.08 + 0.04
0.04 + 0.02
0.07 + 0.03

44.7 + 21.9
23.3 + 11.6
38.3 + 18.6

Rarefaction curves generated for Bacteria 16S rRNA gene and crDNA clones did
not indicate saturation (data not shown). The percent coverage for the RNA-derived
clones libraries ranged from 76% for the IH to 81% for the SEH layer. Both of these
DNA-derived Bacteria libraries had a percent coverage less than 64% (Table 3.2). FST
and P tests were insignificant (P>0.05) for all Bacteria libraries (data not shown). In
addition, little difference was observed for gene and nucleotide diversity, ShannonWeiner indices and θ(π) values calculated for the four Bacteria libraries (Table 3.2). In
contrast to the Archaea libraries, Bacteria lineage-per-time plots were indicative of
populations with an excess of highly divergent lineages (data not shown) (101).

3.4.2

Bacteria community structure based on 16S rRNA gene sequence

analyses
Analysis of the 16S rRNA gene Bacteria clones obtained from the SEH and IH
layers revealed the greatest phylogenetic diversity relative to the other clone libraries
(Table 3.2). The vast majority of Bacteria clones obtained were most related to as yet
uncultured lineages (Table 3.3). A total of 53 RFLP patterns (data not shown)
representing eight distinct lineages and 55 phylotypes were detected. Representatives
from 37 phylotypes, i.e., 13 phylotypes comprising more than one clone and 24
phylotypes incorporating a single clone, were sequenced and analyzed. All frequency
calculations are based on the number of clones represented by phylotypes that have been
sequenced (n = 80). No one lineage was numerically dominant in these DNA-derived
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Table 3.3
Summary of 16S rRNA gene sequences from sediment entrained hydrate and interior hydrate Bacteria clone libraries.
Clone
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GoM IDB-15
GoM HDB-20
GoM HDB-32
GoM IDB-43
GoM IDB-01
GoM HDB-12
GoM HDB-06
GoM IDB-47
GoM IDB-21
GoM IDB-33
GoM HDB-02
GoM HDB-15
GoM HDB-07
GoM HDB-31
GoM IDB-24
GoM HDB-03
GoM HDB-23
GoM HDB-37
GoM IDB-09
GoM IDB-35
GoM IDB-50
GoM HDB-21
GoM HDB-18

Total Number Sediment
of Related
Entrained
Clones
Hydrate
4
4
3
0
2
0
1
1
1
1
1
0
2
0
2
1
1
1
1
1
11
4
1
0
3
0
1
0
2
2
2
0
1
0
1
0
1
1
1
1
1
1
7
2
1
0

Interior
Hydrate
0
3
2
0
0
1
2
1
0
0
7
1
3
1
0
2
1
1
0
0
0
5
1

Nearest Relative

Phylogenetic Group

Similarity
(%)

HS Clone GCA017
HS Clone GCA017
GoM Clone AT425 EubF5
GoM Clone AT425 EubF5
CM Clone Hyd89-52
CM Clone Hyd89-52
MB Clone NaphS2
FW Clone FW117
WW Clone SR FBR E86
GoM GC234 610E
GB Clone C1 B011
GoM GC185 036E
GoM GC185 546E
GoM GC185 546E
GB Clone C1 B004
HS Clone GCA112
WW Clone CARB ER2 5
DSS Clone t0.6.f
HV Clone P. palm A11
MC Clone Eub 6
TS Clone O1aA2
GoM GC234 604E
GoM GC234 604E

Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Epsilonproteobacteria
Epsilonproteobacteria
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Firmicutes
Firmicutes

95
99
93
91
98
98
92
90
89
97
98
96
99
99
97
94
89
90
85
87
90
97
88
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Table 3.3 (continued)
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GoM HDB-46
GoM IDB-10
GoM IDB-30
GoM IDB-40
GoM IDB-03
GoM HDB-19
GoM HDB-48
GoM HDB-08
GoM IDB-04
GoM HDB-04
GoM IDB-08
GoM HDB-09
GoM HDB-22
GoM IDB-27

1
1
1
1
2
1
1
1
1
13
3
1
1
1

0
1
1
1
1
0
0
0
1
5
3
0
0
1

1
0
0
0
1
1
1
1
0
8
0
1
1
0

GoM GC234 604E
GoM GC234 604E
GoM GC234 604E
GoM GC234 604E
Clostridium sp.
RC Isolate DSM 44180
Verrucomicrobia Clone LD1-PA26
SO Clone OHKB16.85
TCE Clone ccslm2126
HS Clone GCA025
HS Clone GCA018
GoM GC185 546E
CM Clone Hyd24-12
RP Clone P2D6
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Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Verrucomicrobales
Verrucomicrobales
Actinomycetales
Spirochaetales
HAB
HAB
HAB
Un. 1
Un. 2

95
95
95
96
87
89
86
94
83
99
98
99
95
94

clone libraries (Table 3.3). Five of the eight lineages detected, i.e., δ - and

ε−Proteobacteria, Chloroflexi, Firmicutes and Hydrocarbon-Associated Bacteria (Figure
3.1 and 3.2), comprised between 15 and 23% of the total 16S rRNA gene library (Table
3.3). A majority of the proteobacterial-related clones (18 of 30) were most similar to the

δ-Proteobacteria and grouped into 10 different phylotypes (Table 3.3). The phylotype
denoted GoM IDB-15 was one of five δ-related phylotypes detected only in the SEH
layer (Table 3.3). Although only one of the 10 δ-related phylotypes, GoM IDB-47, was
detected in both hydrate layers, comparable percentages of δ-related clones were
observed in the SEH- (27%) and IH-derived (20%) libraries (Figure 3.3). The remaining
12 Proteobacteria-related clones, 15% of the total Bacteria 16S rRNA gene library, were
related to the class ε−Proteobacteria (Table 3.3, Figure 3.1). One phylotype, GoM HDB02, represented the majority of the ε−related sequences detected (Table 3.3).
A majority of the 16S rRNA gene Bacteria clones (63%; Table 3.3) were related
to 4 non-Proteobacteria lineages including Chloroflexi, Firmicutes, Verrucomicrobiales,
and Spirochaetales, and three as yet uncharacterized groups designated Hydrocarbon
Associated Bacteria, Unclassified Bacteria group 1 and Unclassified Bacteria group 2
(Figure 3.2). The second most frequently detected group of phylotypes (21% of all rRNA
gene clones; Table 3.3) was most closely related to the Hydrocarbon Associated Bacteria
(HAB), a distinct clade within the phylum Chloroflexi (Figure 3.2). The HAB-related
phylotype GoM HDB-04 was the most numerically abundant phylotype in the Bacteria
library (16%; Table 3.3). Nine distinct Chloroflexi-related phylotypes were detected
(Table 3.3), however none of these phylotypes co-occurred in the SEH and IH layers.
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Figure 3.1 Phylum Proteobacteria phylogenetic tree of relationships of 16S rRNA gene
and 16S crDNA bacterial clone sequences, as determined by distance Jukes-Cantor
analysis, from GoM GC234 SEH and IH samples (in boldface) to selected cultured
isolates and environmental clones. Genbank accession numbers are in parentheses. One
thousand bootstrap analyses were conducted and percentages greater than 50% are
reported. Methanosarcina acidovorans was used as the outgroup. The scale bar
represents the expected number of changes per nucleotide position.
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Figure 3.2 Non-Proteobacteria phyla phylogenetic tree of relationships of 16S rRNA
gene and 16S crDNA bacterial clone sequences, as determined by distance Jukes-Cantor
analysis, from Gulf of Mexico GC234 SEH and IH samples (in boldface) to selected
cultured isolates and environmental clones. Genbank accession numbers are in
parentheses. One thousand bootstrap analyses were conducted and percentages greater
than 50% are reported. Methanosarcina acidovorans was used as the outgroup. The scale
bar represents the expected number of changes per nucleotide position.
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Sediment-Entrained Hydrate
DNA-derived

A.

Interior Hydate
B.

Un. 2
(3%)

HAB
(20%)

Deltaproteobacteria
(27%)

HAB
(24%)

Un. 1
(2%)

Deltaproteobacteria
(20%)

Firmicutes
(17%)

Firmicutes
(18%)
Spirochaetales
(3%)

Epsilonproteobacteria
(12%)
Chloroflexi
(15%)

76
RNA-derived

C.
Spirochaetales Firmicutes
(2%)
(2%)
Chloroflexi
(6%)

Deltaproteobacteria
(90%)

Epsilonproteobacteria
Actinomycetales
(17%)
(2%)
Verrucomicrobia Chloroflexi
(4%)
(17%)

D.
HAB
(2%)
Chloroflexi
(6%)

Deltaproteobacteria
(86%)

Un. 1
(2%)

Un. 2
(4%)

Figure 3.3 Frequency of bacterial phylogenetic lineages detected in 16S rRNA gene and
16S crDNA clone libraries derived SEH and IH samples. Calculations were made based
on the total number of clones associated with phylotypes from which a representative
clone had been sequenced. Charts A and B are representative of DNA-derived clone
libraries. Charts C and D are representative of RNA-derived clone libraries. Each chart
represents approximately 50 clones.
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With the exception of the Firmicutes-related phylotype GoM HDB-21, detected 2.5-fold
more frequently in the IH layer, the majority of Firmicutes-related clones exhibited a
similar spatial pattern (Table 3.3). In contrast, the Firmicutes-related clones as a group,
representing 18% of the total DNA-derived Bacteria library, were detected at similar
percentages in both hydrate layers (Figure 3.3). Comparable observations were not
possible in the Spirochaetales and Actinomycetales lineages as each of these taxonomic
groups was represented by single phylotypes, incorporating one clone each (Table 3.3).

