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INTRODUCTION

The species diversity and distribution patterns of
microorganisms in nature are strongly impacted by
environmental heterogeneity and variability. Frequent
and often extreme changes in key environmental para-
meters (physical, chemical, and biotic) occur, some-

times simultaneously, over quite small spatial and tem-
poral scales in many systems (Revsbech & Ward 1984,
Ramsing et al. 1996, Edgcomb et al. 1999, Piceno et al.
1999, Bagwell & Lovell 2000b). Several recent studies
have demonstrated substantial shifts in bacterial spe-
cies (or ecotype) composition along environmental
gradients (McArthur et al. 1988, Ferris et al. 1996,
1997, Moore et al. 1998, Bagwell & Lovell 2000a) and
in response to environmental variability (Ferris et al.
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roemerianus, and Spartina patens) from the same ecosystem. Forty-six pure culture strains were
recovered from the rhizoplane of S. virginica by stab inoculating freshly collected roots into com-
bined nitrogen-free semi-solid media, followed by streak plating of clonal outgrowths. The majority
of these strains were Gram-negative obligately aerobic or microaerophilic rods, but 3 Gram-positive
strains were also isolated and characterized. API 20NE test strips were used for preliminary charac-
terization of all strains, yielding 22 physiologically different API strain groups. One representative
strain was selected from each API group and tested for the presence of nifH, denoting strains capa-
ble of N2-fixation. Seventeen strains (14 Gram-negative, 3 Gram-positive) were nifH-positive and
were characterized further using BIOLOG test plates. Four well-supported strain clusters were iden-
tified by bootstrapped cluster analysis of the BIOLOG substrate utilization profiles. These clusters
differed in utilization of carbohydrates, carboxylic acids, and amino acids. S. virginica diazotrophs
were physiologically quite different from rhizoplane diazotrophs from the low marsh plants S. alterni-
flora and J. roemerianus, but much more similar to diazotrophs from another high marsh plant, S.
patens. We hypothesize that the observed physiological differentiation between high marsh and low
marsh diazotrophs reflects differences in selection pressures in the rhizoplane microenvironment
produced by plants with differing abilities to ventilate the rhizosphere. In addition, high and low
marsh branches were further resolved into host-specific strain clusters, which also implies a strong
impact of other host features, such as the suite of carbon exudate compounds produced, on the dis-
tributions of specific diazotroph strains. These findings imply endemic, host-specific distributions of
salt marsh diazotrophs and are consistent with the great diversity of diazotrophs that have been
observed in this ecosystem to date.
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1997, Stoffels et al. 1998, Fernandez et al. 1999, Nus-
slein & Tiedje 1999), suggesting that these organisms
may have limited distribution patterns (i.e. endemism).
Endemism would imply that microorganisms are
physiologically restricted to defined niches in situ (e.g.
Ferris et al. 1996, Moore et al. 1998, Bagwell & Lovell
2000a), with important implications for microbial
diversity (Fenchel et al. 1997, Finlay et al. 1998).  How-
ever, relatively little is known about the distribution
patterns of most microorganisms.

Vegetated intertidal salt marshes provide an ideal
setting in which to test hypotheses about environmen-
tal impacts on microbial species diversity and distribu-
tion patterns.  Within the marsh, increasing elevation
and distance from low marsh tidal creeks results in the
formation of distinct environments differing in abiotic
(i.e. sediment texture, soluble H2S, pH, redox poten-
tial, salinity; Bagwell & Lovell unpubl. data) and biotic
features (e.g. plant zonation, Tiner 1993; macrofaunal
burrowing, Bertness 1985).  Interspecies competition
and differences in plant tolerance of various physico-
chemical variables dictate host plant distribution pat-
terns in the intertidal zone (Bertness 1988, 1991a,b,
Levine et al. 1998, Ungar 1998), presumably with sub-
stantial impacts on microbial diversity and distribu-
tions.  However, the impacts that these different envi-
ronmental features have on plant-associated microbial
communities or important functional assemblages
therein are not understood.

