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Oceanic distribution of ammonium-oxidizing bacteria 
determined by immunofluorescent assay 

by B. B. Ward 1• 2 

ABSTRACT 
Marine ammonium-oxidizing bacteria in seawater were enumerated by means of immuno-

fluorescent assays developed for Nitrosococcus oceanus and Nitrosomonas marina. Samples 
were collected from the coastal waters off the states of Washington and California, from the 
central North Atlantic and northeast Pacific Oceans, and from Chesapeake Bay. Total abun-
dances of ammonium oxidizers ranged from 107 cells 1-1 in Chesapeake Bay and 10" cells 1-1 

in inshore ocean waters to 103 to 10' cells 1-1 in the open ocean. Using mean abundances 
from surface waters, a potential nitrification rate was calculated. Results imply that microbial 
nitrification rates in the water column can be substantial and may be sufficient to balance the 
annual new production demand for nitrate. 

1. Introduction 

Autotrophic nitrifying bacteria perform an essential step in the environmental 
nitrogen cycle. In soils their activity may determine the distribution of inorganic 
nitrogen compounds, thus influencing nutrient availability and plant growth. Due 
to their agricultural and economic importance in soils, terrestrial nitrifiers have 
been of interest since Winogradsky (1890) originally demonstrated the microbio-
logical nature of the chemical process involved. However, the autotrophic growth 
habit of nitrifying bacteria, their slow and low yielding growth in culture, and their 
recalcitrance to isolation and purification from natural environments have limited 
progress in their study. Many important ecological questions have only recently 
submitted to dissection: How diverse are the microorganisms involved in nitrifica-
tion in soils and in fresh and marine waters? Are all nitrifiers autotrophic, and of 
those which are, how are the processes of nitrogen oxidation and CO2 assimilation 
coupled? Under what conditions is nitrification favored? What are the major sites 
of nitrification in the ocean? 

In the last decade, E. L. Schmidt and workers in his laboratory introduced a 
major methodological advancement in the study of soil nitrifying bacteria (Schmidt 
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et al., 1968; Schmidt, 1974). They developed the fluorescent antibody (immuno-
fluorescent) approach for the direct detection and enumeration of target bacterial 
species in natural environments. Immunologically specific stains remove the neces-
sity to grow the microbes or subject them to taxonomic tests in order to identify 
them. Instead, they can be detected directly in samples from their natural habitats. 
Initial studies on the diversity of soil ammonium-oxidizing (Belser and Schmidt, 
1978) and nitrite-oxidizing (Fliermans et al., 1974) populations were undertaken 
using a suite of fluorescent antibodies. Growth of a nitrifying population was also 
estimated using this approach (Bohlool and Schmidt, 1973). Advantages of the 
immunofluorescent method include its great specificity, thereby allowing enumera-
tion of single species from a mixed population, and its great sensitivity, allowing 
enumeration of a species with low natural abundances where most probable number 
(MPN) methods are unreliable. 

Study of nitrifying bacteria in seawater really began only in 1962 with Watson's 
(1962) description of the first known open ocean ammonium-oxidizing bacterial 
species. Since that time, many enrichments and isolates of marine nitrifiers, both 
ammonium-and nitrite-oxidizing, have been obtained but relatively few taxonomi-
cally distinct forms are recognized (Watson, 1974; Schmidt, 1978). Information on 
their distribution and ecological importance in the biology and chemistry of the 
oceans is scarce. Laboratory work on potential nitrification rates by marine species 
and their inferences about their natural abundances (Watson, 1965; Carlucci and 
Strickland, 1968) yielded a major discrepancy. The behavior of nitrifiers in culture 
implies that they grow slowly and occur at concentrations of 1 to 1000 cells J-1