3.4.3 Determination of the metabolically active fraction of the Bacteria
community
Analysis of the 95 16S crDNA Bacteria clones revealed a greater diversity
relative to the Archaea clone libraries (Table 3.2) and predominately, included sequences
most related to uncultured bacterial lineages (Table 3.4). A total of 30 distinct RFLP
patterns were detected with clones representing five phylogenetic lineages (Table 3.4,
Figure 3.1 and 3.2). A majority of the Bacteria crDNA clones from the SEH (90%) and
IH (86%) layers were related to the class δ-Proteobacteria (Figure 3.3). However, only
three of the twenty δ-Proteobacteria-related phylotypes, i.e., clones GoM IRB-06, GoM
HRB-10 and GoM IRB-21 (Table 3.4), comprised more than 10% of the RNA-derived
library. Interestingly, while nine phylotypes contained clones isolated from both hydrate
layers (Table 3.4), the δ-related phylotype GoM IRB-16 was the only phylotype with
more than two members isolated only from one hydrate layer. In addition, GoM IRB-06
and GoM HRB-10 phylotypes appeared at a greater frequency in a single hydrate layer
(i.e., two- and three-fold more prevalent in the SEH or IH, respectively; Table 3.4).
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Table 3.4
Summary of 16S crDNA sequences from sediment entrained hydrate and interior hydrate Bacteria clone libraries.
Clone
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GoM IRB-06
GoM IRB-10
GoM HRB-23
GoM HRB-21
GoM IRB-11
GoM HRB-18
GoM HRB-32
GoM HRB-10
GoM IRB-08
GoM IRB-21
GoM IRB-17
GoM IRB-16
GoM HRB-49
GoM IRB-27
GoM HRB-16
GoM HRB-02
GoM IRB-18
GoM IRB-03
GoM HRB-03
GoM HRB-05
GoM HRB-12

Total Number
of Related
Clones
12
5
2
1
8
1
1
12
2
10
6
8
1
6
4
2
1
1
1
1
2

Sediment
Entrained
Hydrate
8
3
0
0
4
0
0
3
2
5
3
8
0
3
1
1
1
1
0
0
1

Interior
Hydrate
4
2
2
1
4
1
1
9
0
5
3
0
1
3
3
1
0
0
1
1
1

Nearest Relative

Phylogenetic
Group

GoM Clone AT425 EubF5
GoM Clone AT425 EubF5
GoM Clone AT425 EubF5
GoM Clone AT425 EubF5
CM Clone Hyd89-52
CM Clone Hyd89-52
CM Clone Hyd89-52
ER Isolate Eel-36e1H6
ER Isolate Eel-36e1H6
Desulfobacter postgatei DSM 2034
Desulfobacter postgatei DSM 2034
SC Clone NS-01
SC Clone NS-01
ER Clone Eel-BE1B3
AC Clone SJA-63
GB Clone B01R011
SS Clone Sva0081
DV Clone 33-PA95B98
MC Clone UASB TL12
CM Clone Hyd89-63
YS Clone OPB11

Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Chloroflexi

59

Similarity
(%)
89
89
89
89
99
98
98
92
91
94
94
88
88
91
89
96
92
96
92
91
91

Table 3.4 (continued)
GoM IRB-02
GoM IRB-04
GoM HRB-19
GoM HRB-30
GoM IRB-39
GoM IRB-26
GoM HRB-39
GoM HRB-14
GoM HRB-07

1
1
1
1
1
1
1
1
2

1
1
0
0
1
1
0
0
0

0
0
1
1
0
0
1
1
2

HI Clone LAS-B16N
GB Clone a2b046
GB Clone a2b046
GoM GC185 546E
Spirocaeta sp. BHI80-158
Syntrophospora bryantii
HS Clone GCA025
RS Clone LBS21
MS Clone ca39

80
60

Chloroflexi
Chloroflexi
Chloroflexi
Chloroflexi
Spirochaetales
Firmicutes
HAB
Un. 1
Un. 2

93
94
95
98
85
90
99
88
89

The remaining 12 16S crDNA clone sequences were most related to nonProteobacteria lineages including Chloroflexi, Firmicutes and Spirochaetes and groups
including HAB and Unclassified Bacteria group 1 and 2 (Table 3.4, Figure 3.2). Five
Chloroflexi-related phylotypes were identified (n=6) and detected at a similar frequency
in both layers (Figure 3.3). Each of the remaining two lineages and three phylogenetic
groups were represented by a single phylotype. Of these, Unclassified Bacteria group 2
was the only phylotype that contained more than one clone (n=2; Table 3.4).

3.4.4

Archaea community structure based on 16S rRNA gene sequence

analyses
A total of 100 Archaea 16S rRNA gene clones obtained from the SEH and IH
layers were grouped into 20 distinct RFLP patterns (data not shown). The 20 phylotypes
were most closely related to Crenarchaeota and 6 lineages of Euryarchaeota including
Methanosarcinales, Methanomicrobiales, Thermoplasmales, ANME-1, ANME-2 and one
putatively novel clade denoted Unclassified Euryarchaeota (Figure 3.4). Sixteen of the
20 phylotypes were most closely related to cloned sequences previously identified from
the archaeal community extant in sediments overlying gas hydrate (108) (Table 3.5;
Figure 3.4). The majority of the Archaea 16S rRNA gene clones (58% of the total clones;
Table 3.5) isolated from the SEH and IH layers were most related (>99% similar) to
uncultured ANME-1 clones. The ANME-1-related phylotype represented by clone GoM
IDA-34 was the numerically dominant phylotype for this library (n=24) and was
predominately isolated from the SEH (23 of 24 clones; Table 3.5). The second most
numerically dominant clone type in this DNA-derived library, the ANME-1-related
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Figure 3.4

Phylogenetic tree of relationships of 16S rRNA gene and 16S crDNA

archaeal clone sequences, as determined by distance Jukes-Cantor analysis, from Gulf of
Mexico GC234 SEH and IH samples (in boldface) to selected cultured isolates and
environmental clones. Pseudomonas aeruginosa was used as the outgroup. Genbank
accession numbers are in parentheses. One thousand bootstrap analyses were conducted
and percentages greater than 50% are reported. The scale bar represents the expected
number of changes per nucleotide position.
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Sediment-Entrained Hydrate
DNA-derived A.

Methanomicrobiales
(10%)

Interior Hydrate

. Unclass. Eur.

B.

Crenarchaeota
(4%)
Thermoplasmatales
(2%)

(4%)

Methanosarcinales
(4%)

Unclass. Eur.
(2%)
ANME-1
(34%)

Methanomicrobiales
(16%)

Methanosarcinales
(12%)
ANME-2D
(4%)

ANME-1
(82%)

ANME-2C
(26%)
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RNA-derived C.

Methanomicrobiales
(2%)

Methanosarcinales
(41%)

D.

Unclass. Eur.
(2%)

Methanosarcinales
(12%)

ANME-2A
(2%)

ANME-2C
(55%)

ANME-2C
(55%)

Figure 3.5 Frequency of archaeal phylogenetic lineages detected in 16S rRNA gene and
16S crDNA clone libraries derived from SEH and IH samples. Calculations were made
based on the total number of clones associated with phylotypes from which a
representative clone had been sequenced. Charts A and B are representative of DNAderived clone libraries. Charts C and D are representative of RNA-derived clone libraries.
Each chart represents approximately 50 clones.
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Table 3.5
Summary of 16S rRNA gene sequences from sediment entrained hydrate and interior hydrate Archaea clone libraries.
Clone
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GoM IDA-34
GoM HDA-28
GoM HDA-12
GoM IDA-09
GoM HDA-20
GoM IDA-18
GoM IDA-12
GoM HDA-27
GoM HDA-04
GoM HDA-11
GoM HDA-41
GoM IDA-02
GoM HDA-06
GoM IDA-49
GoM IDA-43
GoM HDA-43
GoM HDA-01
GoM HDA-13
GoM HDA-18
GoM HDA-25

Total Number
of Related
Clones
24
9
7
14
2
1
1
8
5
2
7
1
6
1
1
3
2
1
2
3

Sediment
Entrained
Hydrate
23
0
2
14
0
1
1
0
0
0
1
1
1
1
1
1
1
0
0
2

Interior
Hydrate
1
9
5
0
2
0
0
8
5
2
6
0
5
0
0
2
1
1
2
1

Nearest Relative

Phylogenetic Group

Similarity
(%)

GoM GC234 609R
GoM GC234 609R
GoM GC234 609R
GoM GC234 610A
GoM GC234 610A
GoM GC234 610A
GoM GC234 614R
GoM GC234 622R
GoM GC234 622R
GoM GC234 606R
GoM GC234 033R
GoM GC234 033R
GoM GC234 026R
GoM GC234 026R
GoM GC234 026R
GoM GC234 633A
GB Clone CS R002
ER Clone TA1f2
SO Clone OHKA2.14
LL Clone GA10

ANME-1
ANME-1
ANME-1
ANME-1
ANME-1
ANME-1
ANME-1
ANME-2C
ANME-2C
ANME-2D
Methanosarcinales
Methanosarcinales
Methanomicrobiales
Methanomicrobiales
Methanomicrobiales
Methanomicrobiales
Methanomicrobiales
Thermoplasmatales
Crenarchaeota
Unclass. Eury.

99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
98
99
96
83
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phylotype GoM IDA-09, was only detected in the SEH (Table 3.5). As a group, the
ANME-1-related clones were detected nearly three-fold less frequently in the IH (Figure
3.5). However, phylotype GoM HDA-28, comprising 16% of the ANME-1-related
clones, was only detected in the IH (Table 3.5). In addition, the ANME-2C- and 2Drelated phylotypes were also only detected to the IH layer (Figure 3.5) and most similar
to previously identified uncultured GoM clones [(108); Figure 3.4].
The remaining 27% of the Archaea 16S rRNA gene library consisted of 10
phylotypes related to two methanogenic Euryarchaeota (Methanosarcinales and
Methanomicrobiales), two non-methanogenic Euryarchaeota (Thermoplasmales and an
unclassified group) and one Crenarchaeota lineage (Figure 3.4). Although each of the 5
Methanomicrobiales-related phylotypes had at least one clone isolated from the SEH
layer (Table 3.5), the three numerically dominant Methanomicrobiales-related phylotypes
(i.e., GoM HDA-06, GoM HDA-43 and GoM HDA-01) were more frequently detected in
the IH (8 of 11 clones; Table 3.5). Similarly, the Methanosarcinales-, Thermoplasmalesand Crenarchaeota-related phylotypes occurred more frequently in the IH library (Figure
3.5). Phylotype GoM HDA-25 may represent a novel lineage, designated herein as
Unclassified Euryarchaeota, due to low similarity to previously sequenced clones (83%;
Table 3.5) and deep phylogenetic branching (Figure 3.4).