Diazotrophic bacteria are ubiquitous in salt marshes,
serving as an ecologically significant source of ‘new’
biologically available nitrogen in these systems (Whit-
taker 1975, Patriquin & McClung 1978, Hanson 1983).
Nitrogen fixation is carried out exclusively by certain
species of Bacteria and Archaea (Postgate 1998), with
the highest rates of activity occurring on and around
plant root surfaces (the rhizoplane and rhizosphere
respectively; Teal et al. 1979, McClung et al. 1983,
Campbell & Greaves 1990). Microenvironmental het-
erogeneity in the rhizoplane and rhizosphere presum-
ably results in the formation of many different niches
in situ (Bowen 1980, Bagwell & Lovell 2000a), support-
ing an abundant and diverse diazotroph assemblage
in these root microenvironments (Bagwell et al. 1998,
Piceno et al. 1999, Lovell et al. 2000). The rhizoplane/
rhizosphere diazotroph assemblage of Spartina alter-
niflora has been studied extensively (Lovell 2001 and
references therein); however, we know relatively little
about the diazotrophs associated with macrophytes
inhabiting high intertidal environments, which are
substantially different from the low intertidal environ-
ment occupied by S. alterniflora.

In this study the physiological diversity of the oxygen
utilizing, culturable fraction of the rhizoplane dia-
zotroph assemblage of the perennial glasswort Salicor-

nia virginica (Salicornia hereafter) was assessed. In
addition, a quantitative comparison of the physiologi-
cal capabilities of rhizoplane diazotrophs isolated from
various intertidal host plants, including tall and short
form Spartina alterniflora (Bagwell et al. 1998), Juncus
roemerianus from an island located within the short S.
alterniflora growth zone (Bagwell et al. 1998), Spartina
patens (Bergholz et al. 2001) and Salicornia, was per-
formed. Our results demonstrate substantial diazo-
troph host specificity (previously proposed in Bagwell
& Lovell 2000a, Lovell et al. 2000) and highlights some
key physiological adaptations of rhizoplane diazo-
trophs to host defined niches in situ. 

MATERIALS AND METHODS

Sampling site description. This study was conducted
in the North Inlet estuary, near Georgetown, South
Carolina, USA (33° 20’ N, 79° 10’ W). Low elevations in
the marsh are dominated by the smooth cordgrass
Spartina alterniflora, existing largely as a monoculture
stand. A variety of salt marsh grasses and plants grow
in pure and mixed stands at higher elevations in the
intertidal and along the terrestrial fringe, including
Juncus roemerianus, Salicornia, Spartina patens, and
Borrichia frutescens. Salicornia plants were collected
from a pure stand on Goat Island in September 1999. A
detailed description of this system and the study site
are provided elsewhere (Dame & Kenny 1986, Morris
& Haskin 1990). 

