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ABSTRACT: Slnce determinahons of aquatic NZ fixation 
potentials have been hampered by the inabihty to quantita- 
hvely culture diazotrophs, w e  evaluated the polymerase 
chain reaction (PCR) for the detection of NZ-fixing mlcroor- 
ganisms in manne samples. We used previously descr~bed 
degenerate oligonucleotide pnmers which are universal for 
the nLfH gene to determine the levels of detection for NZ-fix- 
ing genes in seawater samples. A marine isolate of Klebsiella 
sp. was used as an  internal standard in DNA samples 
obtained from natural marine microbial assemblages to estab- 
lish a lirn~t of detection. We obtained a llrnit of detection 
equivalent to 10 cells ml-' This approach is useful for deter- 
mining the potential for nitrogen fixation in the marine envi- 
ronment, regardless of whether or not NZ fixation is occurring 
at the time of sampling. 

Biological nitrogen fixation, the reduction of atmos- 
pheric dinitrogen to ammonia by microorganisms, rep- 
resents a 'new' nitrogen input in open ocean waters 
which are chronically nitrogen-depleted (Dugdale & 
Goering 1967, Eppley et al. 1973). Oceanic N2-fixing 
microorganisms might be expected to have a selective 
advantage over microorganisms which depend on 
regenerated nitrogen for growth and reproduction. 
However, the role of N2-fixing microorganisms in alle- 
viating nitrogen limitation is currently believed to be 
minor, except in certain eutrophic lakes prone to NZ- 
fixing cyanobacterial blooms and during large blooms 
of the marine planktonic cyanobacterium Tficho- 
desrniurn spp. (Fogg et  al. 1973, Carpenter & Capone 
1983, Howarth et  al. 1988). It appears that either cur- 
rent N2 fixation measurements underestimate the 
importance of N2 fixation in aquatic systems or that N2 
fixation potentials and hence N inputs are limited by 
other factors (Legendre & Gosselin 1989). 
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Due to the difficulties in culturing and quantifying 
diazotrophs and determining their activities in natural 
communities, it is advantageous to detect N,-fixing 
microorganisms directly using a method which does not 
depend on rate measurements of nitrogenase activity or 
culturing. We have evaluated and present here an  alter- 
native approach for determining the presence of N2-fix- 
ing microorganisms in seawater based on amplification 
of a segment of nifH, the structural gene for dinitroge- 
nase reductase, using the polymerase chain reaction 
(PCR) (Mullis & Faloona 1987, Saiki et al. 1988), a tech- 
nique which is quickly finding environmental applica- 
tions (e.g. Steffan & Atlas 1989, Paul et  al. 1990). This 
approach should fachtate deterrninations of aquatic N2- 
fixing potential and community composition. 

The use of PCR for detection of nif  genes in environ- 
mental samples is dependent upon the development of 
a suitable extraction technique, removal of compounds 
which inhibit the PCR and a reliable method for detec- 
tion of the amplified product. Although DNA purifica- 
tion techniques often involve CsCl density gradient 
ultracentrifugation, the broad application of PCR by 
marine scientists is enhanced by more efficient tech- 
niques that do not require expensive specialized 
equipment such as a n  ultracentrifuge. We describe 
here results of experiments to determine the level of 
detection of nif  genes in seawater samples using 
simple procedures that do  not require expensive or 
specialized equipment. These experiments deter- 
mined (1) the op tma l  DNA extraction protocol, (2) a 
satisfactory method for eliminating or reducing the 
inhibition of PCR by seawater samples, and (3) the 
level of detection of nitrogen fixing cells in seawater. 

Materials and methods. Cell cultures: Klebsiella sp. 
RM2-2 and RM1-2 (believed to be the same species) 
were isolated as previously described and obtained 
from C.  Currin (Currin et al. 1990). Liquid 'FL' N- 
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sufficient medium (Currin et al. 1990) was inoculated 
with RM2-2 and incubated at 25°C overnight in the 
dark. The cell density was determined using acridine 
orange direct counts (AODC) as described by Hobbie 
et al. (1977). 