3.4.5

Determination of the metabolically active fraction of the Archaea

community
A total of 97 Archaea 16S crDNA clones obtained from the SEH and IH layers
were grouped into 7 distinct RFLP patterns. Clones grouped into 5 phylogenetic lineages
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Table 3.6
Summary of 16S crDNA sequences from sediment entrained hydrate and interior hydrate Archaea clone libraries.

Clone
GoM HRA-44
GoM HRA-09
GoM HRA-05
GoM IRA-35
GoM IRA-04
GoM IRA-32
GoM IRA-25

Total Number
of Related
Clones
1
40
26
2
26
1
1

Sediment
Entrained
Hydrate
0
7
18
2
20
1
1

Interior
Hydrate
1
33
8
0
6
0
0

Nearest Relative

Phylogenetic Group

Similarity
(%)

GoM 5210WR-36
GoM GC185 505R
GoM GC234 607R
GoM GC234 607R
GoM GC234 028R
GoM GC234 026R
MF Clone 023F7

ANME-2a
ANME-2c
ANME-2c
ANME-2c
Methanosarcinales
Methanomicrobiales
Unclass. Eury.

99
99
99
99
99
99
85

88
69

including Methanomicrobiales, Methanosarcinales, two groups of ANME-2 and one
putatively novel clade denoted Unclassified Euryarchaeota (Table 3.6, Figure 3.4). The
majority of the 16S crDNA Archaea clones (70%) were related to ANME-2C (Table 3.6).
A large percentage of the ANME-2C clones (59%) grouped into a phylotype denoted
GoM HRA-9 and were most related (99% similar; Table 3.6) to an environmental clone
originally isolated from the overlying sediment on a GoM gas hydrate mound (108).
Although this phylotype was almost five-fold more numerically abundant in the IH
library (Figure 3.5), a second ANME-2C-related phylotype, represented by clone GoM
HRA-05, was over two-fold more numerically abundant in the SEH library (Figure 3.5).
The remaining 28 clones were most related to Methanosarcinales and
Methanomicrobiales

lineages

and

one

uncharacterized

group.

A

single

Methanosarcinales-related phylotype, denoted GoM IRA-4, comprised 26 of the 28
clones and were detected three-fold more frequently in the SEH library (Figure 3.5). A
single Methanomicrobiales-related clone, GoM IRA-32, isolated from the SEH, was most
closely related (99%) to a previously sequenced GoM GC234 clone from the overlying
sediment [(108); Figure 3.4]. Interestingly, one additional phylotype isolated from the
SEH, denoted Unclassified Euryarchaeota GoM IRA-25, was the only phylotype not
closely related to a clone previously identified from the GoM.

3.5

Discussion

Microbial communities resident in cold seep environments have been the focus of
several characterization studies (62, 88, 108, 122). To date, fluorescent in situ
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hybridization (FISH) has been one of more widely used techniques to identify the
presumptively metabolically active fraction of the microbial community. This technique,
however, does not provide an in-depth characterization of the overall microbial diversity
nor can it detect novel lineages without prior clone sequence information. The present
study is the first to extract RNA directly from gas hydrate and to delineate the
metabolically active Bacteria and Archaea fraction of the gas hydrate microbial
community. In addition, DNA-derived libraries were created to compare these two
different molecular-based approaches for community analyses. Several putatively novel
microbial (Bacteria and Archaea) lineages were detected in the different hydrate layers
sampled in this study. Geochemical and rate measurement data from the same sample
layers have been previously reported (121) and provide a linkage to gas hydrate microbial
community structure and function.

3.5.1

Detection of metabolically active microbes associated with GoM gas

hydrates
Discrete sampling of GoM gas hydrate (i.e., the SEH and IH layers) and
subsequent isolation of ribosomal RNA enables characterization of the presumptively
metabolically active fraction of the microbial assemblages. Gas hydrate samples can be
collected via manned submersible or from shipboard using piston or gravity cores. Our
method of collection, by submersible, provided us unprecedented opportunity to
accurately sample the distinct GoM hydrate ecosystem. Thus, sufficient amounts of
hydrate materials were retrieved, providing the necessary volumes, which yielded
suitable concentrations (quantity and quality) of RNA needed for molecular analyses.
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To date, few studies have shown the presence of metabolically active microbial
communities within gas hydrates.

One line of evidence for the presence of active

microbial fractions in GoM gas hydrates is our finding of a 4- and 10-fold higher
RNA:DNA ratio and total RNA concentration [Table 3.1; (32)], respectively, across the
distinct hydrates layers. Phylogenetic analysis of RNA-derived clones revealed a total of
30 distinct Bacteria and 7 distinct Archaea phylotypes between the SEH and IH libraries.
Rarefaction data and percent coverage calculations suggest that the bacterial 16S rRNA
gene libraries from both layers did not reach saturation. This was in contrast to the
calculations obtained for the archaeal libraries. Although additional sampling of bacterial
clones would be needed to determine the full extent of the Bacteria community diversity,
we did obtain several numerically dominant lineages. We theorized that additional
sampling of these libraries would not likely alter the existing bacterial phylotype percent
distribution patterns reported herein.
Geochemical data measured from the same hydrate samples used in this study
provide a second line of compelling evidence for the presence of metabolically active
microbial populations (121). Although AOM and SR rates were higher in the overlying
sediment, i.e., 0.60 and 76.2 nmol cm-3 day-1, respectively, active anaerobic methane
oxidizing and sulfate reducing populations were detected in the IH layer, i.e., 0.28 and
3.2 nmol cm-3 day-1, respectively (121). Interestingly, within the hydrate layers, the
highest SR rates did not correspond to the same layer in which the highest rates of AOM
were detected. Orcutt et al. (121) describe this surprising finding as a result of a “loose
coupling between SR and AOM”. Regardless, the combined geochemical data and RNAbased phylogenetic identification of microbial populations within intact gas hydrate and
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across boundary layers suggest active microbial habitation of this extreme environment
by diverse lineages of Bacteria and Archaea.

3.5.2

Putative phylotype niche specificity

Although similar distribution of phylotypes was observed between the SEH and
the IH Bacteria and Archaea clone libraries, we hypothesized that some phylotypes may
be restricted (or only detected) in a single hydrate layer. As SEH and IH samples were
collected from the same piece of solid gas hydrate, the potential for heterogeneity was
minimized. The geochemistry and rate measurements (121) differed by several fold
between the SEH and IH layers even though the sampled layers were in close proximity
(~2-4 cm apart) to each other. Moreover, several phylotypes, especially those related to
the lineages Chloroflexi, δ-Proteobacteria, ANME-1 and ANME-2C, were detected at
higher frequencies from only one layer. The differences in chemistry, metabolic activity,
and clone frequency suggest the presence of two distinct hydrate-associated habitats
(Tables 3.2, 3.3 and 3.4).
While statistical estimations of the Archaea clone sequences supported the
presence of two hydrate habitats, the same analyses of Bacteria sequences did not.
Specifically, ten different statistical indices were applied to the eight DNA- and RNAderived clone libraries constructed from the SEH and IH layers. Although the Sorensen’s
index indicated little overlap between Bacteria phylotypes from the SEH and IH, all other
indices revealed few differences between these two layers. Insignificant FST and P tests
suggest that the Bacteria sequences from the SEH and IH were from similar lineage
distributions and were indistinguishable from the combined communities (101).
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Therefore, although differences in individual phylotype distributions were observed
between the two layers, these differences were not large enough to indicate two distinct
bacterial communities. Lineage-per-time plots indicated an excess of highly divergent
lineages, suggesting that selection factors affecting both hydrate layers maintain high
diversity in the bacterial community (101). In contrast, plots that show an excess of
closely related lineages are indicative of a recent selection event resulting in the
speciation of a few surviving or newly colonizing species (101). In this study the Archaea
libraries had lineage-per-time plots in close proximity to the plot lines indicative of
constant lineage births and deaths (101). This result suggests that relative to the Bacteria,
the Archaea are less divergent and may possibly have experienced a more recent
selection event. Additionally, the statistical indices applied to the Archaea libraries,
including FST and P tests, suggest a significant difference between the SEH and IH
Archaea communities. Mills et al. (109) reported a similar trend in Archaea community
phylotype frequency variances across a depth profile in sediments associated with GoM
microbial mats while Bacteria phylotype frequencies were relatively less depth specific.
Therefore, it is tempting to speculate that the archaeal populations are more specialized
for specific environmental conditions and perhaps less able to tolerate environmental
fluctuations than the bacterial populations.
Differences in lineage frequency were detected between the RNA- and DNAderived libraries within individual hydrate layers. The utilization of PCR techniques to
construct clone libraries is inherently biased by the concentration of template available
for amplification. DNA-derived clone libraries are based on a constant number of 16S
rRNA genes per cell and can potentially detect dead or quiescent cells. In contrast, the
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concentration of ribosomal RNA present in a cell is thought to be proportional to the
metabolic activity of the cell and therefore can alter the detection frequency of
phylotypes relative to the DNA-derived clone libraries (32). Whereas absolute
quantification of resident populations is not possible by analyzing the DNA- and RNAderived clone libraries, the relative proportions between the total population and the
active fraction of the population can be determined. Thus, ε-Proteobacteria- and ANME1-related lineages may be present in the hydrate-associated samples, but are either not
metabolically active or are active at a level below our detection limits. In contrast, δProteobacteria- and ANME-2C-related lineages appear to be less abundant in the total
population then in the active metabolic fraction of the community. Discrepancies between
16S rRNA gene and 16S crDNA libraries demonstrate the necessity of generating DNAand RNA-derived libraries when possible to gain a more comprehensive analysis of the
extant microbial communities.