Root culture inoculation and pure culture isolation.
Salicornia plants were collected with intact roots and
root zone sediments and transported to Columbia,
South Carolina, USA. Due to the woodiness, very shal-
low depths of occurrence, and high density of emerg-
ing shoots on the rhizomes, only soft tissue, sediment-
penetrating roots were used in this study. Roots were
washed briefly with distilled water to remove loosely
associated sediments, then stab inoculated into dupli-
cate tubes of combined nitrogen-free semisolid media
supplemented with glucose, sucrose, citrate, or malate
and adjusted to either pH 7.0 or 7.5 (a total of 16 roots),
loosely capped, and incubated (see Bagwell et al. 1998
for media recipes). All incubations were conducted in
the dark at 28°C. Clonal outgrowths from the root sur-
faces were collected and stab inoculated into fresh cul-
ture tubes of nitrogen-free semisolid medium with the
appropriate carbon source and pH. Pure cultures were
obtained by streak plating on nitrogen-free media.
Pure cultures were maintained on Bacto Marine Agar
for morphological and physiological characterization.
Broth cultures grown on Bacto Marine Broth were sup-
plemented with dimethyl sulfoxide and glycerol (5%
final concentration of each) and stored frozen at –70°C.  
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Strain characterization and grouping. Colony mor-
phology, cell morphology, motility, Gram reaction, and
endospore formation were determined for each strain
using standard methods (Gerhardt et al. 1981). Oxygen
requirements were determined in a semisolid medium
based on Bacto Marine Broth supplemented with
sodium thioglycolate as described previously (Gerhardt
et al. 1981, Bagwell et al. 1998). Initial physiological
characterization was by API 20NE (non-fermentative)
test strips following the manufacturer’s instructions
(bioMerieux Inc., Hazelwood, MS, USA). Briefly, API
test strips contain a series of biochemical reaction cap-
sules, which were inoculated with a fresh cell suspen-
sion (0.85% saline). The strips were incubated at 28°C
for 24 h, and test results scored on the basis of color re-
action or observable cell growth. Specific tests included
on the API 20NE test strips include: ADH (arginine di-
hydrolase), ADI (adipate assimilation), ARA (arabinose
assimilation), CAP (caprate assimilation), CIT (citrate
assimilation), ESC (esculin hydrolysis), GEL (gelati-
nase), GLU1 (glucose acidification), GLU2 (glucose as-
similation), GNT (gluconate assimilation), MAL (mal-
tose assimilation), MAN (mannitol assimilation), MLT
(malate assimilation), MNE (mannose assimilation),
NAG (N-acetyl-D-glucosamine assimilation), NO3 (ni-
trate reduction), PAC (phenylacetic acid assimilation),
PNPG (β-galactosidase), TRP (indole production from
tryptophane), and URE (urease). The API data were
supplemented with tests for cytochrome oxidase pro-
duction following the manufacturer’s instructions (bio-
Merieux Inc.). Strains differing by no more than 3 API
test results were grouped to eliminate redundacy in the
culture collection. The utility of API test strips for deter-
mination of redundant strains has been demonstrated
previously (Bagwell et al. 1998, Bergholz et al. 2001).
One representative strain was selected from each API
group and used for the remainder of the study.

Identification of strains capable of N2-fixation. API
group representatives were screened for nifH, the
gene encoding the nitrogenase iron protein, by dot
blot hybridization with a biotinylated nifH specific
probe (Bagwell et al. 1998). Genomic DNA was ex-
tracted from 2 ml broth cultures grown overnight
at 28°C using the Wizard Genomic DNA Purification
Kit (Promega, Madison, WI, USA) following the man-
ufacturer’s instructions. Dot blot preparation and
hybridization conditions have been described pre-
viously (Bagwell et al. 1998). Probe detection utilized
the Southern-Light chemiluminescence detection kit
(Tropix, Bedford, MS, USA) following the manufac-
turer’s instructions. Film was exposed for 72 h and
experimental dots were scored against dots of positive
(Azospirillum lipoferum) and negative (Staphylococcus
aureus) control DNA samples in triplicate hybridiza-
tions.

Diazotrophic strain physiological characterization
by BIOLOG. API group representatives that were
scored positive for nifH by hybridization were charac-
terized further using GN and GP BIOLOG test plates
(Hayward, CA, USA). Overnight cultures were grown
on Bacto Marine Agar plates and used to inoculate
BIOLOG test plates following the manufacturer’s in-
structions. BIOLOG plates were incubated in the dark
at 28°C for 24 h and color development in each test
well was measured using an automated plate reader.
Increases in absorbance were converted to percent
change values, relative to the negative control, by the
accompanying MICROLOG software (version 3.5), and
standardized by hand into 5 threshold range values,
each assigned an arbitrary ‘amino acid’ designation (A,
C, D, E, and F respectively) (Bagwell & Lovell 2000a).
These artificial ‘amino acid’ sequences were used to
construct a dendrogram from Euclidean distances with
bootstrap support values (500 resamplings) in MEGA
(version 1.01) (Kumar et al. 1993). BIOLOG substrate
utilization profiles, evaluated as artificial ‘amino acid’
sequences, were reproducible among replicates of
selected strains (data not shown).