• 

Extrapolation of potential rates to the ocean results in activity estimates that are 
insufficient to account for observed nitrite and nitrate accumulations and rates of 
nutrient regeneration. This discrepancy suggests that our understanding of the ma-
rine nitrification process is incomplete (Carlucci and Strickland, 1968). Thus, the 
implications that nitrifying bacteria are important in the distributions of nitrogenous 
compounds in coastal waters, particularly in the coastal primary nitrite maximum, 
and the discrepancies with available information on rates of nitrification, led us to 
develop immunofluorescent identification methods for marine nitrifying bacteria 
(Ward and Perry, 1980). Efforts to date have centered on ammonium-oxidizing 
bacteria but future plans include expanding the methodology to nitrite oxidizers 
as well. There are two named species of truly marine ammonium-oxidizing bacteria, 
Nitrosococcus oceanus and Nitrosomonas marina. We have produced fluorescent 
antibody assays for both of these species. This paper reports the results of enumera-
tion of ammonium-oxidizing bacteria using these assays in several regions of the 
ocean. 

2. Methods 

The immunofluorescent methods used in this study differed significantly from 
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those developed by Schmidt. In the direct fluorescent antibody technique as used 
by Schmidt (1978), antibodies against the target bacterial species are produced in 
rabbits. The antibody molecules are then labeled by the covalent addition of a 
fluorescent marker, fluorescein isothiocyanate or rhodamine isothiocyanate. In the 
indirect fluorescent antibody method that we used, a second set of antibodies com-
mercially produced in sheep (against rabbit immunoglobulin G) is labeled with the 
fluorescent marker. The use of a second antibody requires stricter controls for non-
specific staining but is advantageous in increasing sensitivity and versatility of the 
method. 

a. Immunization procedures. The procedure used to obtain antiserum to Nitroso-
coccus oceanus has been described in detail elsewhere (Ward and Perry, 1980). 
This procedure was modified slightly in the case of Nitrosomonas marina in order 
to obtain a larger volume of antiserum, and is described here. Large volume cul-
tures of Nitrosomonas marina were harvested by continuous flow centrifugation 
and the resulting pellet washed twice and resuspended in 0.15 M NaCl and frozen. 
The frozen cell suspension was graciously supplied by S. W. Watson. Ten milliliters 
of the thawed suspension containing 9.5 mg protein ml- 1 [determined by the 
method of Lowry et al. (1951)] were used to immunize 2 female white New Zea-
land rabbits. Seven days after the last intravenous injection [following the schedule 
of Ward and Perry (1980)] a series of 6 bleedings, once every 2 days, commenced. 
Blood (up to 50 ml per rabbit) was collected from an ear vein into sterile 50 ml 
centrifuge tubes and allowed to coagulate for 24 hr in the refrigerator. The serum 
was collected as the supernatant after centrifuging out the clotted blood cells. These 
ear bleedings yielded a total of up to 120 ml of serum per rabbit. Three weeks 
after the last injection (2 days after the last ear bleeding) cardiac puncture was 
performed and the blood thus collected was treated as above. After centrifugation, 
the serum was frozen at -40°C in 10 ml aliquots and used without further purifi-
cation. No decline in serum quality or staining strength was detected by periodic 
staining of fresh cultures with serum kept frozen. However, serum kept at 4°C 
for periods exceeding 1 month did decline in staining strength, perhaps due to 
gradual increase in serum protease activity at the higher temperature. 

b. Indirect immunofiuorescent staining procedure. The filter staining procedure 
described in Ward and Perry (1980) was used with some modification. A maximum 
of 8 samples could be stained simultaneously, requiring about 3 hr. Formalin or 
glutaraldehyde preserved samples gave better results than live samples since the 
stained preparation remained stable longer. Two percent alkaline-hydrolyzed gelatin 
(Bohlool and Schmidt, 1968) was used to reduce nonspecific staining. Five milli-
liters of working antisera solution, prepared by diluting the antisera 5 to 10 times 
with sterile phosphate buffered saline (PBS), were kept on hand and frozen between 
uses. The stability and intensity of the fluorescence was found to be pH dependent. 
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Therefore, a rinse with 10 ml sodium carbonate buffer (0.5 M, pH 9.6) was added 
after the last PBS wash. This entire procedure was performed while the filter (0.4 
µm. pore size, polycarbonate, Nuclepore) was held in a Gelman Easy-Pressure filter 
holder (25 mm diameter). A mounting solution of pH 9.6 (glycerol:carbonate buf-
fer, 1: 1) improved stability of the preparation, compared to glycerol alone. 