3.5.3

Detection of novel microbial lineages

Molecular characterization of microbial communities from extreme environments
has provided evidence for numerous new taxonomic groups with no known closely
related culturable isolates (62, 108, 122). In this study, several potentially novel clones
grouped into four distinct clades, i.e., three from the Bacteria library and one from the
Archaea library, that were distantly related to cultured isolates. Recent reports have
indicated a new clade within the Chloroflexi lineage specific to hydrocarbon seeps (68).
This clade, denoted as “Hydrocarbon Associated Bacteria”, lacks a cultivated isolate and
therefore the specific physiology is unknown. However, clones related to this clade,
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along with a closely related second branch within the Chloroflexi lineage, were identified
in our RNA-derived Bacteria clone library from the IH layer providing the first described
environment in which this lineage appears to be metabolically active.
Two additional clades, denoted in this study as “Unclassified Bacteria Group 1”
and “Unclassified Bacteria Group 2”, were less than 90% similar to the nearest cultivated
relative. Interestingly, both groups contained RNA- and DNA-derived clones, thus
providing evidence for this group not only being present, but also metabolically active in
hydrate-associated habitats. Similarly, the novel Archaea cluster, denoted “Unclassified
Euryarchaeota” group, was detected in both the 16S rRNA gene and 16S crDNA library.
The data presented herein provides further evidence of the potential habitat range for
each of these novel lineages, as well as other previously characterized lineages. However,
we readily acknowledge that our present study lacks a temporal component. Thus there is
a need to confirm that similar results would be obtained in future GoM hydrate
samplings. Additionally, attempts will be made to cultivate these and other microbes
identified within these GoM clone libraries to determine their specific physiology and if
they possess any potential medical or economical benefit.
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CHAPTER 4

IDENTIFICATION OF MEMBERS OF THE METABOLICALLY ACTIVE
MICROBIAL POPULATIONS ASSOCIATED WITH BEGGIATOA SP. MAT
COMMUNITIES FROM GULF OF MEXICO COLD SEEP SEDIMENTS

4.1

Abstract

In this study, the composition of the metabolically active fraction of the microbial
community occurring in Gulf of Mexico marine sediments (water depth 550-575 m) with
overlying filamentous bacterial mats was determined. The mats were mainly composed of
either orange- or white-pigmented Beggiatoa spp. Complementary 16S rDNA (crDNA)
was obtained from ribosomal RNA extracted from three different sediment depths (0-2,
6-8 and 10-12 cm) that had been subjected to reverse transcription-PCR amplification.
Domain-specific 16S PCR primers were used to construct 12 different 16S crDNA
libraries containing 333 Archaea and 329 Bacteria clones. Analysis of the Archaea
clones indicated that all sediment depths associated with overlying orange- and whitepigmented microbial mats were almost exclusively dominated by ANME-2 (95% of total
Archaea clones), a lineage related to the methanogenic order Methanosarcinales. In
contrast, bacterial diversity was considerably higher with the dominant phylotype varying
by sediment depth. An equivalent number of clones detected at 0-2 cm, representing a
total of 93%, were related to the γ and δ classes of Proteobacteria, whereas clones related
to δ-Proteobacteria dominated the metabolically active fraction of the bacterial
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community occurring at 6-8 cm (79%) and 10-12 cm (85%).

This is the first

phylogenetic-based evaluation of the presumptive metabolically active fraction of the
Bacteria and Archaea community structure investigated along a sediment depth profile in
the northern GoM, a hydrocarbon-rich cold seep region.

4.2

Introduction

The GoM is a dynamic environment containing active venting and seepage of
hydrocarbons. The upward thrust of salt diapirs forms faults that act as conduits from
subsurface oil and gas reservoirs through the sediment layers (150, 183). Faults reaching
the surface can facilitate the formation of surface-breaching gas hydrate mounds
[reviewed in (15)] and actively venting hydrocarbon plumes (21, 41, 139, 143).

In

contrast to hydrothermal seeps, these features are collectively known as cold seeps due to
low-level geological heating. Owing to the extensive oil and gas reserves, a primary
focus of long-term research in the GoM has been the characterization of the physical
geology of the system (106, 139). Surprisingly, GoM cold seep chemosynthetic-based
ecosystems were not reported until 1989 (96) and the ecosystem’s primary energy source
(i.e., CH4) was not linked to gas hydrate decomposition until 1994 (16).
A more thorough characterization of an ecosystem, however, requires
identification of the mechanisms and biota responsible for energy transfer and the cycling
of nutrients. Owing to the water depth at GoM cold seeps, chemosynthesis rather than
photosynthesis predominates (145). As has been shown for hydrothermal seep
ecosystems, energy transfer from chemosynthetic microorganisms to higher trophic levels
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is mediated by primary consumers including symbiont-containing macrofauna and freeliving heterotrophic microorganisms (36, 38, 42, 116). Whereas numerous reports
characterizing tubeworm and mussel symbiotic associations with chemoautotrophic
microbes have been described (18, 38, 82), the portion of the chemosynthetic-based
community in the GoM comprised of non-symbiotic and free-living microbes has been
much less studied (88, 108, 189). For example, vast aggregations of dense microbial mats
on the sediment surface are readily visible to the naked eye. These mats are mainly
composed of large [cell diameter, 12-160 µm; (48, 103)], pigmented (orange and white)
and unpigmented vacuolate sulfur bacteria, e.g., Beggiatoa sp. (2, 116, 180). Such matand sediment-associated microbial communities have been shown to support high rates of
sulfate reduction (10, 74, 126, 180) and oxidation (90, 126, 164), nitrate reduction (126,
151, 164) and anaerobic methane oxidation (10, 74). Interestingly, as potentially critical
as these microbial communities are to GoM cold seep ecosystem productivity, no detailed
information describing the composition of the metabolically active microbes and their
spatial and/or temporal structures is available.
In this present study, depth profiles of sediments with two different overlying
types of microbial mats, composed mainly of orange- or white-pigmented Beggiatoa spp.,
were collected from a manned submersible at two different cold seep locations (550–575
m water depth). The primary objective in this study was to characterize the metabolically
active fraction of the sediment microbial communities associated with the microbial mats.
Total rRNA was extracted from three sediment depths (0-2, 6-8 and 10-12 cm) and
subjected to reverse transcription-polymerase chain reaction (RT-PCR) with primers
specific for the Bacteria and Archaea domains. This is among the first phylogenetic
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surveys to be conducted on GoM seep sediment microbial communities directly
associated with overlying microbial mats and the first survey describing the metabolically
active fraction of the microbial communities in GoM sedimentary habitats.

4.3

4.3.1

Materials and methods

Gulf of Mexico site description and sample collection

The study sites are located in the northern GoM continental slope province. The
sites, GC185 (Bush Hill; 550 m depth) and GC234 (575 m depth) are located at 27°46'N,
91°30'W and 27°44'N, 91°13'W, respectively. Both of these locales contained visible oil
and gas seepage, surface breaching gas hydrate, and extensive (i.e., extending several
meters in diameter) microbial mats. Sediment cores from both sites were obtained from
areas containing mainly either orange- or white-pigmented Beggiatoa sp. mats with the
manned-submersible Johnson Sea Link during July 2002. Sediment cores (7.2 cm ID, 1520 cm average length) were immediately sectioned at 2 cm intervals and stored in liquid
N2 until further processing. Direct cell counts were performed on aliquots (0.5 g wet wt)
as previously described (131).

4.3.2

Preparation of reagents and materials used for RNA extractions

Prior to nucleic acid extraction, RNases were removed from solutions and solids
by treating stock solutions and water with 0.1% diethylpyrocarbonate (DEPC) overnight
at 37oC and autoclaving. All glassware and non-plastics were baked at 250oC for 24 h.
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All surfaces and plastics were cleaned with RNase Erase (ICN Biomedicals Inc., Aurora,
OH) to remove contaminating RNases during shipboard and laboratory manipulations.

4.3.3 RNA isolation
Total ribonucleic acids were extracted as described in Hurt et al. (66) from 10 g
(wet weight) of sediment sampled in triplicate from each sediment depth (0-2, 6-8 and
10-12 cm). In brief, sediment samples stored in liquid N2 were repeatedly thawed by
physical grinding in the presence of a denaturing solution (4 M guanidine isothiocyanate,
10 mM Tris-HCl [pH 7.0], 1 mM EDTA, 0.5% 2-mercaptoethanol) and refrozen by
immersion in liquid N2. The sediment samples were incubated 30 min at 65oC in pH 7.0
extraction buffer (100 mM sodium phosphate [pH 7.0], 100 mM Tris-HCl [pH 7.0], 100
mM EDTA [pH 8.0], 1.5 M NaCl, 1% hexadecyltrimethylammonium bromide [CTAB],
and 2% SDS) and centrifuged (1,800 × g for 10 min). The supernatants from three
separate extractions were pooled, extracted with 24:1 (v/v) chloroform-isoamyl alcohol
and centrifuged (1,800 × g for 20 min). The nucleic acids were precipitated at room
temperature with isopropanol (30 min), pelleted by centrifugation (16,000 × g for 20
min), resuspended in DEPC-treated water and subsequently purified into RNA-only
aliquots (66).