RESULTS AND DISCUSSION

Salicornia root stab cultures yielded 46 pure culture
isolates, 3 of which stained Gram positive. All strains
were short rods and 17 were motile. Endospore forma-
tion was observed in 13 strains. Four strains were
obligately aerobic while all others were microaero-
philic. Fourteen strains tested positive for the produc-
tion of cytochrome oxidase. Yellow, red, or orange
pigmentation was produced by 7 strains; the rest were
colorless. 

API 20NE test strips were used in the preliminary
characterization of all strains. Strains isolated on com-
bined nitrogen-free media supplemented with car-
boxylic acids (citrate [n = 11] and malate [n = 10])
showed similar results and were positive for more API
tests than those isolated on media supplemented with
carbohydrates (glucose [n = 17] and sucrose [n = 8]).
The majority of all strains (actual percentages are pro-
vided for each test) isolated on carboxylic acid supple-
mented media tested positive for the following API
tests: ESC (100%), GEL (100%), GNT (100%), MLT
(100%), NO3 (100%), TRP (100%), GLU2 (86%), MAL
(86%), MNE (76%), MAN (67%), NAG (67%), and
PNPG (62%). Many of the strains isolated on glucose
supplemented media tested positive for ESC (100%),
PNPG (85%), GLU1 (57%), MAN (57%), and NO3

(57%), while most of the strains isolated on sucrose
supplemented media tested positive for GLU2 (100%),
MAL (100%), MAN (100%), GNT (88%), GEL (75%),
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and NAG (75%). Medium pH did not substantially
impact the total number of strains isolated (22 and 24
strains from pH 7.0 and 7.5 media respectively) or the
number of strains isolated on a specific carbon source
(citrate, pH 7.0 [n = 4], citrate, pH 7.5 [n = 7], malate,
pH 7.0 [n = 5], malate, pH 7.5 [n = 5], glucose, pH 7.0
[n = 9], glucose, pH 7.5 [n = 8], sucrose, pH 7.0 [n = 4],
and sucrose, pH 7.5 [n = 4]). Overall, API profiles for all
strains isolated on pH 7.0 and 7.5 media were similar
(data not shown). 

Glucose was a more useful substrate for enrichment
of rhizoplane diazotrophs from Salicornia than from
low intertidal grasses (Bagwell et al. 1998). The carbon
sources selected for the enrichment media used in this
study are major constituents of root exudates and inter-
nal carbon pools in a variety of grasses including
Spartina alterniflora (Livingstone & Patriquin 1980,
Boyle & Patriquin 1981), as well as in other plants
(Street et al. 1978, Bokhari et al. 1979, Newman 1985,
Whipps & Lynch 1986). Presumably, these carbon
sources are important compounds in the root microen-
vironments of Salicornia as well. The qualitative differ-
ences in diazotroph isolation efficiency among these
carbon compounds may reflect meaningful differences
in labile carbon availability in the rhizoplanes of differ-
ent host plants and/or the impact of differential
edaphic conditions on host plant physiology. Biases
associated with pure culture studies are well known
(Staley & Konopka 1985, Amann et al. 1995), but there

was great consistency between these results and those
from previous studies utilizing the same isolation
media and growth conditions (Bagwell et al. 1998,
Bergholz et al. 2001). 

Comparisons of API profiles resulted in the identifi-
cation of 22 physiologically different API groups, 3 of
which contained one each of the Gram-positive strains.
The remaining 19 API groups contained from 1 to 4
Gram-negative strains each. Multiple isolations of the
same or physiologically similar strains are not unex-
pected (Bagwell et al. 1998), and strains representing
API groups were derived from groups of physiolo-
gically redundant isolates. Grouping physiologically
redundant strains, defined as strains that differ by
fewer than 3 API tests, into an API group may mask
small, but meaningful differences among strains. How-
ever, this treatment facilitates examination of physio-
logically different organisms. While the number of
pure cultures recovered and characterized from Sal-
icornia is relatively small, these organisms cover a
broad range of physiological features and capabilities. 

