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Abstract 

Four microbial mat-forming, non-axenic, strains of the non-heterocystous, filamentous, cyanobacterial genus Micro- 
coleus were maintained in culture and examined for the ability to fix atmospheric nitrogen (N,). Each was tested for 
nitrogenase activity using the acetylene reduction assay (ARA) and for the presence of the dinitrogenase reductase gene 
(nifl), an essential gene for N, fixation, using the polymerase chain reaction (PCR). The Microcoleus spp. cultures were 
incapable of growth without an exogenous nitrogen source and never exhibited nitrogenase activity. Attempts to amplify a 
360-bp segment of the nigh gene using DNA purified from the cyanobacterial cultures did not produce any cyanobacteria- 
specific nijW sequences. However, several non-cyanobacterial homologous nigh sequences were obtained. Phylogenetic 
analysis showed these sequences to be most similar to sequences from heterotrophic bacteria isolated from a marine 
microbial mat in Tomales Bay (California, USA), and bulk DNA extracted from a cryptobiotic soil crust in Moab (Utah, 
USA). Microcoleus spp. dominated the biomass of both systems. Cyanobacteria-specific 16s rDNA sequences obtained 
from the cultured cyanobacterial strains demonstrate that the lack of cyanobacteria-specific nigh sequences was not due to 
inefficiency of extracting Microcoleus DNA. Hence, both the growth and genetic data indicate that, contrary to earlier 
reports, Microcoleus spp. appear incapable of fixing N, because they lack at least one of the requisite genes for this process. 
Furthermore, our study suggests epiphytic N,-fixing bacteria form a diazotrophic consortium with these Microcofeus spp. 
and are likely key sources of fixed Nz generated within soil crusts and marine microbial mats. 
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1. Introduction requirements are supplemented through N, fixation 

A common and distinguishing feature of lami- 
nated microbial ecosystems such as cryptobiotic soil 
crusts and marine cyanobacterial mats is their ability 
to grow and proliferate in nitrogen (N) deficient 
environments. Mats and crusts thrive because their N 

* Corresponding author. E-mail: Hans_Paerl@unc.edu 

[ 1 ,i]. The conversion of atmospheric-N2 to biologi- 
tally utilizable NH: (N2 fixation) within cryptobi- 
otic soil crusts and marine cyanobacterial mats yields 
a significant amount of N needed to sustain the 
productivity and fertility of surrounding soils [I] and 
waters [3]. N, fixation is an energy intensive enzy- 
matic process carried out by the nitrogenase system 
which is only found in a limited number of prokary- 
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otic species [4]. Because of its large energy require- ferred every 2-3 days to clean cultures. Het- 
ments, N, fixation in mats and crusts has been erotrophic microaerophilic bacteria were obtained by 
attributed to the highly visible standing stocks of inoculating 0.1% agarose tubes of an N-free artificial 
oxygenic, phototrophic cyanobacteria that dominate seawater medium [18] with stabs from Microcoleus 
the primary productivity and biomass of these sys- sp. dominated microbial mats. Isolates were obtained 
tems [2,5]. Ubiquitous, filamentous, non-hetero- by the repeated streaking of single colonies onto 
cystous cyanobacteria often identified as Micro- 1 .O% agar plates (8.0 g mannitol, 10.0 g agar, 0.05 g 
coleus spp. are commonly found to be the dominant yeast extract, 1.0 ml of 5.0 g/l NaH,PO, solution, 
structural component of laminated microbial ecosys- and 0.6 ml F/2 trace metal solution per 1 1 filtered 
tems inhabiting vastly different environments [ 1,6- seawater). The isolates were transferred back into the 
101 and are widely assumed to be a primary N, fixer semi-solid media described above to screen for nitro- 
in these systems [l l-131. genase activity using the acetylene reduction assay. 

In particular, previous studies suggested two 
cyanobacteria frequently identified as being present 
in mats and crusts, Microcoleus vaginatus and M. 
chthonoplastes, have the ability to fix N2 [ 1,141. 
However, cultured Microcoleus strains PCC7420 
(M. chthonoplastes) and PCC6304 (M. vagirzatus) 
were found incapable of fixing N, even under anaer- 
obic conditions [15]. In this paper we more closely 
evaluate the role Microcoleus spp. play in the N?- 
fixing dynamics of microbial mats and soil crusts by 
assessing the capability and genetic potential of three 
cyanobacterial strains identified as Microcoleus 
chthonoplastes and one strain identified as Micro- 
coleus vaginatus for N, fixation. 