4.3.4

Reverse transcription and amplification of ribosomal RNA

Aliquots of ribosomal RNA were reverse transcribed (RT) using MMLV reverse
transcriptase according to manufacturer’s instructions (Invitrogen, CA). RNA was
initially denatured by heating (65oC) for 10 min. The RT reaction mix consisted of 5 µM

100

of a 16S rRNA reverse primer amplifying either domain-specific Bacteria, i.e., DXR518
(5’-CGTATTACCGCGGCTGCTGG-3’)

(120)

or

Archaea,

i.e.,

Ar958r

(5’-

YCCGGCGTTGAMTCCAATTT-3’) (33), 50-100 ng of denatured RNA and 200 µM
dNTP. The mix was incubated for 5 min at 65oC and 2 min at 4oC followed by addition
of 1× 1st Strand Buffer (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2) and 75 U
RNase inhibitor and heating at 37oC for 2 min. A 200 U aliquot of MMLV reverse
transcriptase was added prior to a 50 min incubation at 37oC that resulted in transcription
of the RNA into crDNA. The crDNA end product was used as template for a standard
PCR reaction. Possible DNA contamination of RNA templates was routinely monitored
by PCR amplification of aliquots of RNA that were not reverse-transcribed.

No

contaminating DNA was detected in any of these reactions. The primers used for standard
PCR amplification included the above reverse primers (DXR518 and Ar958r) and 16S
rRNA

gene

forward

domain-specific

AGAGTTTGATCCTGGCTCAG-3’),

and

Bacteria,
Archaea,

i.e.,
i.e.,

27F

(5’-

A341f

(5’-

CCTAIGGGGIGCAICAG-3’) (179) primers. The PCR reaction mix contained 10-50 ng
crDNA, 1× PCR buffer (Stratagene, CA), 1.5 mM MgCl2, 200 µM of each
deoxynucleoside triphosphate, 1 pmol of each forward and reverse primer, and 0.025 U
µl-1 TaKaRa TaqTM (TaKaRa, Japan). Amplicons were analyzed on 1.0% agarose gels run
in TBE buffer stained with ethidium bromide and UV illuminated.

4.3.5

Environmental clone library construction

Purified pooled amplicons representing 16S crDNA sequences were cloned into
the TOPO TA cloning vector pCR2.1 according to manufacturer’s instructions
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(Invitrogen, CA). Clones denoted in Tables 1 and 2 by either “WB” or “B” were
obtained from sediments with overlying white- or orange-pigmented mats, respectively.
In addition, clones designated with either “47” or “52” denote sites GoM GC185 and
GC234, respectively, and “02”, “68” or “10” denotes 0-2, 6-8 and 10-12 cm depths,
respectively. Inserts were subsequently PCR-amplified from lysed colonies with the
following

primers

specific

for

either

the

vector,

i.e.,

M13F

(5’-

GTAAAACGACGGCCAG-3’) and M13R (5’-CAGGAAACAGCTATGAC-3’) or the
Archaea amplicons, i.e, A341f (179) and Ar958r (33). Vector specific M13F/R primers
were used to amplify inserts from bacterial clones obtained with 27F and DXR518
primers to prevent amplification of the Escherichia coli host 16S rRNA gene. PCR
products of bacterial clones were digested (2 h, 37oC) with MspI and HhaI and with HhaI
and RsaI for archaeal clones. Clones were grouped according to restriction fragment
length polymorphism (RFLP) banding patterns and representative clones sequenced as
previously described (108).

RFLP groups containing two or more members had

representative clones sequenced. Multiple representative clones were sequenced from
RFLP groups containing five or more members to verify group integrity. A limited
number of clones from those RFLP groups containing a single member were also
sequenced. All calculations were based upon the number of clones incorporated in RFLP
groups that had representative clones sequenced. Sequencing was performed at the
Georgia Institute of Technology core DNA facility using a BigDye Terminator v3.1
Cycle sequencing kit on an automated capillary sequencer (model 3100 Gene Analyzer,
Applied Biosystems, CA). Inserts were sequenced multiple times on each strand. Prior to
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comparative sequence analysis, vector sequences flanking the bacterial 16S crDNA insert
were manually removed.

4.3.6

Phylogenetic and rarefaction analysis

Sequence analysis was preformed as previously described (108).

Multiple

sequences of individual inserts were initially aligned using the program ‘BLAST 2
Sequences’ (167) available through the National Center for Biotechnology Information
and assembled with the program BioEdit v5.0.9 (57). Sequences were checked for
chimeras using Chimera Check from Ribosomal Database Project II (99). Sequences
from this study and reference sequences, as determined by BLAST analysis, were
subsequently aligned using CLUSTALX v1.81 (171). An average of 500 (Bacteria
clones) to 600 (Archaea clones) nucleotides were included in the final phylogenetic
analyses. Neighbor-Joining trees were created from the shortened sequence alignments.
The bootstrap data represents 1,000 samplings. The final trees were viewed using NJPlot
(130)

and

TreeView

v1.6.6

http://taxonomy.zoology.gla.ac.uk/rod/treeview.html.

available
Rarefaction

analysis

at
was

performed using equations as described in Heck et al. (60). Standard calculations were
used to produce the curve using the total number of clones obtained compared to the
number of clones representing each unique RFLP pattern. The percentage coverage (C)
of the clone libraries was calculated according to the equation C = [1- (n1/N)] x 100 (54,
111), where n1 is the number of unique clones as determined by RFLP analysis and N is
the total number of clones in the given library.
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4.3.7

Nucleotide sequence accession numbers

The 61 16S crDNA gene nucleotide sequences have been deposited in the
GenBank database under accession numbers AY324490–AY324550.

4.4

Results

RNA was extracted from three different sediment depths (0-2, 6-8, and 10-12 cm)
from sites with either overlying orange- or white-pigmented microbial mats from gas
hydrate-bearing cold seep locations in the Gulf of Mexico (GoM). The purified RNA was
of sufficient quality and quantity to be reverse transcribed, amplified with 16S domainspecific PCR primers and cloned. Microbial cell numbers in sediments with overlying
orange- and white-pigment mats were quantified by direct microscopy. Cell counts per
gram sediment, of the orange-pigmented microbial mats samples were 1.1 x 108 (0-2 cm),
4.6 x 107 (6-8 cm) and 4.4 x 107 (10-12 cm), and 1.9 x 107 (0-2 cm), 7.3 x 106 (6-8 cm)
and 1.7 x 107 (10-12 cm) for the white-pigmented microbial mats samples. Direct
microscopic examination of individual giant filaments from orange- and white-pigmented
mats revealed few if any gross morphological differences (data not shown). These
observations were consistent with previous assignments of these filamentous bacteria to
the genus Beggiatoa (116). It should be noted, however, that while Beggiatoa spp.
dominated these mats, other as yet unidentified microorganism(s) were also present.
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4.4.1 RFLP and rarefaction analyses of 16S crDNA libraries
A total of 185 Bacteria and 185 Archaea 16S complementary rDNA (crDNA)
sequences from sediments with overlying orange-pigmented mats and 144 Bacteria and
148 Archaea clones from sediments with white-pigmented mats were grouped according
to restriction fragment length polymorphism (RFLP) patterns (data not shown).
Rarefaction analysis (Figure 4.1) and percent coverage calculated to determine if a
sufficient number of clones were examined to estimate diversity within each of the clone
libraries sampled. Curves generated for crDNA clones obtained from both mat
communities with Bacteria primer sets did not indicate saturation (Figure 4.1), while
percent coverage was determined to be 92.4% and 89.6% for the orange- and whitepigmented mat libraries respectively (54). Although additional sampling of clones would
be necessary to reveal the full extent of diversity, numerically dominant RFLP groups
were obtained (Table 4.1). Specifically, one dominant bacterial phylotype from the whitepigmented mat (i.e., clone GoM 4702B-09) and orange-pigmented mat (i.e., clone GoM
5268WB-5) libraries comprised 15 and 18% of all clones, respectively (Table 4.1). In
contrast, for those libraries obtained from both microbial mat types with Archaea specific
primers, the curves indicated saturation and the percent coverage was 94.6% and 97.3%
for orange-and white-pigmented mats respectively. Thus, a sufficient number of clones
were sampled representative of the archaeal diversity in these libraries (Figure 4.1).
Numerically dominant phylotypes, containing 16% to 44% of all archaeal clones, were
also obtained for each of these libraries (Table 4.2).
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Figure 4.1 Rarefaction curves determined for the different RFLP patterns of 16S crDNA gene clone libraries. Bacteria clones were
grouped to represent the total library (+ ), and those associated with either the orange- (△), or white-pigmented ( □) Beggiatoa sp.
mats. Archaea clones were also grouped to represent the total library ( X ), and those associated with either the orange- (◊ ), or whitepigmented ( ○ ) Beggiatoa sp. mats. The number of different RFLP patterns was determined after digestion with restriction
endonucleases HhaI and MspI for Bacteria clones and HhaI and RsaI for Archaea clones.
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Table 4.1
Summary of 16S crDNA sequences from Beggiatoa sp. mat-associated sediment Bacteria clone libraries.
Clone
4702B-03

Number of
RFLP Group Nearest Relative
related clones
11
Delta-1
CM Clone 8-42

δ-Proteobacteria

Similarity
(%)
98

Phylogenetic Group

107

4702B-06

9

Delta-2

SS Clone Sva0081

δ-Proteobacteria

91

4702B-09

51

Delta-3

CM Clone Hyd89-52

δ-Proteobacteria

99

4702B-12

4

Delta-4

SB Clone SB-24e1D6

δ-Proteobacteria

99

5268WB-5

37

Delta-5

CM Clone Hyd89-52

δ-Proteobacteria

99

5268WB-15

12

Delta-6

CM Clone Hyd24-08

δ-Proteobacteria

94

5202B-4

6

Delta-7

SB Clone SB-24e1D6

δ-Proteobacteria

92

4702B-30

3

Delta-8

AS Clone SB1_46

δ-Proteobacteria

94

4702B-37

19

Delta-9

ER Isolate Eel-36e1H1

δ-Proteobacteria

99

5202B-2

7

Delta-10

SS Clone Sva0863

δ-Proteobacteria

99

4710B-2

3

Delta-11

CM Clone Hyd89-61

δ-Proteobacteria

99

5210WB-1

19

Delta-12

CM Clone Hyd89-21

δ-Proteobacteria

98

4710B-20

2

Delta-13

CM Clone Hyd89-22

δ-Proteobacteria

92

4768B-3

3

Delta-14

CM Clone Hyd89-52

δ-Proteobacteria

98

4768B-7

1

Delta-15

CM Clone Hyd89-52

δ-Proteobacteria

98
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Table 4.1 (continued)
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5210WB-16