Dot blot hybridization revealed that 17 of 22 (77%)
API group representatives contained nifH, including
all 3 of the Gram-positive strains. Key morphological
and physiological characteristics of the nifH containing
API group representative strains are provided in
Table 1. The combined nitrogen-free media used here
are clearly well suited for selectively enriching dia-
zotrophs. Nitrogen efficient strains are also common in
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Strain Key physiological features Substrate utilization potential Closest taxonomic group
CH CA AA

SV-M1-4 GN, OP, EN, M 21/28 16/26 14/20 Azotobacteraceae
SV-C2-1 GN, OP, EP, A 22/28 18/26 14/20 Flavobacterium
SV-M2-1 GN, ON, EN, M 22/28 16/26 13/20 Unknown
SV-M1-1 GN, OP, EN, M 22/28 18/26 15/20 Flavobacterium
SV-G2-4 GN, ON, EN, A 22/28 15/26 12/20 Unknown
SV-M2-2 GN, OP, EN, M 21/28 14/26 13/20 Azotobacteraceae
SV-S2-1 GN, ON, EP, M 13/28 17/26 14/20 Unknown
SV-G2-3WHT GN, ON, EN, M 14/28 17/26 13/20 Pseudomonadaceae
SV-G1-4 GN, ON, EN, M 25/28 19/26 14/20 Unknown
SV-G1-3 GN, ON, EN, M 24/28 20/26 16/20 Unknown
SV-C1-3 GN, ON, EP, M 12/28 9/26 12/20 Unknown
SV-S2-3 GN, ON, EP, M 17/28 16/26 18/20 Unknown
SV-G1-2ORG GN, ON, EN, M 13/28 16/26 13/20 Pseudomonadaceae
SV-C2-6 GN, ON, EN, M 13/28 11/26 13/20 Pseudomonadaceae
SV-G1-1 GP, ON, EN, M 38/52 10/18 9/10 Aeromicrobium
SV-S1-4 GP, ON, EP, M 37/52 8/18 7/10 Unknown
SV-G2-1 GP, ON, EN, A 37/52 10/18 9/10 Aeromicrobium

Table 1. Key physiological features and preliminary taxonomic affiliations of the diazotroph API group representatives. Strains
are designated by host plant origin (SV = Salicornia virginica), carbon source used for isolation (C = citrate, M = malate, G = glu-
cose, S = sucrose), pH of isolation medium (1 = pH 7.0, 2 = pH 7.5), and strain number. Physiological characteristics include Gram
reaction (GN = Gram negative, GP = Gram positive), cytochrome oxidase production (ON = oxidase negative, OP = oxidase pos-
itive), endospore formation (EN = endospore negative, EP = endospore positive), oxygen requirements (A = obligate aerobe, M =
microaerophile). Substrate utilization potentials were scored as the number of positive test results out of the total number of sub-

strates tested within each substrate class (CH = carbohydrates, CA = carboxylic acids, AA = amino acids)
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the salt marsh environment (Bagwell et al. 1998),
implying that nitrogen limitation may select for organ-
isms proficient at scavenging low levels of nitrogen.