c. Serum specificity. Cross reactions of the antisera with several both nitrifying and 
non-nitrifying heterologous bacterial strains are reported in Table 1. Intensity of 
the fluorescent staining reaction was rated from - (no reaction) to + + + + (very 
strong). The only significant cross reaction ( ++) with a non-nitrifying strain was 
found with a heterotrophic strain isolated from an open ocean enrichment culture 
of ammonium-oxidizing bacteria. Although the cross reaction was not strong, it 
occurred for both antisera. The nonspecific reaction was removed by absorption 
with the cross-reacting isolate. 

The cross reacting heterotroph (named UR W HET) was isolated from the enrich-
ment culture and grown in CP medium (Carlucci and Pramer, 1957). Twenty milli-
liters of a moderately dense culture were centrifuged and washed in PBS. The 
resulting pellet was resuspended in 10 ml of antiserum and well mixed. The sus-
pension was allowed to sit in the refrigerator for 4 hr with occasional mixing. After 
absorption, the cells were removed by centrifugation and subsequent sterile filtra-
tion through 0.2 µm Nuclepore filters. Absorption removed the cross reaction with 
URW HET but had no effect on any other staining reaction (Table 1). Absorption 
was performed on each new 10 ml vial of serum before dilution. When needed, 
1 ml of absorbed serum was diluted and preserved with 1 % sodium azide and 
frozen between uses. 

d. Sample collection. Cruise identifications and station locations are shown in Fig-
ure 1. Seawater samples were collected in 5- or 30-1 plastic sampling bottles. One 
liter samples were preserved in 2 % (final concentration) sodium acetate buffered 
and 0.45 µm filtered formalin. Preserved samples were returned to the lab and 
stored in darkness until staining. 

e. Enumeration. A Zeiss Universal Research microscope equipped with an epi-
fluorescent illuminator with a 100-W tungsten-halogen lamp, a blue excitation filter 
(450-500 nm) and yellow-green fluorescence barrier filter (528 nm) was used to 
count stained samples. Five to 50 ml replicates were filtered for staining, depend-
ing on cell density in the sample. Attempts were made to count the optimal volume 
for each set of samples by counting replicates of several different volumes. Very 
large volumes do not yield cell counts proportionately higher than somewhat smaller 
volumes because of cell burial (Stanley et al., 1979). See Discussion for statistical 
limitations of the counting results. Both Nitrosomonas and Nitrosococcus stains 
were used together and the total numbers of ammonium-oxidizers were enumerated 
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Table 1. Results of specificity tests for antisera prepared against Nitrosomonas marina and 
Nitrosococcus oceanus before and after absorption with URW HET. 

Test Species 

marine ammonium-oxidizing species 

Nitrosococcus oceanus (Carlucci)• 
Nitrosococcus oceanus (Watson)•• 
Carlucci #5* 
Nitrosomonas marinas•• 

soil ammonium-oxidizing species 

Nitrosomonas Tarat 
Nitrosomonas europaeat 
Nitrosomonas E-Kt 
Nitrosomonas WH-2t 

soil nitrite-oxidizing species 

Nitrobacter agilist 

marine ammonium-oxidizing 
enrichment cultures 

URW NITtt 
N03 NITtt 
NH4 Nrrtt 

heterotrophic isolates and species 

1Tl40-89A-l tt 
TT140-89A-2 t t 
1Tl40-098-l tt 
1Tl40-098-2tt 
URWHETtt 
Xmas-2 
Beneckea gar.ogenes 
Esherichia coli 

• culture donated by A. F. Carlucci 
• • culture donated by S. W. Watson 
t culture donated by E. L. Schmidt 

Nitrosomonas 
marina 

before after 

++++ ++++ 

+ + 

+ + 

+++ +++ 
+++ +++ 

++ ++ 

+ + 

+ + 
ND + 
++ 

tt obtained by BBW from Washington coast samples 
ND not determined 
++++ very bright fluorescence 