2

Delta-16

ER Isolate Eel-36e1H1

δ-Proteobacteria

97

5268WB-3

6

Epsilon-1

CS Clone CS060

ε-Proteobacteria

97

4702B-14

6

Epsilon-2

JT Clone CS2.28

ε-Proteobacteria

98

4702B-07

16

Gamma-1

Beggiatoa sp. 'Monterey Canyon' γ-Proteobacteria

97

4702B-18

22

Gamma-2

Sulfur-Oxidizing endosymbiont

γ-Proteobacteria

93

5202B-21

6

Gamma-3

Beggiatoa sp. 'Monterey Canyon' γ-Proteobacteria

93

5202B-31

13

Gamma-4

Beggiatoa sp. 'Monterey Canyon' γ-Proteobacteria

99

5202WB-40

4

Gamma-5

LS Methanotrophic Gill Symbiant γ-Proteobacteria

94

4702B-10

3

Plancto-1

NC Clone wb1 E15

Planctomycetales

91

5268WB-14

2

Plancto-2

FB Clone MB-C2-147

Planctomycetales

88

5268WB-34

2

Plancto-3

NA Clone NS-G61

Planctomycetales

93

5210WB-37

2

Plancto-4

FB Clone MB-C2-105

Planctomycetales

89

5202B-40

3

Verruco-1

MS Clone LD1-PA15

Verrucomicrobia

86

4710B-36

5

Cloro-1

HS Clone BPC110

GNS, Cloroflexi

99

5268WB-9

2

Sphingo-1

WS Clone KM93

Sphingobacterales

94
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Table 4.2
Summary of 16S crDNA sequences from Beggiatoa sp. mat-associated sediments Archaea clone library.
Clone
4702R-2

Number of
RFLP Group
Related Clones
145
ANME-2A-1

Nearest Relative

Phylogenetic Group

MS Clone BA2H11fin

ANME-2A

Similarity
(%)
99

109

4710R-40

1

ANME-2A-2

MS Clone BA2H11fin

ANME-2A

99

4768R-34

1

ANME-2A-3

MS Clone BA2H11fin

ANME-2A

96

5202WR-36

1

ANME-2A-4

MS Clone BA2H11fin

ANME-2A

98

5210WR-16

1

ANME-2A-5

MS Clone BA2H11fin

ANME-2A

99

4702R-9

34

ANME-2B-1

ER Clone Eel-36a2A4

ANME-2B

99

4702R-4

75

ANME-2C-1

ER Clone Eel-36a2E1

ANME-2C

99

4702R-7

31

ANME-2C-2

ER Clone Eel-36a2A1

ANME-2C

98

5202R-5

2

ANME-2C-3

GB Clone CS_R012

ANME-2C

99

4710R-22

5

ANME-2C-4

GB Clone CS_R012

ANME-2C

99

4710R-24

1

ANME-2C-5

GB Clone CS_R012

ANME-2C

99

5202R-6

1

ANME-2C-6

ER Clone Eel-36a2E1

ANME-2C

95

4768R-21

1

ANME-2C-7

GB Clone CS_R012

ANME-2C

96

4702R-17

6

ANME-2D-1

GB Clone G72_C61

ANME-2D

96

4710R-41

13

ANME-2D-2

GB Clone G72_C61

ANME-2D

92

5202R-25

9

Cren-1

NS Clone TS235C306

Crenarchaeota

99

88

Table 4.2 (continued)
5202R-15

2

Cren-2

HF Clone pCIRA-X

Crenarchaeota

86

5202R-20

1

Cren-3

MA Clone 74A4

Crenarchaeota

96

5202R-23

1

Cren-4

HF Clone pCIRA-X

Crenarchaeota

86

5202R-26

1

Cren-5

JT Clone pMC1A11

Crenarchaeota

97

5202R-43

1

Cren-6

JT Clone pMC1A11

Crenarchaeota

99

110
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4.4.2

Phylogenetic diversity of metabolically active Bacteria

Analysis of the 329 rRNA-derived Bacteria clones representing all three sediment
depths associated with overlying orange- and white-pigmented microbial mat samples
indicated a greater diversity relative to the Archaea clone libraries (Figure 4.1). Bacteria
clones were most similar to as yet uncultured bacterial lineages (Table 4.1). A total of 49
distinct RFLP patterns (data not shown) representing seven phylogenetic lineages were
detected (Table 4.1). A considerable majority of the clones (93%) were representative of
the phylum Proteobacteria (Figure 4.2).

4.4.2.1 δ-Proteobacteria
A total of 72% of all bacterial clones examined were most closely related to the
class δ-Proteobacteria. Included was the most numerically dominant phylotype in the
bacterial clone library, designated Delta-3 (15% of the total library; Table 4.1). The
Delta-3 phylotype, most similar (99%) to a non-cultured microorganism initially
identified from the Cascadia Margin, was detected more frequently at the 6-8 cm and 1012 cm depths (Figure 4.4) regardless of mat type (Figure 4.3). In contrast to Delta-3, the
phylotypes Delta-9 and Delta-5 (Table 4.1) occurred 3- to 5-fold more frequently in
sediments covered with orange-pigmented mats relative to clones from white-pigmented
mats (Figure 4.3). Phylotype Delta-4 was found exclusively associated with the orangepigmented mat (Figure 4.3) and only at the upper (0-2 cm) depth (Figure 4.4).
Whereas the highest incidence of metabolically active Delta-4, Delta-5 and Delta9 phylotypes occurred in sediments associated with the orange-pigmented mats,
phylotypes Delta-1, Delta-6, and Delta-12 were most dominant in sediments associated
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Figure 4.2 Phylogenetic tree of relationships of 16S crDNA bacterial clone sequences, as
determined by distance Jukes-Cantor analysis, from GoM GC185 and GC234 seep
sediments associated with orange- and white-pigmented microbial mats (in boldface) to
selected cultured isolates and environmental clones. Designations of environmental clone
sequences are AM, acid mine; AS, anoxic sediment; CA, coral-associated; CM, Cascadia
Margin; CR, Chlorinated compound reduction; CS, continental slope; DV, Deep-sea
volcano; ER, Eel River; FB, Forearc Basin; GB, Guaymus Basin; GoM, Gulf of Mexico;
HS, hydrocarbon seep; HV, hydrothermal vent; JT, Japan Trench; LS, Louisiana Slope;
MS, marine sediments; NC, Nullarbor Cave, Australia; NS, North Sea; RM, rice
microcosms; SB, Santa Barbara Basin; SC, South China Sea; UM, uranium mine; YS,
Yellowstone hot springs.
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Figure 4.3 Comparison between 16S crDNA Bacteria clones obtained from sediments associated with either orange- or whitepigmented Beggiatoa sp mats. Clones are phylogenetically grouped according to sequence analysis data. Numbers along the abscissa
denote unique phylotypes as determined by RFLP analysis and are consistent with the phylotype names in Table 4.1. Abbreviations:
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Figure 4.4 Comparison between 16S crDNA Bacteria clones obtained from specific depths in sediments associated with both orangeand white-pigmented Beggiatoa sp mats. Clones are phylogenetically grouped according to sequence analysis data. Numbers along the
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with the white-pigmented mats (Figure 4.3). These phylotypes exhibited a 3.8-fold to 11fold greater incidence in sediments associated with white-pigmented mats relative to
clones associated with overlying orange mats. While Delta-1 was exclusively detected at
the 0-2 cm depth (Figure 4.4), phylotypes Delta-6 and Delta-12 were most frequently
detected (5- and 18-fold respectively) at the lower depths (6-8 and 10-12 cm; Figure 4.4).

4.4.2.2 γ-Proteobacteria
The second most dominant group of bacterial phylotypes was most similar to
several non-cultured microorganisms, including Beggiatoa sp. ‘Monterey Canyon’ (2)
(Figure 4.2), all clustering within the class γ-Proteobacteria (22% of all clones; Table
4.1). The phylotypes associated with the overlying orange-pigmented mat most closely
related to the Beggiatoa sp. ‘Monterey Canyon’ were either predominantly (i.e., Gamma1) or exclusively (i.e., Gamma-3 and Gamma-4) located at the 0-2 cm depth (Figure 4.3
and Figure 4.4). In contrast, phylotypes Gamma-2 and Gamma-5 (Figure 4.3) were more
frequently detected in sediments covered with white-pigmented mats and were most
similar to clones previously characterized as mussel endosymbionts (Table 4.1). These
were the only metabolically active γ-Proteobacteria-related clones detected at the 10-12
cm depth (Figure 4.4). Phylotypes Gamma-2 and Gamma-3 were most related (98%
similar) to each other (Figure 4.2). However, BLAST results indicated these phylotypes
were 93% similar to two different environmental clones (Table 4.1).
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4.4.2.3 ε-Proteobacteria.
The remaining Proteobacteria-related clones were located in two different clades
within the class ε-Proteobacteria (Figure 4.2). Epsilon-1 phylotype, highly similar (97%)
to a previously identified cold seep clone (Table 4.1), occurred in sediments covered with
orange- and white-pigmented mats and was not detected any more frequently at any
particular depth (Figure 4.3 and Figure 4.4). In contrast, the Epsilon-2 phylotype, 98%
similar to an uncultured clone first isolated from the Japan Trench which had also been
obtained by RT-PCR (67) (Table 4.1), was exclusively obtained from sediments
associated with the overlying orange-pigmented mat (Figure 4.3) and predominately from
0-2 cm (4 of 6 clones; Figure 4.4).