Four clusters of Salicornia rhizoplane diazotrophs
were defined by bootstrapped cluster analysis of the

BIOLOG physiological profiles (Fig. 1). Strains falling
outside these clusters were physiologically divergent
from any other strains. Cluster 1 (SV-C2-6, SV-C1-3)
and Cluster 2 (SV-G1-3, SV-G1-4) were reasonably
well supported by bootstrap analysis (62 and 67%
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Fig. 1. Dendrogram of physiological profiles,  represented as arbitrarily defined artificial ‘amino acid’ sequences, of Gram-nega-
tive diazotrophic strains isolated from the rhizoplane of Salicornia virginica, tall and short form Spartina alterniflora, Juncus roe-
merianus, and Spartina patens. Strain identifications denote the host plant from which the strain was isolated (Low marsh: TS and
SS = tall and short S. alterniflora respectively, J = J. roemerianus, and High marsh: SV = S. virginica, P = S. patens), enrichment
medium carbon source and pH (C = citrate, M = malate, S = sucrose, G = glucose, 1 = pH 7.0, 2 = pH 7.5), and strain number.
Major branch divisions are denoted by letter (A, B, C, and D), and bootstrap support values (500 resamplings) ≥50% are shown 
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bootstrap support values respectively), while Cluster 3
(SV-M2-1, SV-C2-1, SV-M2-2, SV-M1-1, SV-M1-4)
and Cluster 4 (SV-G2-3WHT, SV-S2-3, SV-G1-2ORG,
SV-S2-1) were strongly supported (99% bootstrap sup-
port). Cluster 1 strains did not utilize many of the car-
bohydrate or carboxylic acid substrates included in the
BIOLOG test plates (45 and 39% of carbohydrates and
carboxylic acids respectively), but utilized a broader
range of amino acids (63%). Cluster 2, 3, and 4 strains
utilized >50% of the carbohydrate, carboxylic acid,
and amino acid substrates included on the BIOLOG test
plates. However, Cluster 2 strains demonstrated much
more physiological versatility, these strains utilized 1 to
10 more substrates from each of these substrate classes
than Cluster 3 or Cluster 4 strains. Cluster 2 and Clus-
ter 3 strains utilized more different carbohydrates than
carboxylic acids or amino acids, while Cluster 4 strains
utilized more different amino acids.

Six Gram-positive diazotrophs have been isolated
and characterized from the rhizoplanes of Salicornia
and Spartina patens, 3 strains per plant (this study and
Bergholz et al. 2001). Overall, utilization profiles for
carbohydrate, carboxylic acid, and amino acid sub-
strates on the GP BIOLOG test plates were 63% simi-
lar for all 6 strains, but Salicornia Gram-positive strains
utilized 5 to 10 more substrates from each of these
substrate classes than S. patens strains. Interestingly,
Gram-positive strains originating from the same host
plant habitat were physiologically more similar to each
other than to strains originating from a different host
plant site. S. patens strains were 77% similar and Sal-
icornia strains were 88% similar for utilization of car-
bohydrate, carboxylic acid, and amino acid substrates.
Several different Gram-positive strains have been
described in association with seagrasses (Kurtz et al.
1998), but Bagwell et al. (1998) did not isolate any
Gram-positive organisms from the rhizoplanes of tall
or short Spartina alterniflora or from Juncus roemeri-
anus growing in close proximity to the Salicornia stand
sampled in this study. Clearly, Gram positives were not
the dominant organisms in any of these culture collec-
tions and too few strains were recovered to support
broad conclusions concerning their distributions. Their
occurrence, however, may suggest a greater preva-
lence of Gram-positive diazotrophs in the high inter-
tidal, but further work will be required to adequately
test this hypothesis. 

Physiological separation of high intertidal rhizoplane
diazotrophs from those of low intertidal host origins
was clearly demonstrated in the cluster analysis by the
formation of distinct strain groupings (Fig. 1). Branch A
consists of diazotroph strains from all host origins, and
clusters among these strains are not particularly well
supported by bootstrapping (except T-M1-5, J-M1-41,
S-C2-8 at 95%). These strains do fall within this major