- no fluorescence 

Antiserum 
Nitrosococcus 

oceanu1 
before after 

++++ ++++ 
++++ ++++ 

+++ +++ 

+++ +++ 

++ 
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Figure 1. Station locations for immunofluorescent enumeration samples. (A) Washington coast 
(B) Southern California Bight. (C) Central North Atlantic. (D) York River Estuary in Chesa-
peake Bay. 

simultaneously in 70 to 100 fields at 500x . The characteristic ring outlining stained 
cells enhances the apparent size of the cells. Thus it was possible to enumerate the 
cells at 500X, increasing the area of filter surveyed in 100 microscope fields over 
that surveyed more closely in the same number of fields at l000x . This compro-
mise was deemed necessary in view of the low actual numbers of cells detected. 
Only cells fluorescing with an intensity of +++ or ++++ were counted. Rod-
shaped cells labeled by the anti-Nitrosomonas marina serum will be called Nitro-
somonas and coccoid cells labeled by the anti-Nitrosococcus oceanus serum will 
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be called Nitrosococcus. This does not imply that either serum detected all cells 
of the respective genus. Occasionally control filters were prepared by omitting the 
specific antiserum in the staining procedure; these controls were used to check 
for nonspecific absorption of the fluorescent antibody. 

Some samples from TT140 were counted soon after collection and again after 
1 or 2 yr storage in order to test for loss of counts during storage. 

3. Results 

a. Specificity of immunofiuorescent assays. The specificity of these sera has been 
extensively tested (Ward and Perry, 1980; Table 1) to minimize the chance that 
non-nitrifying genera may be nonspecifically stained. Both assays employed in this 
study do appear to be quite specific; the anti-Nitrosococcus serum does not stain 
Nitrosomonas and vice versa (Table 1). Several ammonium-oxidizing enrichment 
cultures contained rod-shaped cells which were stained by the anti-Nitrosomonas 
serum. One enrichment culture was stained somewhat by both antisera (it may be 
a mixed culture of nitrifiers). It cannot be distinguished from these culture results 
if Nitrosomonas is more common in the ocean or whether it is simply more com-
monly isolated by the enrichment techniques employed here. Both antisera are 
apparently specific to ammonium-oxidizing strains within the current level of spec-
ificity testing. 
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b. Sample preservation and storage. The stability of the staining reaction was tested 
on pure culture samples of Nitrosomonas and Nitrosococcus by comparing counts 
from samples stained one day after preservation and 6 months after preservation, 
during which the samples were stored in darkness. The Wilcoxon signed rank test 
was used to compare means of counts; no significant difference was found between 
counting dates. A similar comparison was made on preserved field samples (TTl 40 
station 092) counted 2 months and 2 years after collection. Means of counts at 
each depth for both species were compared and no significant differences between 
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counting dates were found (p = 0.125), indicating samples are stable regarding 
immunofl.uorescent assay for a period of up to 2 yr after preservation. Dahle and 
Laake (1982) also report long term stability of immunofl.uorescent reactions with 
assays for several heterotrophic strains. 

c. Abundance of ammonium-oxidizing bacteria in seawater. (A) Washington coast: 
Nitrosomonas and Nitrosococcus were enumerated at 4 stations on the Copalis Line 
(47°07.0 N) off the coast of Washington (see map Fig. lA). Depth profiles of cell 
abundances along the transect are plotted in Figure 2. In all cases, Nitrosomonas 
was more abundant than Nitrosococcus although the two showed similar patterns 
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Figure 2. Abundances of Nitrosococcus (closed circles) and Nitrosomonas (open circles) at 4 
stations off the coast of Washington (Copalis Line, 47°07.0 N). 

of variation with depth. A general trend of decreasing abundance with increasing 
distance from shore is evident for both species. 

(B) Southern California Bight: Abundances of Nitrosomonas and Nitrosococcus 
were measured for 5 stations in the Southern California Bight (see map, Fig. lB); 
1 0N-ammonium oxidation rates were also measured for two of these stations (Ward 
et al., 1982). Cell concentrations were fairly constant with depth within stations 
(no differences among depths as tested by Kruskall Wallis test, p = 0.200) at 4.7 
x 103 cells 1-1 (9 Nov. station) to 2.8 x 104 cells 1-1 (12 July station) for Nitro-
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Figure 3. Abundances of ammonium-oxidizing bacteria at station R in the Gulf of Al aska. 
Symbols as for Figure 2. 

sococcus and up to 4.6 X 104 cells 1-1 (12 July station) for Nitrosomonas. The 
relationship between cell density and nitrification rates is discussed by Ward et al. 
(1982). 