2.2. Chlorophyll a and acetylene reduction 

2. Materials and methods 

2. I. Culture studies 

Cultures designated as PCC7420 and WH8701 
were kindly provided by J. Waterbury (Woods Hole 
Oceanographic Institute, Woods Hole, MA, USA). 
NCR, a Microcoleus strain isolated from the Rachel 
Carson National Estuarine Research Reserve 
(RCNERR, Beaufort, NC, USA), and SCHZ, a 
‘Schizofhrix’ strain, were provided by L. Prufert-Be- 
bout. IMS9401 was isolated from a cryptobiotic crust 
of the Colorado Plateau, (Moab, UT, USA). 
PCC7420, WH8701, SCHZ, and NCR, were grown 
in seawater-based F/2 media [16] while IMS9401 
was grown in Chu-10 media [ 171, both at a final 
concentration of 0.88 mM NaNO,. Growth condi- 
tions were set at 25°C with a 14:lO h 1ight:dark 
cycle. Isolates were initially grown on plates contain- 
ing 1% agar with individual trichomes being trans- 

Three replicates of each Microcoleus strain were 
grown in liquid N-free media (F/2 for M. chthono- 
pfasfes strains and Chu- 10 for IMS9401). After 7, 
14, and 21 days, 4.0 ml aliquots were taken from 
each replicate culture for chlorophyll a measure- 
ments [19]. Samples were spun down in 15 ml 
centrifuge tubes, resuspended in 4.0 ml acetone, 
sonicated, and filtered through a 0.45 ,um syringe tip 
filter (Gelman) prior to analysis on a Turner Fluo- 
rometer model 110. After the 21 st day, a 5 ml 

aliquot was removed from each culture for acetylene 
reduction assays [20]. Samples were placed into 15 
ml glass test tubes and sealed with a rubber stopper. 
2.0 ml of the headspace was removed, replaced with 
2.0 ml of acetylene, and incubated for 24 h as above. 
At the end of the 24 h, 0.225 ml of gas was removed 
for analysis using a Shimadzu GC-9A gas chromato- 
graph. 

2.3. DNA extraction, PCR and sequencing 

The QIAamp Tissue Kit (Qiagen, Chatsworth, 
CA, USA) was used for extraction of DNA from all 
samples. An initial crude extract was obtained for the 
soil crust sample based upon the method in Giovan- 
noni et al. [21]. Amplification of the n&V segment 
was performed using the parameters and primers 
outlined in Zehr and McReynolds [22]. 16s rDNA 
was amplified with primers corresponding to E. coli 
bp positions 8-27 [23] and 1492-1510 [24]. PCR 
products were gel purified and cloned into pCR” 2.1 
Vector (Invitrogen, San Diego, CA, USA). Sequenc- 
ing was done by the UNC-CH Automated DNA 
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Sequencing Facility on a Model 373A DNA Se- 

quencer (Applied Biosystems) using the Taq Dy- 
eDeoxy ‘* Terminator Cycle Sequencing Kit (Ap- 
plied Biosystems). 

2.4. Phylogenetic analysis 

Nifl sequences were aligned and translated using 
GCG software [25] prior to being checked manually. 
The Protein Distance (Dayhoff PAM Matrix) and 
Neighbor (Neighbor-Joining) programs in Phylip [26] 

were used to construct phylogenetic trees. 16s se- 
quence comparisons were made using BLASTA and 
FASTA functions in GCG. 

2.5. ImmunoJluorescence 

Monospecific, polyclonal antibodies to the Fe-S 
protein (NiM) were used to detect the presence of 
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the nitrogenase enzymes following the protocol of 

Currin et al. [27]. Microcoleus sp. filaments were 
obtained by scraping the surface of the RCNERR 
mat with a sterile inoculating loop then grown 
overnight in semi-solid, seawater-based, N-free me- 
dia. 

3. Results and discussion 

Four strains of Microcoleus spp., NCR, WH8701, 
PCC7420, and IMS9401 and one marine strain iden- 
tified as a Schizothrix sp., were obtained and main- 
tained in culture. NCR, WH8701, and PCC7420 are 
marine strains identified as M. chthonoplastes and 
IMS9401 is a terrestrial isolate identified as M. 
uaginatus, all of which possess sheathed trichomes 
with tapered terminal cells indicative of Microcoleus 
spp. [28]. Stringent isolation and transfer techniques 

I l 

/ / / / / , / / / 
.’ 