4.4.2.4 Non-proteobacterial lineages
In contrast to numerous Proteobacteria-related phylotypes, clones exhibiting
similarity to the classes Planctomycetacia, Verrucomicrobia, and Cloroflexi appeared to
exhibit potential mat specificity. For example, Planctomycetacia-related clones,
represented by four distinct phylotypes (n=9; Table 4.1), were detected almost
exclusively at lower sediment depths covered with white-pigmented mats (Figure 4.3 and
Figure 4.4). The Verrucomicrobia- (n=3) and Cloroflexi-related (n=5) clones were
detected at varying sediment depths and associated exclusively with the overlying
orange-pigmented mat (Figrue 4.3 and Figure 4.4). Clones from each of these three
classes were most closely related to environmental clones (Table 4.1) that have only been
previously obtained from DNA-derived clone libraries. The remaining nonproteobacterial-related clones were most similar to the class Sphingobacteria, and were
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detected in sediments covered with orange- and white-pigmented mats at the 0-2 cm and
6-8 cm depths, respectively (Figure 4.3 and Figure 4.4).

4.4.3

Phylogenetic diversity of metabolically active Archaea.

A total of 333 rRNA-derived Archaea clones, obtained from sediments with
overlying orange- and white-pigmented microbial mats, grouped into 21 distinct RFLP
patterns (data not shown) and representative clones from all patterns sequenced (Table
4.2). Interestingly, these 21 RFLP groups represented only two phylogenetic lineages, i.e.
Crenarcheota and the Euryarchaeotal ANME-2 cluster of the order Methanosarcinales.

4.4.3.1 ANME-2
The majority of Archaea clones (95%; Table 4.2) were related to a distinct clade
of Methanosarcinales known as ANME-2 (122). Members of this cluster have been
previously detected in methane seep environments with sediment profiles indicative of
anaerobic methane oxidation activity (62, 88, 122, 169). The ANME-2 cluster has been
divided into four distinct subgroups designated A, B, C and D (Figure 4.5) (108, 122).
Clones representing all four of these subgroups were detected in this current study
(Figure 4.5). Subgroup A was numerically dominant in the clone library (n=145), while
subgroup C exhibited the greatest intraclade genetic diversity (n=7) relative to the other
ANME-2 subgroups (Table 4.2). The phylotype ANME-2A-1, comprised 43% of the
total Archaea library (Table 4.2), was most frequently detected in sediments covered with
white-pigmented mats. We also observed a significantly greater (P < 0.05) number of
ANME-2A-1 clones at the 0-2 cm depth (Figure 4.7). In contrast, a comparable number
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Figure 4.5 Phylogenetic tree of relationships of 16S crDNA archaeal clone sequences, as
determined by distance Jukes-Cantor analysis, from GoM GC185 and GC234 seep
sediments associated with orange- and white-pigmented mats (in boldface) to selected
cultured isolates and environmental clones. Designations of environmental clone
sequences are AD, Anaerobic digester; AS, Anoxic sediment; CS, continental slope; ER,
Eel River; GB, Guaymus Basin; GoM, Gulf of Mexico; GrB, Green Bay; HF,
hydrothermal field; HV, Hydrothermal vent; JT, Japan Trench; MA, Mid-Atlantic ridge;
NS, North Sea; SB, Santa Barbara Basin; SM, Salt marsh.
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of ANME-2B-1 clones, related to ANME-2 subgroup B, were detected in sediments
covered with both mat types (Figure 4.6). This phylotype was recovered from sediments
associated with orange-pigmented mats and only detected at 0-2 cm, while clones
obtained from white-mat covered sediments predominated at 10-12 cm (13 of 18 clones;
Figure 4.7). Therefore, this metabolically active phylotype appeared to exhibit depth
specificity relative to mat type. Clones related to the subgroup ANME-2C were
dominated by two phylotypes, ANME-2C-1 and ANME-2C-2 (Table 4.2) and were most
related to environmental clones previously isolated from a cold methane seep locale in
the Eel River Basin (122). Both of these phylotypes were more frequently detected in
sediments associated with overlying orange-pigmented mats (Figure 4.6) and were
metabolically active at all sampled sediment depths (Figure 4.7). However, ANME-2C-1
was significantly (P < 0.05) more active at the lower depths sampled (6-8 and 10-12 cm;
Figure 4.7). The remaining five ANME-2C-related phylotypes were detected at a low
frequency (10 of 333) and were predominately metabolically active at the 0-2 and 6-8 cm
depths (Figure 4.7). The fourth ANME-2 subgroup, designated ANME-2D, was first
observed in Archaea-specific 16S rRNA gene libraries derived from total DNA extracted
from sediments directly associated with surface breaching gas hydrate (108). In the
present study, two distinct phylotypes from this subgroup were identified (Figure 4.5).
The phylotype denoted ANME-2D-1 was closely related (99.8% similar) to the dominant
ANME-2D phylotype reported by Mills et al. (108) and was most frequently (i.e., 5-fold)
detected in orange-mat covered sediments (Figure 4.6). However, the ANME-2D-2
phylotype was genetically divergent, having only 92% sequence similarity to GoM
GC234 606R (108) (Figure 4.5) and was not specific to any particular mat type.
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4.4.3.2 Crenarchaeota
The remaining 5% of the archaeal clones (n=15) were grouped into 6 distinct
RFLP patterns (data not shown) forming three clades within the Crenarchaeota lineage
(Figure 4.5). Clones representing these 6 phylotypes were most similar to sequences
obtained from non-cultured microorganisms (Table 4.2 and Figure 4.5). Phylotype Cren1 represented a majority of the Crenarchaeota-related clones (9 of 15), and was most
related (99% similar) to a 16S rRNA gene sequence isolated from surface sediments in
the North Sea (175) (Figure 4.5). In addition, phylotype Cren-1 was predominately active
only at the 0-2 cm sediment depth (8 of 9) and exclusively associated with the overlying
orange-pigmented mat. Interestingly, with the exception of the single clone associated
with the Cren-2 phylotype, all other Crenarchaeota-related clones obtained in the present
study, were isolated from orange mat covered sediments (Figure 4.6).

4.5

Discussion

This study is the first to report the composition of the metabolically active
members of the archaeal and bacterial communities in gas hydrate sedimentary systems
in the Gulf of Mexico. Moreover, to the best of our knowledge, this is also one of the
first characterizations of metabolically active Archaea from marine environments as
determined by rRNA analysis and one of the first microbial community depth profiles of
sediments associated with overlying microbial mats in cold seep habitats. Inagaki et al.
(21) recently reported that ε- and δ-Proteobacteria phylotypes dominated the
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metabolically active fraction of the bacterial community in cold seep sediments beneath a
Calyptogena colony at the Sanriku Escarpment (Japan Trench, 5343 m water depth). We
have also previously shown, by DNA-based phylogenetic analyses, that in GoM
sediments directly above gas hydrate mounds lacking microbial mats, ε-Proteobacteria
dominated the bacterial clone libraries (108). However, in the present study, fewer than
4% of the metabolically active phylotypes detected at the 0-2 cm depth belonged to εProteobacteria.