(C) Gulf of Alaska: Abundance profiles of Nitrosococcus and Nitrosomonas at 
station Rare presented in Figure 3. 

(D) Sargasso Sea: Complete depth profiles were not obtained at the central North 
Atlantic stations. Instead, the depth of the 1 % light level (estimated by Secchi 
disk) and of the nitrite maximum [nitrite measured at sea by the spectrophotometric 
method according to Strickland and Parsons (1972)] were determined and a few 
depths chosen around these features. Results from two stations, one from the slope 
region and one from the central gyre (see map, Fig. lC) are presented in Figure 4. 

(E) Chesapeake Bay: In conjunction with nitrogen cycle studies in Chesapeake 
Bay (LEPRECHAUN program K. Webb, personal communication), Nitrosomonas 
and Nitrosococcus concentrations were determined in surface and bottom (within 
1 m of the sediments) samples from several stations in the York River estuary 
(Fig. 1D). Means of counts at all stations are presented in Table 2. In all cases, 
the abundance of Nitrosomonas exceeded that of Nitrosococcus (p = 0.001). Nitti-
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Figure 4. Abundances of ammonium-oxidizing bacteria at 2 North Atlantic stations. (A) Slope 
station (9 Nov. 1979). (B) Gyre station (2 Nov. 1979). Symbols as for Figure 2. 

Table 2. Enumeration results from Chesapeake Bay stations. Increasing distance from bay 
entrance from Station YRM to Station Ware Creek. 

cells 1 1 

Station Depth (m) Nitrosococcus Nitrosomonas 

YRM 1 4.2 X 10" 1.3 X 10" 
bottom 2.6 X 101 1.2 X 10' 

24-2 1 3.6 X 10" 1.7 X 10• 
bottom 1.7 X 10" 6.9 X 10" 

26-2 1 1.8 X 10' 5.4 X 10" 
bottom 3.4 X 10" 1.3 X 10° 

Sarah's Creek 1 2.2 X 10" 6.1 X 10" 
bottom 2.1 X 10" 5.3 X 10" 

Above Bridge 0 1.9 X 105 4.1 X 10" 
bottom 1.8 X 10" 1.4 X 10• 

King's Creek 1 1.5 X 10" 6.3 X 10" 
bottom 2.0 X 10" 7.1 X 10" 

Clay Bank 1 9.2 X 10' 4.1 X 10" 
bottom 1.8 X 10" 7.5 X 10" 

Cow Pen Neck 1 7.2 X 10' 3.0 X 10" 
bottom 1.8 X 10" 1.2 X 10" 

Poropotank Creek 1 1.6 X 10" 9.7 X 10" 
bottom 4.2 X 10" 1.3 X 10" 

Ware Creek 1 1.4 X 10" 1.1 X 10" 
bottom 3.5 X 105 1.4 X 10" 

1 1 

I I 

II 
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Table 3. Grand means for enumeration results at each station (averaged over the water column 
to the deepest depth sampled). 

Deepest 
Cruise/ Station Sample (m) N itrosococcus Nitrosomonas Total 

TT140/ 092 25 (6) • 4.7 X 10' (56.0) ** 1.2 X 10" (23.7) ** 1.7 X 1()1' 