grouping and consequently some physiological simi-
larities are shared by all. However, low bootstrap val-
ues within this group and higher order branch separa-
tion within the major cluster suggests that placement
of some of these strains is somewhat ambiguous, likely
due to significant physiological differences. Branches
B and D form distinct groupings of Salicornia and
Spartina patens diazotroph strains to the exclusion of
diazotrophs originating from the low marsh. High boot-
strap values also support host-specific strain clusters
within these major branches, demonstrating that some
key physiological differences exist among diazotrophs
from the 2 different high marsh host plants. Branch C is
the major cluster in the dendrogram and is composed
mostly of low marsh diazotroph strains (tall and short
Spartina alterniflora and Juncus roemerianus island).
Two high marsh strains fall within this cluster, both
from S. patens, but only one of these strains (P-G2-14)
was very similar to any diazotroph from the low marsh.
Several mixed strain clusters of low marsh diazotrophs
are distributed throughout this branch grouping and
are well supported by bootstrap analysis. Higher order
branching in the dendrogram demonstrates physio-
logical separation between low marsh versus high
marsh diazotroph strains; however, bootstrap analysis
also supports the designation of host-specific strain
clusters.

Another key physiological feature that seems to dif-
ferentiate strains originating from low intertidal (tall
and short Spartinaalterniflora and Juncus roemerianus
island) versus high intertidal (Salicornia and Spartina
patens) origins is oxygen preference. The apparent pre-
dominance of obligately aerobic and microaerophilic
strains in the rhizoplane of Salicornia and S. patens
may reflect greater (or more consistent) oxygen avail-
ability at these locations. In the high intertidal, infre-
quent tidal flooding results in sediment exposure for
extended periods of time. Consequently, anoxia in the
shallow sediments may only occur for relatively short
time intervals. In addition, Salicornia and S. patens are
not proficient at oxygenating the root microenviron-
ment due to an absence (Salicornia) or low quantity
(S. patens) of aerenchymatous tissue (Anderson 1974).
Consequently, roots and rhizomes of these plants, and
presumably diazotrophs inhabiting their rhizoplanes,
likely depend on oxygen diffusion across the air-sedi-
ment interface to meet their oxygen demands. This
idea is supported by the concentration of root struc-
tures of both Salicornia and S. patens just below the
sediment surface. This is in contrast to S. alterniflora
and the J. roemerianus islands in the low intertidal,
where frequent tidal flooding promotes cyclic changes
from oxic or suboxic to anoxic conditions. Lacunal
transport is the major source of oxygen to roots, rhi-
zomes, and the rhizoplane/rhizosphere (via diffusive
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losses from roots and rhizomes) at these locations (Teal
& Kanwisher 1966, Armstrong 1978, Hwang & Morris
1991). However, oxygen availability in the root micro-
environment is likely intermittent and generally low
(Lovell 2001 and references therein). An overwhelm-
ing prevalence of facultatively anaerobic diazotrophs
was isolated from the roots of these grasses (Bagwell
et al. 1998) and these organisms would seem well
adapted to conditions of intermittent oxygen supply.

Classical cultivation methods reveal a limited view of
the actual species diversity that exists in many envi-
ronments relative to molecular biological techniques
(Amann et al. 1995); however, this approach facilitates
identification of key physiological traits of recoverable
strains and provides insight into how microorganisms
interact with and respond to their environment. The
physiological adaptations of plant-associated dia-
zotrophs are expected to reflect the combined effects
of host plant and edaphic environmental selection
pressures in the root microenvironment, and clearly
these selection pressures and the physiological adap-
tations of diazotrophs differ between high and low
marsh plants. Physiological separation of low marsh
and high marsh rhizoplane diazotrophs is consistent
with differences in host plant ventilation of the rhizos-
phere microenvironment, but the formation of host-
specific strain clusters suggests that additional host
traits can also strongly influence the physiological
capabilities and distribution patterns of diazotrophs. It
is difficult to distinguish the relative impacts of abiotic
and biotic environmental parameters on rhizoplane
diazotrophs, but these findings suggest that the host
plant is a strong determinant of diazotroph distribu-
tions. If so, endemic distribution may be the rule for
salt marsh diazotrophs, which would be consistent
with the great diversity of diazotrophs that have been
observed in this ecosystem to date.
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