--__ --__ :_ 
A’ 

rx--inabaena 
-1 

, - l - PCC7420 +N 1 

7 
Time (in days) 

14 

Fig. 1. Graph demonstrating the inability of Microcoleus spp. PCC7420, NCR, and IMS9401 to grow without N. Also shown are PCC7420 

grown with N and an Anabaena sp., a heterocystous cyanobacteria, grown without N. 
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were employed in an attempt to render the cyanobac- 

terial cultures axenic. The number of bacterial asso- 
ciates could be greatly reduced, but axenic cultures 
were not generated despite numerous transfers of 
each strain. Although microscopic inspection of the 
cyanobacterial cultures revealed that they were unial- 
gal, a small number of bacteria remained associated 
with the cyanobacterial filaments. The inability to 
obtain axenic cultures is a common problem with 
Microcoleus spp. [28] and may potentially lead to a 
misinterpretation of these species’ physiological ca- 
pabilities and limitations. The environmental samples 
from which NCR and IMS9401 were obtained have 
exhibited substantial rates of N, fixation as mea- 
sured by the acetylene reduction assay [ 1,121. How- 
ever, the cleaned Microcoleus strains, including NCR 
and IMS9401, were unable to grow without nitrogen 
and repeatedly failed to exhibit nitrogenase activity 
when grown in N-free media. Fig. 1 shows the 
growth response of the Microcoleus strains in cul- 
tures with and without N. The lack of detectable 
nitrogenase activity could be the result of unfavor- 
able conditions or physiological changes occurring 
within the Microcoleus spp. Yet, when Lyngbya 

aestuarii, also a mat-forming filamentous cyanobac- 
teria, was grown under similar conditions consider- 
able nitrogenase expression and activity were 
demonstrated [28]. 

The n$V gene is the most evolutionarily con- 
served within the nitrogenase gene system [4] and 
the phylogenetic trees generated by ni$4 sequence 
data are largely in agreement with those generated 
by 16s rRNA sequence data [29]. The degenerate 
primers developed from the analysis of nigh gene 
alignments have been shown to be effective at ampli- 
fying the desired product from a large number of 
diverse organisms [30] and from DNA obtained from 
small numbers of diazotrophic cells (I 100/l) [31]. 

A positive PCR signal (360 bp band) was detected 
for all cultures except IMS940 1. The amplified prod- 
ucts were cloned and three or more clones from each 

culture were sequenced. No cyanobacteria-specific 
nifty sequences were obtained. Instead, the nij&! 
sequences obtained were most closely related to 
y-proteobacteria and anaerobes such as Clostridium 

pnsreurianum and Desulfouibrio gigas (Fig. 2). Also, 
these culture-derived sequences were either identical 
or highly similar at the amino acid and nucleotide 
level to sequences obtained from a soil crust sample 
dominated by M. uaginatus from the Colorado 
Plateau (Moab, UT) and several bacterial isolates 
derived from a Microcoleus spp. dominated mat in 
Tomales Bay [32]. A Tomales Bay mat heterotrophic 
isolate which exhibited substantial rates of N, fixa- 
tion (Fig. 2) differed by only one base pair at the 
nucleic acid level and was identical at the amino acid 
level to the culture-derived sequence obtained from 
WH8701. 

To eliminate the possibility that the lack of 
cyanobacteria-specific nigh sequences resulted from 
the insufficient lysis of cyanobacterial cells and/or 
the presence of greater numbers of non-cyano- 
bacterial cells, 165 rDNA specific primers were used 
to amplify DNA from the purified cyanobacterial 
cultures. At least two partial sequences were ob- 
tained (approximately 500 bp) for each culture and 
compared to known sequences. Except for NCR, all 
16s sequences obtained were most similar to 
cyanobacteria-specific 16s sequences. 

N$V sequences obtained from amplifying the 
DNA extracted from N,-fixing natural mat and crust 
samples further indicate that when populations of 
N,-fixing cyanobacteria exist, PCR techniques are 
capable of detecting their presence [30]. For exam- 
ple, the DNA extracted from a Colorado Plateau soil 
crust sample yielded three unique cyanobacterial se- 
quences that were most similar to the heterocystous 
cyanobacteria Nostoc spp. Microscopic inspection of 
the assayed sample revealed small, but detectable 
numbers of a filamentous, heterocystous cyanobacte- 
ria possessing terminal heterocysts. In addition, a 
previous study utilizing the same nzjZZ specific 

Fig. 2. Phylogenetic tree showing the genetic relationship of 78 (67 from Genbank) deduced nigh amino acid sequences corresponding to 

PCC7120 amino acid residues 48-155. Methanoccocus icanouii was used as an outgroup. Bootstrap values greater than 50% for 

neighbor-joining are given above the branches. Those sequences with symbols beside them were obtained during this study. Multiple 
symbols denote identical translated amino acid sequences obtained from different DNA samples. Tomales Bay bacterial isolates. 0; Utah 

Soil Crust (UtSC), 6 ; NCR, v ; PCC7420, n ; SCHZ, *; and WH8701. A Sequence accession numbers: U41507 and U43436-U43445. 
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Fig. 3. Conceptual model depicting consortia1 interactions be- 

tween cyanobacteria and associated bacteria. Arrows indicate the 

proposed flow of carbon, nitrogen, and other metabolites. 