TT140/ 084 60 (8) 4.5 X 10' (42.4) 1.0 X 10" (23.1) 1.5 X 10" 
TT140/ 081 60 (7) 2.9 X 10' (22.1) 7.1 X 10' (37.1) 1.0 X 10" 
TT140/ 079 70 (8) 1.6 X 10' (40.9) 4.6 X 10' (30.2) 6.2 X 10' 
SI0/ 12 Jul 84 (3) 1.8 X 10' (17.0) 
SI0/ 31 Jul 100 (3) 1.7 X 10' (35.6) 3.4 X 10' (22.2) 5.1 X 10' 
TT146/7 Nov 60 (3) 1.2 X 10' (17.7) 
TT146/ 10 Nov 100 (3) 4.7 X 10' (34.3) 
TT146/ 13 Nov 100 (6) 1.0 X 10' (28.1) 3.7 X 10' (45.4) 4.7 X 10' 
TT150/ R 300(17) 1.4 X 10' (41.3) 3.4 X 10' (28.8) 4.8 X 10' 
North Atlantic/ gyrc 150 ( 4) 2.2 X 10' ( 42.6) 3.2 X 10' (8.6) 5.4 X 10' 
North Atlantic/ slope 90 (6) 9.1 X 10' (43.5) 4.5 X 10' (20.7) 5.4 X 10' 

• number of depths sampled 
• • coefficient of variation ( % ) 

fiers were generally more abundant in bottom samples than in surface samples 
(p = 0.012 for Nitrosococcus and p = 0.078 for Nitrosomonas), perhaps indicating 
a sediment origin of part of the water column population. Variability among repli-
cate counts was also greater for the bottom samples; many of these samples con-
tained flocculent or visible particulate suspended material, which may have ob-
structed cells on the filters, and in general made them more difficult to count than 
surface samples. 

(F) General distribution patterns: Grand means for each station discussed above 
are presented in Table 3 (excluding Chesapeake Bay stations). The coefficient of 
variance (one standard deviation as a percent of the mean) for these means range 
from 8.6% to 56% (Average = 31.5%). Highest mean abundance of Nitroso-
mo11£1s was 1.8 x 105 cells 1-1 (at the most inshore TT140 station of the Wash-
ington coast transect) while the highest Nitrosococcus abundance was 4.7 x 104 

cells 1-1 (at the same station). Lowest mean abundances were 3.2 x 104 cells 1-1 

for Nitrosomonas (at the Sargasso Sea gyre station) and 4.7 X 103 cells J-1 for 
Nitrosococcus (at the Southern California Bight station IO Nov.). The range among 
the stations discussed here is therefore an order of magnitude for Nitrosococcus 
and less than that for Nitrosomonas. Results from the Chesapeake Bay stations are 
discussed separately below. 

4. Discussion 
The relationship of ammonium-oxidizing bacterial abundance to environmental 

variables is discussed in a separate paper (Ward and Perry, in preparation). The 
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data presented here will be analyzed for general abundance patterns in the ocean 
and the immunofluorescence enumeration method will be critically assessed. 

a. Distribution patterns of marine ammonium-oxidizing bacteria. The most consis-
tent overall trend in these data is that Nitrosomonas was always more abundant 
than Nitrosococcus, usually by at least a factor of 2 (except for the Sargasso Sea 
gyre station) and sometimes by a factor of 5 (the North Atlantic slope station). 
This is consistent with other reports, based on MPN or enrichment studies, that 
the Nitrosomonas type is more frequently isolated from marine environments and 
is thought to be more abundant than Nitrosococcus (S. W. Watson, personal com-
munication; A. F. Carlucci, personal communication). 

The TT140 stations fell along a transect nearly perpendicular to the coastline 
with station 092, the most inshore station (Fig. lA). For both Nitrosococcus and 
Nitrosomonas, abundances decreased with increasing distance from shore (Fig. 2). 
This trend is also found in the Southern California Bight stations ( considering 
Nitrosococcus only since Nitrosomonas counts are only available for 2 of these 
stations). Highest abundances were found at the small boat stations 3 mi off the 
SIO pier, intermediate abundances at the Del Mar inshore station (where greater 
depths are found closer to shore) and lowest numbers at a station farther off the 
coast to the north. 

The sampling was not detailed enough at the two North Atlantic stations to 
make a similar analysis. Data from more stations and depths are necessary before 
a comparison is made but it is perhaps significant that both the smallest (gyre 
station) and the largest (slope station) differences between Nitrosomonas and 
Nitrosococcus abundances at any of the stations studied were found at the 2 North 
Atl antic stations. These 2 stations are not directly comparable to the Pacific ones, 
in that only subsurface depths were sampled, while in the Washington coast and 
Southern California Bight stations, photic zone depths were well sampled and 
deeper depths omitted. 