DNA extraction: Two m1 of culture (3.6 X 10' cells) 
were added to 1 1 of filtered seawater. This amendment 
of seawater allowed us to check the recovery of a 
known amount of DNA during processing of the sea- 
water sample. The sample was then filtered onto Gel- 
man GA8 47 mm polysulfone 0.2 pm pore size filters 
and quickly placed into 0.4 m1 TNE Buffer (10 mM 
Tris-C1 pH 8.0, 150 mM NaCl, 100 mM EDTA) to avoid 
drying of the membrane and DNA degradation. The 
sample was frozen at  -20°C and thawed. Several pro- 
tocols were tested with the goal of achieving maximum 
yield with DNA purity sufficient for enzymatic manip- 
ulation (see also Fuhrman et al. 1988, Somerville et  al. 
1989). The DNA extraction protocol was modified from 
Marmur (1961). Lysozyme (Sigma grade 111) was added 
at 0.5 mg ml-' and samples incubated 10 rnin at  37 "C. 
Sodium dodecyl sulfate (Sigma lauryl sulfate, sodium 
salt 95 %) was added to a final concentration ot 1 O/o 
and the sample was incubated 10 rnin at 37°C. One 
phenol-chisam (chisam = chloroform: isoamyl alcohol 
24:l v/v) extraction was performed followed by an  iso- 
propanol/ammonium acetate DNA precipitation (Mar- 
mur 1961). The DNA in TE buffer (10mM Tris-C1 pH 
8.0, 1 mM EDTA) was treated with 1 mg ml-' RNaseA 
(Sigma Type 1-AS) at 37°C for 30 min. One phenol: 
chisam extraction was performed and the DNA was 
precipitated as described above. 

Enzyme inhibition experiments: One liter of seawater 
from Bogue Sound (Morehead City, North Carolina, 
USA) was prefiltered through 20 pm Nitex and a 5 pm 
porosity, 47 mm diameter polycarbonate filter. The fil- 
trate was filtered onto a 0.2 pm porosity 47 mm diameter 
polysulfone filter, which was then placed in TNE buffer. 
The DNA was extracted as described for the RM2-2 
seawater samples except that the RNaseA step was 
omitted. The DNA in Treatment 3 was not punfied fur- 
ther. The DNA in Treatment 2 was dialyzed against TE 
buffer using Spectra/Por 4 dialysis membrane tubing, 
and the DNA was re-precipitated and resuspended in 
20 p1 TE. The DNA in Treatment 1 was treated with 
RNase as described for the RM2-2 amended seawater 
DNA, phenol:chloroform extracted once more, re- 
precipitated and resuspended in 20 p1 TE. 

EcoRI restriction digests were performed using RM1- 
2 DNA and varying concentrations of picoplankton 
DNA from each treatment in order to determine if 
EcoRI activity (and potentially Taqpolyrnerase activity) 
was inhibited by each DNA sample. One microliter of 
1:5 diluted picoplankton DNA was added to digest A 
for each of Treatments 1 to 3. These are called Al ,  A2, 

A3. Different amounts of diluted picoplankton DNA 
(3, 5 and 10 p1) were added to digests B, C and D (for 
each treatment). 

PCR and sensitivity experiments: The level of detec- 
tion was determined with serial dilutions of KlebsieUa 
sp. cells. In the first experiment, serial dilutions were 
prepared in TE buffer from 1:10 (DNA from 106 cells) to 
1:100 000 (DNA from l00 cells). PCR was performed on 
the dilutions. A second PCR run was performed as 
described using DNA from 10 to 105 cells. 