Instead, the 0-2 cm Bacteria clone library was dominated by γ-

Proteobacteria and δ-Proteobacteria (45% and 48% respectively) while the 6-8 cm and
10-12 cm libraries were dominated by δ-Proteobacteria.
All γ-proteobacterial-related clones derived from sediments covered with either
orange- or white-pigmented microbial mats were most similar to either Beggiatoa sp. or
macrofaunal endosymbionts (93% to 99% similar). Surprisingly, all of the Beggiatoarelated clones were most similar to Beggiatoa sp. ‘Monterey Canyon’ (2) providing a
possible biogeographical link between these two distinct cold seep environments. As
geologic evidence has shown that the presence of a deep water current flowing between
the Gulf of Mexico and the Eastern Pacific was disrupted 4.6 Mya as a result of the rise
of the Isthmus of Panama (59), it is tempting to speculate that these Beggiatoa
populations originated from common ancestor(s) separated by this event. The occurrence
of other γ−proteobacterial phylotypes related to previously identified endosymbiont clone
sequences may be explained by the presence of numerous juvenile clams and shrimp
observed during microscopic examination of intact, unprocessed sediments (i.e., 0-2 cm).
Whether these endosymbionts are free-living in the sediment or were detected as a result
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of disruption/breakage of the juvenile clams and shrimp cannot be determined in this
study.
While the vast majority of the metabolically active γ-Proteobacteria phylotypes
detected in this study appeared to be constrained to the 0-2 cm depth, four distinct clades
of active δ-Proteobacteria remained numerically dominant at all three depths. As many
members of the δ-Proteobacteria are known sulfate-reducing bacteria, these clades are
likely to be important players in S cycling. Although not determined in this present
study, previously measured porewater sulfate concentrations (>25 mM) from GoM site
GC234 sediments associated with overlying microbial mats did not exceed sulfate
concentrations in sediments lacking mats (74). The rates of sulfate reduction in sediments
covered with mats, however, were several orders of magnitude greater along a 0-12 cm
depth profile relative to comparable sediments lacking microbial mats (74). A
corresponding increase in H2S concentration was detected as sulfate concentrations
decreased with increasing sediment depth (74). Such concentrations and rates are similar
to previously characterized Beggiatoa sp. mat-associated sediment porewater from other
cold seep environments (10, 122) as well as a GoM study conducted at GC185 (1). We
hypothesize that the predominance of active δ-Proteobacteria detected at the lower
depths may be explained by two different mechanisms. First, upward flow of subsurface
fluids channeled around microbial mats may result in a downward fluid flux through the
mat (180). Sulfate-rich seawater is pumped deeper into the mat-covered sediments than
surrounding sediments lacking mats. Thus, the microbial mats would provide a localized
increased concentration of sulfate at lower depths facilitating overall higher rates of
sulfate reduction. Secondly, anaerobic sulfur oxidation due to Beggiatoa sp. activity
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would replenish sulfate throughout the sediment profile. Although there was a 7-fold
increase in the total number of metabolically active Beggiatoa sp. clones detected at 0-2
cm, Beggiatoa-related clones were also detected at 6-8 cm and 10-12 cm. Such results
were perhaps not surprising, as previous reports have demonstrated the ability of
Beggiatoa spp. to migrate below 10 cm to reach elevated concentrations of H2S (2, 116).
Planctomycetales-related clones were more frequently detected at the lower
depths (i.e., 6-8 cm and 10-12 cm) in sediments covered with orange- and whitepigmented microbial mat communities. Previous studies have demonstrated the breadth
of physiological characteristics of this phylum (50, 92, 152) including a possible link
between some members of the Planctomycetales to the anaerobic oxidation of ammonia
(153, 161). This process, known as ANAMMOX and described by a metabolic pathway
first reported by Van de Graaf et al. (174), requires ammonia and nitrite in an anaerobic
environment to produce dinitrogen gas (162, 163). Ammonium concentrations in
previously characterized porewater from one of our study sites (i.e., GoM GC234) were
4-fold higher in Beggiatoa spp. mat-covered sediments at 10-12 cm (>30 µM) relative to
sediments lacking microbial mats (5 µM) (74). Although nitrite concentrations were not
determined, nitrate concentrations in porewater from GC234 sediments with microbial
mats were highest at the surface (>20 µM) and decreasing to less than 2 µM below 2 cm
(74). The nitrite source, required for ANAMMOX, may be derived from either the
incomplete reduction of nitrate or from the advective flow of nitrite-bearing seawater
through the Beggiatoa-covered sediment as has been reported by Weber and Jorgensen
(180). Therefore, an increased concentration of nitrite and ammonia may be attributed to
the presence of Beggiatoa sp. mats. Thus, we theorize that the Planctomycetale-related
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clones detected in this study are dependant on the presence of the Beggiatoa sp. mat
community.
Methane concentrations and anaerobic oxidation of methane (AOM) rates
previously determined for GC234 sediments covered with Beggiatoa sp. mats have been
shown to be several orders of magnitude higher than control sediments lacking microbial
mats (74). In the present study, the vast majority (95%) of Archaea clones obtained from
the three sediment depths also sampled from GoM sites GC234 and GC185 were
phylogenetically related to the ANME-2 group of the order Methanosarcinales, proposed
candidates for AOM. ANME-2-related sequences have been isolated from total DNA
extracted from other cold seep environments (62, 88, 108, 122), but have never
represented such a majority of the sequences as obtained in this study. This study also
represents the first archaeal clone library containing sequences related to all four ANME2 subdivisions [i.e. A, B, C and D; (108, 122)]. Interestingly, the ANME-2C-related
clones do not form a GoM specific cluster as was observed in other phylogenetic analyses
of GoM hydrate-associated sediments (88, 108). However, one of the two ANME-2Drelated phylotypes was only 92% similar to previously identified ANME-2D sequences
from the GoM (108) and thus may represent a novel lineage within the ANME-2D clade.
The uniqueness of the Archaea clone libraries constructed in this study may be a result of
the environmental conditions associated with an overlying microbial mat community or
due to this study being the first to characterize metabolically active archaea communities
from a cold seep locale. A PCR primer bias seems less likely as the primers employed in
this study have been used in another GoM study that resulted in more diverse libraries
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that included sequences related to Methanomicrobiales, Archaeglobus, non-ANME-2
Methanosarcinales and Crenarchaeota (109).
Based on our current findings characterizing the metabolically active fraction of
the bacterial and archaeal community in conjunction with recent geochemical data and
microbial rate measurements from Beggiatoa-covered sediments (74), we propose the
following. Beggiatoa sp. serve as a keystone member of the seep community owing to
their ability to (directly and indirectly) influence the metabolic activity of

δ−Proteobacteria, Planctomycetales, and ANME archaea. The end products of
Beggiatoa-mediated anaerobic sulfur oxidation (i.e. sulfate and ammonia) and an increase
in advective flow rate into the mat (180) would result in higher concentrations of
reactants available for δ-Proteobacteria and Planctomycetales. Recent findings by Joye
et. al (74) lend support to this hypothesis as they detected an increase in sulfate and
ammonium concentrations, and microbial sulfate reduction rates in GoM GC234
sediments with overlying microbial mats. In addition, the increased rate of sulfate
reduction and advective flow of organic material into the sediment can promote a more
conducive environment for AOM [reviewed in (173)]. The predominance of ANMErelated clones (regardless of sediment depth) and reported high rates of AOM (74)
support this general hypothesis. In conclusion, this study represents some of the first
molecular phylogenetic data describing the fraction of the metabolically active Bacteria
and Archaea communities in GoM cold seep habitats. Such information provides insights
into the interconnection and interdependency of the microbial populations residing in
sediments associated with overlying mat communities dominated mainly by Beggiatoa
spp.
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CHAPTER 5
CONCLUSIONS

The northern Gulf of Mexico continental slope margin is an active geologic
region that supports diverse chemosynthetic communities. Faults formed by rising
subsurface salt diapirs provide conduits for gas and oil migration into the upper
sediments and water column. The resulting cold seeps provide the necessary
geochemistry to support diverse chemosynthetic communities. Located below the photic
zone, the primary producers in this extreme environment ecosystem are symbiotic and
free-living chemoautotrophic bacteria. Symbiotic thiotrophs and methanotrophs have
been well characterized within the tissues of tube worms (Lamellibrachia sp. and
Escarpia sp.) and mussels (Bathymodiolus sp.), respectively. However, to gain a better
understanding of the microbial community extant at GoM cold seeps, the free living
chemoautotrophic, as well as the heterotrophic microbial communities must be identified.
The focus of this study was to characterize the microbial community structure
associated with GoM cold seeps. Two locales on the GoM continental slope were
selected, GC185 and GC234. Both sites contained surface breaching gas hydrate mounds
and orange- and white-pigmented microbial mats. Hydrate and microbial mat associated
sediment samples were obtained on two separate research cruises, both utilizing the
manned submersible Johnson Sea Link. The submersible provided the ability to obtain
discrete samples using a specially designed hydrate drill and sediment push cores. These
samples were utilized to complete one of the first molecular characterizations of the total
microbial community and the first characterization of the active fraction of the microbial
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community within three distinct layers of a surface breaching hydrate mound. In addition,
this study is the first to characterize the active fraction of the microbial community down
a depth profile in sediments associated with orange- and white-pigmented microbial mats.
The archaeal clone libraries obtained from these samples make up one of the first reports
of metabolically active Archaea from marine sediments. This study was also the first to
utilize a hydrate drill to obtain stratified cores of surface-breeching gas hydrate.
All hydrate samples were recovered using a specially designed hydrate recovery
chamber and a hydrate stabilization chamber. The hydrate recovery chamber (HRC)
maintained ambient bottom water temperature (~7oC) and pressure (~50 atm) to reduce
the rapid dissociation of hydrates common to shipboard gravity and piston coring
techniques. The hydrate stabilization chamber (HSC) provided a work platform with a
surface temperature of <-30oC, thus maintaining hydrate integrity during core dissection.
Stabilized intact hydrate cores provided access to microbial communities at the three
different hydrate layers. The large volume of sample obtained in the HRC allowed the
extraction sufficient quality and quantity of RNA from intact interior hydrate.
The nineteen clone libraries obtained in this study have identified several unique
clades with no closely related previously cultured isolates. In particular, the ANME-2
subdivision, within the order Methanosarcinales, was originally divided into three
subgroups by Orphan et al. (122). Clone libraries from both the gas hydrate- and
Beggiatoa sp. mat-associated sediments indicated a fourth subgroup denoted ANME-2D
(108). This group was identified in both DNA- and RNA-derived libraries indicating both
presence and metabolic activity of this group. Three additional groups of clones, denoted
Unclassified Euryarchaeota, Unclassified Bacteria 1 and Unclassified Bacteria 2, were
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detected within the sediment entrained hydrate and interior hydrate layers. In contrast to
the ANME-2D subgroup, these clades were too distantly related to any previously
identified group to provide supporting data to determine their role in the community.
Such groups could be future bioprospecting targets to determine if resulting isolates are
unique to the Gulf of Mexico or if they have any practical medical or industrial
application.
Numerous cloned sequences obtained in this study were closely related to
sequences previously identified from cold seeps at Eel River and Santa Barbara Basins
and Cascadia Margin, and hydrothermal vents at Guaymus Basin. However, there were
clones and clades that were unique to the Gulf of Mexico. Molecular analysis of
Beggiatoa sp.-related clones indicated a potential divergence between GoM Beggiatoa
sp. and Monterey Canyon Beggiatoa sp. corresponding to the rise of the Isthmus of
Panama (109). In addition, novel clades, i.e, ANME-2D (108), Unclassified
Euryarchaeota, Unclassified Bacteria 1 and Unclassified Bacteria 2, and distinct
clusters, GoM SRB Group 5 and GoM SRB Group 6 (108), were reported in both
archaeal and bacterial clone libraries from RNA- and DNA-derived clones. There is a
current trend to assign biogeographical parameters to newly characterized microbial
communities. Microbial biogeography attempts to identify microbes that are unique to a
specific location. Whereas numerous clades and phylotypes appear to be GoM specific,
more sequence comparisons using additional genes are required to begin to speculate on
the potential GoM biogeography.
The purpose of this study was to characterize the microbial communities extant
within GoM cold seep gas hydrates and microbial mat associated sediments. The latest
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molecular techniques were used to isolate DNA and RNA, and subsequently construct
and characterize clone libraries. As a result, novel clades and phylotypes in addition to
well-characterized lineages were identified, providing a better understanding of the
microbial community structure.
While insight was gained into the microbial component of the cold seep
ecosystem, future research directions were identified that will guide studies in this and
other extreme environments. Data presented in this study represented a single time point
at two seep sites in the GoM. Additional sample dates and locations will determine if
these microbial communities are subject to temporal and spatial variations. Clone
libraries are inherently qualitative; therefore, using real time-PCR, or quantitative PCR,
will provide data on the cell concentrations in the community within the individual
lineages identified in this study. Additionally, attempts to cultivate and characterize
representatives from the novel clades identified in this study will potentially determine
their role in the community. Additionally, representatives from these novel clades could
possess new metabolic processes potentially usefully in medical or industrial
applications.
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