No trends in vertical distribution of ammonium-oxidizing bacteria at the coastal 
and open ocean stations were detected. However, no deep water or sediment sam-
ples were analyzed; vertical trends might be expected at those sites. 

Counts from Chesapeake Bay samples are the only results obtained from an 
estuarine environment. These counts are generally higher than results from oceanic 
environments discussed above. However, there does not appear to be a trend within 
the bay along geographical lines of changing distance from the bay entrance (Table 
2). It is highly lik ely that some of the stations were located in zones of low oxygen 
concentration, although none of the samples smelled of hydrogen sulfide. For the 
estuary, Nitrosomonas always exceeded Nitrosococcus abundances and these counts 
exceeded those from open ocean regions by up to 100 times. Since Chesapeake Bay 
receives a very large freshwater input and the salinity of the estuary is significantly 
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below that of seawater, it is probable that soil and freshwater nitrifiers are also 
present in these samples. Only slight fluorescent reactions were observed in tests 
of the assays on soil ammonium-oxidizing strains (Table 1). Thus the use of assays 
developed for marine strains probably underestimates the population of the bay. 

b. Limitations of the immunof/.uorescence assays. Previous estimates of nitrifying 
bacterial abundance in marine environments have been made using enrichment 
techniques (Watson, personal communication; Watson, 1965; Wada and Hattori, 
1972; Indreb!ZI et al., 1979). The most probable number (MPN) method is not very 
sensitive and depends on growth of the species being enumerated. Both of these 
features of MPN make it unacceptable for the nitrifiers since they are known to be 
slow and difficult to culture. Previous estimates are in the range of 1 to 1000 cells 
per liter for open ocean water. 

The major advantage of immunofluorescent enumeration over MPN is its great 
sensitivity. Immunofluorescence does not depend on detecting growth of the popu-
lation; enumeration takes a few hours rather than a few months. It is, therefore, 
no surprise that estimates of ammonium-oxidizing bacterial abundance presented 
here exceed earlier estimates by up to several orders of magnitude. However, the 
immunofluorescent technique is subject to improvement in some areas. In samples 
where abundance estimates of 1 x 104 cells 1-1 were obtained, only 2 cells were 
detected and actually counted if 25 ml were filtered and 100 microscope fields 
counted. Up to 50 ml were filtered for many of the samples discussed here. How-
ever the presence of other particulate matter in the samples places a limit on the 
volume of sample which can be filtered without burying cells. Therefore, these 
low actual counts mean that even with several replicate counts, precision of the 
final estimate is apt to be low. Coefficients of variation based on samples with 3 
or more replicates for TT140 samples ranged from 9 to 93% (average = 48%) 
and for Southern California Bight samples from 7 to 117% (average= 40%). 

These coefficients mean that population estimates obtained by these assays can-
not be specified within less than a factor of 2 or 3. Differences of this magnitude 
were seldom observed among mean abundances at various depths within a single 
station, making it difficult to assert anything about depth distribution patterns. 

c. Calculation of potential nitrification rates. Recent studies (Olson, 1981; Hor-
rigan et al., 1981; Ward et al. , 1982) suggest that light inhibition of nitrifying bac-
teria ensures that very little nitrification occurs in the photic zone, but that nitrify-
ing activity increases sharply below this. Only one of the depth profiles presented 
here (TT150 station R) included depths from far below the photic zone (1 % light 
depth = 27 m). However, distribution alone does not indicate potential activity 
(Billen, 1975) and the lithotrophic metabolism of the nitrifiers means that their 
importance as chemical agents can be much greater than indicated by their rela-

tively low numbers. 
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A calculation of potential ammonium oxidation rates can be made from the 
bacterial abundances as has been done by Watson (1965) and Carlucci and Strick-
land (1968) using MPN estimates of bacterial abundance. Such a calculation in-
volves several assumptions and extrapolations and cannot be used to predict actual 
rates. However, it is interesting to make the comparison with similar calculations 
based on earlier abundance estimates. Based on data from laboratory culture studies 
of Nitrosocystis (Nitrosococcus) oceanus and other marine isolates, the following 
parameters will be specified: a constant generation time of one division per day 
and a constant rate of nitrite production per cell formed [2.0 X 10-s µg-at 1-1 