PCR conditions for all experiments were essentially as 
described previously with slight modification (Saiki et 
al. 1988, Zehr & McReynolds 1989). A Coy tempcycler 
was used. Degenerate primers to 2 highly conserved 
regions of nrfHwere used (Zehr & McReynolds 1989): 

Primer 1: 5'-TGYGAYCCNAARGCNGA-3' 
Y = T or C, N = A, C, G, or T 

Primer 2: 5'-ADNGCCATCATYTCNCC-3' 
R = A or G ,  D=A,T,or G 

The final primer concentration was 100 pM for 
each primer. Buffer consisted of 16.6 mM (NH4)2S04, 
67 mM Tris-C1 pH 8.0, 6.7 mM MgC12, 10 mM beta- 
mercaptoethanol. 200 pM each dATP, dCTP, dGTP, 
and dTTP, 100 pg BSA ml-l. DNA was denatured at 
95°C for 5 rnin and then cooled to 57°C for 5 min, 
during which 2.5 U Taq polymerase was added to 
each 100 p1 reaction. The samples were heated to 
70°C for 1.5 min, followed by 45 cycles of 1.2 rnin at  
93.5"C, 1 rnin at 5f°C, and 1.5 rnin at 70°C. Ten 
microliters of each sample were electrophoresed on a 
4 % NuSieve gel (FMC Bioproducts) and visualized 
with ethidium bromide using a UV transilluminator. 

Results and discussion. DNA yields were not dif- 
ferent between RM2-2 extractions directly from cul- 
ture (where cells were pelleted, resuspended in 
buffer and the DNA extracted) and RM2-2 cells 
added to seawater, and filtered onto 0.2 pm filters 
followed by extraction. This determination was made 
by comparing DNA yields between 2 serial dilution 
sets (direct vs added to seawater) on an ethidium- 
bromide-stained agarose gel. However, impurities 
that are purified with DNA during extraction of DNA 
from seawater caused inhibition of Tag polymerase 
activity (as well as selected restriction enzymes). The 
inhibition could be reduced with RNaseA treat- 
ment, and a second pheno1:chisam extraction and 
NH,OAc/EtOH precipitation. Apparently, an un- 
known inhibitor of enzymatic activity exists in sea- 
water samples which can be reduced or eliminated 
with these steps. 

Inhibition of EcoRI activity was evident in samples 
which had not been treated with RNase when 3, 5 or 
10 p1 of diluted picoplankton DNA was added to the 
RM1-2 digest (Fig. 1). One microliter of diluted pico- 
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Fig. I .  EcoRI digests of RM1-2 and picoplankton DNA comparing purity of DNA preparations. (A) 1 p1 picoplankton DNA added 
to digest; (B) 3 p1 pico DNA; (C) 5 p1 pico DNA; (D) 10 p1 pico DNA. (1) RNase A treated; (2) dialyzed; (3) no RNase A or dialysis 

plankton DNA did not appear to inhibit enzyme activ- 
ity with any treatments, but 5 and 10 p1 picoplankton 
DNA samples from Treatment 3 were not digested. 
Dialyzing against TE improved digestion marginally 
(5 p1 digested, but 10 p1 did not). Treatment 1 DNA 
which had been treated with RNase digested com- 
pletely at  all levels. Six microliters of undiluted pico- 
plankton DNA from Treatment C was added to 
Anabaena oscillarioides DNA and the DNA digested 
completely (data not shown). 

An inhibitory agent which reduces or eliminates 
Tag polymerase (and some restriction endonuclease) 
activity apparently exists in seawater samples. A 
similar problem was found with Sargasso Sea 
samples during a study of phylogenetic analysis of 
marine picoplankton (Giovannoni et al. 1990b). In 
other studies, CsCl density ultracentrifugation was 
used to purify the DNA for enzymatic manipulations 
(Fuhrman et al. 1988, Somerville et al. 1989). How- 
ever, such a procedure requires relatively large 
amounts of DNA, which necessitates concentration of 
large volumes of seawater with expensive, special- 
ized equipment such as tangential flow ultrafiltration 
devices, as well as an ultracentrifuge. A simplified 
procedure such as described here will make it possi- 
ble for the polymerase chain reaction to be applied 
by marine ecologists and biogeochemists of diverse 
background and interest. 