primers to analyze a Microcoleus spp. dominated 
cyanobacterial mat from the RCNERR similarly 
failed to detect any cyanobacteria-specific nigh se- 
quences, yet revealed a surprisingly diverse popula- 
tion of non-cyanobacterial diazotrophs [30]. How- 
ever, when the same mat was assayed once substan- 
tial numbers of the known N,-fixing cyanobacterial 
genus Lyngbya inhabited the mat, L. lagerhaemii 
cyanobacteria-specific nifl sequences were detected 

[301. 
The inability of the purified Microcoleus cultures 

to grow without nitrogen or exhibit nitrogenase ac- 
tivity combined with the @4 and 16s rDNA se- 
quence data indicates these cyanobacteria are not 
capable of N2 fixation. Our findings suggest these 
ubiquitous Microcoleus spp. and perhaps other fila- 
mentous non-heterocystous cyanobacteria found in 
mats and crusts obtain the N necessary to sustain 
their growth from alternative sources. The results 
indicate that the nigh sequences detected were most 
likely from bacteria growing in association with the 
cyanobacteria. Using an antibody specific to NifH. 
Microcoleus sp. associated bacteria can be seen ex- 
pressing nitrogenase enzymes (Fig. 4C). We propose 
that in conjunction with the cyanobacteria, epiphytic 
diazotrophic bacteria form a mutualistic N,-fixing 
consortium. In this consortium Microcoleus spp. 

provide a habitat for growth and a readily available 
source of organic carbon for energy, while the bacte- 
ria provide the fixed N, and perhaps other requisite 
factors for the ‘host’ cyanobacterium’s growth [33] 
(Fig. 3). 

An essential element provided by the physio- 
logical interaction of the consortia1 members are 
anaerobic microzones within and around the mu- 
cilaginous sheaths that Microcoleus spp. typically 
exude (Fig. 4A,B). Anaerobic microzones provide a 

Fig. 4. (A) Phase-contrast light microscopy picture of Micro- 

coleus sp. bundle from a Tomales Bay, CA, cyanobacterial mat 
showing the mucilaginous sheath and bacterial associates sur- 

rounding the bundle. (B) Bundles of Microcoleus sp. from the 
RCNERR incubated with the tetrazolium salt TTC (see 1341). Red 

areas indicate 01-depleted microzones. (C) Epifluorescence pho- 

tomicrograph showing Microcoleus sp. filament (orange) and 

epiphytic bacteria incubated with a polyclonal antibody specific 

for NifH. Green fluorescence from the associated bacteria indi- 

cates presence of NifH within these cells. Orange fluorescence of 
the Microcoleus sp. filament is due to autofluorescence of chloro- 

phyll a. 
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locally reduced region where associative dia- 

zotrophic bacteria can escape the potential inhibitory 
effects of 0, on nitrogenase activity [4]. Localized 
reduction of the tetrazolium salt 2,4,5triphenyltetra- 
zolium chloride (TTC) has demonstrated the pres- 
ence of anaerobic microzones around the Micro- 
coleus spp. growing in the RCNERR mat [33,34] 
(Fig. 4B) and the Utah soil crust (not shown). In 
addition, the nigh sequences obtained from the oxic 
zone of the RCNERR (cyanobacterial layer) revealed 
anaerobic diazotrophs to be present within this layer 

[301. 
The evolution of consortia1 N? fixation relation- 

ships would offer several advantages for the 
cyanobacteria and the N limited mat and crust sys- 

tems they pervade. Physiological and genetic data 
from mats and crusts discussed here suggest a vari- 
ety of functionally and taxonomically distinct 
prokaryotes may form the N,-fixing consortia [30,35]. 
Within the mats and crusts there exist well-defined, 
highly dynamic spatial gradients and temporal fluc- 
tuations in factors controlling N, fixation, including 
O2 and NH: concentrations, pH, temperature, and 
available labile organic carbon [1,35-371. Diverse 
autotrophic and heterotrophic diazotrophs populating 
the mats and crusts ensure a broad spectrum of 
physiological responses to these dynamic environ- 
mental constraints. Thus, a high diversity of dia- 
zotrophs would allow N,-fixing consortia to optimize 
N, fixation when confronted with short term (diel) 
and long term (seasonal) shifts in microscale and 
mesoscale environmental factors. 

The phenomenon of cyanobacteria participating in 
consortia1 associations with epiphytic bacteria ap- 
pears to be a common strategy for optimizing N, 
fixation in terrestrial and aquatic ecosystems [29,38]. 
Previously, it has been assumed that the cyanobacte- 
ria were the exclusive sites of N, fixation and that 
the epiphytic bacteria were the beneficiaries of the 
new N supplied by cyanobacteria. Evidence pre- 
sented here, however, points to an additional, thus 
far overlooked, source of N, fixation in the form of 
epiphytic diazotrophy. This mechanism may be of 
critical importance in providing host cyanobacteria 
with new N and therefore play a crucial role in 
satisfying N requirements of mats and cryptobiotic 
crusts. 
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