div- 1 under optimal culture conditions (Watson, 1965)] and no difference between 
activity of Nitrosococcus and Nitrosomonas. The combined average abundance of 
ammonium-oxidizing bacteria (Nitrosococcus plus Nitrosomonas counts) at TT140 
station 092 (the maximum concentration observed in this study) was 1.6 x 10• 
cells 1-1• If growth conditions were optimal, production could equal 0.33 µmol 
NO2 - 1-1 d-1 • At station R in the eastern North Pacific, the total ammonium-
oxidizing population was 4.8 x 104 cells 1-1 and could, under optimal conditions, 
produce 9.6 x 10-2 µmol NO2 - 1-1 d-1 • These values are upper limits. 

Watson (1965) measured the variation of nitrite production rate by Nitroso-
coccus oceanus with temperature and substrate concentration and derived correc-
tions for growth at North Atlantic conditions of 5°C and 1.0 µmol NH4 + 1-1• 

These combined corrections amount to a reduction of 50 times from the rate in 
optimal culture conditions of 50,000 µmol NH4+ 1-1 and 25°C. Thus the potential 
rate for nitrification at Station R using the correction is 1.9 x 10-s µmol NO2 -

1-1 d-1 or 0.7 µmol NO2- 1-1 yr- 1 • If in the aphotic deep waters nitrite is oxidized 
as fast as it is formed so that only nitrate accumulates, these calculations imply 
that nitrate could accumulate below the photic zone at a rate of 0.7 µmol NO3 - 1-1 

yr- 1• The deep water value for nitrate at this station is about 35 µmol 1-1, which 
represents a steady state concentration balanced ultimately by upwelling and new 
primary production (Eppley and Peterson, 1979). 

These calculations can be used to compare the potential rate of nitrification to 
the rate of nutrient regeneration in the deep water in terms of the new production 
vs. regenerated production scheme proposed by Eppley and Peterson (1979). Ac-
cording to their calculations, primary production in an oceanic subpolar region 
comparable to station R averages 73 g C m- 2 yr- 1 • Of this production in the 
surface layer, 18% sinks out, 3% is eventually buried in the sediments, while the 
remaining 15% (10.95 g or 0.91 mol C m-2 yr- 1) is decomposed in the deep water. 
Assuming balanced (Redfield et al., 1963) ratios for nutrient regeneration due to 
organic decomposition, this concentration of carbon corresponds to the production 
of 0.13 mol N m-2 yr- 1• If nitrate is produced uniformly throughout an oxygen-
ated 4000 m water column, this represents a nitrification rate of 3.24 x 10-2 µ,mol 
NO3 - 1-1 yr- 1 • The potential nitrification rate obtained above for the abundance 
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of ammonium-oxidizing bacteria found at station R exceeds that necessary to ac-
count for 15 % of the average production in this area by 20 times. This is the first 
time a resolution to the discrepancy between implied nitrification rates and numbers 
of nitrifying bacteria appears likely. Given the abundances measured here, the 
assumption of optimal nitrification rates under oceanic conditions is no longer 
necessary. 

S. Conclusions 

This paper has presented the first survey of abundances of ammonium-oxidizing 
bacteria in the ocean based on the newly developed immunofluorescent assays. 
These results indicate that surface ocean abundances are in the range of 104 cells 
1-1 for both Nitrosomonas and Nitrosococcus. The above calculation of potential 
nitrification rates indicates that water column abundances of ammonium oxidizers 
are sufficient to support the high rates of nitrification implied by balancing the 
nitrogen cycle. 

Immunofluorescent assays have been developed for the nitrite-oxidizing species 
and preliminary results for Nitrobacter in salt marsh studies have been obtained 
(Sherr, unpublished data). The immunofluorescent approach may also have wider 
application to many other marine microbiological questions. 
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