A nifH amplification product, ca 360 bp, was visible 
on an ethidium bromide-stained gel from PCR using as 
few as 100 cells (Fig. 2 ) .  No amplification product was 
visible with DNA from 10 or 0 cells, or from Escherichia 
col; DNA (amplification no. 2; data not shown), but 
non-specific products were evident in the E. coli sam- 
ple. The level of detection is 100 cells. Since we were 
unable to amplify DNA extracted from 10 m1 of seawa- 
ter without apparent inhibition, this makes our level of 
detection 10 cells ml-I It is important to note however 
that the level of detection can vary with sample com- 
position. Therefore, the level of detection should be 
determined on each sample type. 

In order to quantify NZ-fixing microorganisms in sea- 
water samples by PCR, rigorous controls must be 
included. First, a dilution series such as that presented 
above should be included in every PCR run to establish 
limits of detection for that experiment. A small amount 
of DNA should be added to one of the natural samples 
(i.e. close to the anticipated detection limit) to ensure 
that the DNA preparations are pure enough for PCR. 
Because the technique is so sensitive, a negative con- 
trol and a no-DNA control should be included to 
ensure that the DNA extraction buffers and PCR 
reagents have not become contaminated with nif DNA. 

The Klebsiella sp. used in this experiment is a rela- 
tively large bacterium in culture (ca 1 pm). Micro- 
organisms in culture are typically 10 to 100 times more 
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Fig. 2. Amplification # l  of nifH from RM2-2 from seawater to assess sensitivity. (A) no DNA. (B) E. COB DNA. (C) 102 cells 
(D) 3 X 102 cells. (E) 103 cells. (F) 3 X lo3 cells. (G) 104 cells. (H) 105 cells. (I )  106 cells. (J) pBR322IBstNI 

voluminous than organisms from a natural sample 
(Simon & Azam 1989). Therefore, the limit of detection 
in seawater may be lower due to less DNA per cell. 
However, total DNA per unit volume appears to be 
higher in smaller cells (Simon & Azam 1989). Accord- 
ingly, the results of these experiments serve to give 
general estimates of detection limits rather than 
absolute numbers. The detection limit of 100 cells 
observed in this study may not be the lower detection 
limit. Theoretically, only one copy of the gene is 
needed in order to amplify the target DNA sequence. 
Lower detection limits may be dependent upon devel- 
oping better procedures for extraction of high quality 
DNA from seawater. 

The polymerase chain reaction, due to its high sensi- 
tivity, is finding many practical applications in the 
detection of microorganisms in nature. It has recently 
been used to detect genetically-engineered micro- 
organisms in the environment (Steffan & Atlas 1988). 
Photoautotrophs were detected in a Florida (USA) 
reservoir by amplifying a segment of the rbcL gene 
(Paul et al. 1990). Preliminary studies of genetic diver- 
sity and phylogenetic analysis of marine picoplankton 
used PCR as well (Giovannoni et al. 1990a, b). Re- 
cently, PCR with degenerate primers was used to 
amplify a nifH segment from a natural Trichodesmium 
thiebautii aggregate for cloning and sequencing (Zehr 
& McReynolds 1989). The same primers were used to 
amplify a nifH segment from Anabaena oscillanoides, 
RMI -2 and 2-2 (a Ruppia maritima rootlrhizome asso- 
ciated Klebsiella sp.), M1 (a bacterium associated with 
Trichodesmium spp.), and from a bulk DNA extraction 
from Halodule wrightii roots (Kirshtein et al. 1991). 

The adaptation of PCR to amplify a nifH segment in 
seawater samples allows natural populations to be 
screened for the presence of NZ-fixing microorgan- 
isms. This approach should make it possible to deter- 
mine the occurrence and distribution of N2-fixing 
microorganisms in diverse N-deplete coastal and open 
ocean environments where determinations of abun- 
dance and community dynamics have thus far been 
hampered by the inability to quantitatively culture 
diazotrophs. The ability to detect N2-fixing micro- 
organisms will highlight environments where further 
investigation and characterization of N2 fixation is 
warranted. 
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