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A potential for heterotrophic nitrification was identified in soil from a mature conifer forest and from a clear-
cut site. Potential rates of NO,~ production were determined separately from those of NO;~ by using acetylene
to block autotrophic NH4* oxidation and chlorate to block NO,~ oxidation to NO;~ in soil slurries. Rates of
NO,~ production were similar in soil from the forest and the clear-cut site and were strongly inhibited by
acetylene. The rate of NO;~ production was much greater than that of NO,™ production, and NO3;~ production
was not significantly affected by acetylene or chlorate. Nitrate production was partially inhibited by
cycloheximide, but was not significantly reduced by streptomycin. Neither the addition of ammonium nor the
addition of peptone stimulated NO;~ production. >N labeling of the NH,* pool demonstrated that NO;™ was
not coming from NH,*. The potential for heterotrophic nitrification in these forest soils was greater than that

for autotrophic nitrification.

Since nitrogen frequently limits productivity in forest
ecosystems (17), the processes controlling nitrogen availabil-
ity in forests and the effects of management practices on
these processes have been widely studied (7, 14, 31). Nitrifi-
cation has been one of the most intensively studied process-
es in forest N cycling, yet it is still poorly understood.
Nitrate rarely accumulates in undisturbed forest soils, but
commonly accumulates after clear cutting (18, 29, 30); the
mechanisms responsible for this are still under discussion (7,
19, 28-31).

Few studies have addressed the relative importance of
autotrophic versus heterotrophic nitrification in forest eco-
systems. Nitrate production by a fungus was first reported in
1896 (24), and many heterotropic organisms have since been
reported to oxidize various nitrogen compounds in culture
(6). Although heterotrophic nitrification has been hypothe-
sized to be important in some forest soils (13, 23), the actual
extend to which it occurs in soils and its ecological signifi-
cance are unknown.

Most studies on NO;~ production in forests have used
hydrological techniques such as watershed input-output bud-
gets and lysimetry (9, 18, 30) or long-term soil incubations
(19-21, 29). These techniques may provide the best available
data for ecosystem budgets and models. However, hydrolog-
ical analyses provide no information on the gross production
of NO;~ or on the mechanism of its production. Most
incubation studies have used long time periods, disturbed
the soil, and removed active roots, which may substantially
change the processes from those occurring in situ. The
usefulness of these techniques in examining the mechanisms
and controls of nitrate production in soil is therefore limited.

Short-term assays may be preferable for quantifying the
rate of a process before disturbance by the assay conditions
has caused changes in the activity or size of the microbial
population. Short-term assays have been done with soil
slurries to measure maximum or potential rates of nitrifica-
tion (2). This potential rate of nitrification may not be
realized in the field; however, such assays are useful for
identifying the processes occurring and for estimating ranges
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of possible activity. Potentials may also provide a measure
of active population size (1, 3). Soil slurries allow rigorously
controlled conditions and uniform substrate distribution.

In the present study, short-term assay with slurries of
freshly sampled soil were used to quantify potential fluxes
through the NO,™ and NOs;™ pools in a forest soil and to
examine the effect of clear cutting on these flows. Two
inhibitors (chlorate and acetylene) were used to block the
oxidation of NO,~ and NH,* (2, 10), chemically isolating the
processes of interest (Fig. 1). By separately measuring the
production rates of NO,” and NOs;~, it was possible to
identify the pathways responsible. Thus, both autotrophic
nitrification of NH,* and heterotrophic production of NO;~
from organic nitrogen were measured.

MATERIALS AND METHODS

Sites and sample collection. Soil samples were collected in
Blodgett Experimental Forest near Georgetown, Calif. in the
foothills of the Sierra Nevada mountains. The elevation is
1,400 m, and the climate is Mediterranean with a xeric
moisture regime. The soils are well-drained, sandy loams of
the Holland series of Ultic haploxeralfs. Two sites were
studied: a 60-year-old mature mixed confier stand and an
adjacent stand clear cut in 1980. In the clear-cut site, litter
and slash had been raked together and burned after harvest.
Soil from both the forest A-horizon and the clear-cut surface
had pH values of 5.8; the total organic matter levels were 5.2
and 3.9%, respectively.

Soils were collected in September and October 1982 and in
May and June 1983. Mineral soil from the top 10 cm was
composited and stored at 5°C until assayed (generally 3 days
or less).

Assays. Soil (10 g) was slurried in 50 ml of 1 mM phosphate
buffer (pH 7.2) amended with (NH;),SO, (0.5 mM). The
slurry was agitated in stoppered 250-ml Erlenmeyer flasks. A
glass tube through the stopper was fitted with a tygon sleeve
and capped with a rubber septum between samplings. Over
the 6- to 7-h assay, uniform samples of the slurry (8 ml) were
periodically taken through this tube. Samples were centri-
fuged and filtered, and the filtrate was frozen until analysis.
Analyses for NO,~ and NO;~ were performed colorimetri-_
cally with a Lachat System IV flow injection autoanalyzer.
Both NO,™ and NO;~ were quantified by a modified Griess-
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FIG. 1. Acetylene and chlorate inhibition of autotrophic and
heterotrophic nitrification.

Ilosvay method (15). Nitrate was converted to NO,™ by
reduction with copperized cadmium before diazotization.

The effects of chlorate and acetylene on NO,™ and NO5~
production were examined. Sodium chlorate (10 mM) was
added to the phosphate buffer to inhibit the chemoautotro-
phic oxidation of NO,~ to NOs™ (2, 11). Acetylene (15 ml)
was injected into the flask headspace (6 KPa) to inhibit
autotrophic oxidation of NH;* to NO,™ (4, 10).

To determine whether the various processes observed in
this study were biological in nature, assays were performed
on soils that had been sterilized by fumigation with propyl-
ene oxide for at least 12 h.

The roles of bacteria and fungi were examined by adding
specific biocides (1,000 mg/liter) to the slurry at the begin-
ning of the assay. The biocides used were streptomycin
sulfate and cycloheximide (Sigma Chemical Co.) Nitrite and
nitrate production were then assayed as described above.

Nitrate production from various nitrogen sources was
assayed by treating the slurry with three nitrogen ammend-
ments: no added nitrogen, (NH;),SO4 (0.5 mM), or peptone
(100 mg/liter or approximately 1 mM N; Nutritional Bio-
chemical Corp.). Peptone was used as a substrate because it
provides a source of readily available organic N, and it has
been commonly used as a substrate in studies on heterotro-
phic nitrification (26, 27).

I5NH, tracer study. To determine the source of NO; ™, the
NH," pool was labeled with 5’NH,*. This allowed the
measurement of NO;~ and NO,” resulting from NH4*
oxidation, as compared with the total production of NO;~
from all sources. In this study the slurry (15 g of soil in 75 ml
of buffer) was amended with 70% atom abundance
(’NH,),;SO, (0.5 mM). Total NH,* was quantified at 0 and 6
h to allow calculation of the atom percent '*N in the NH,*
pool. Samples were taken periodically as above to determine
the increase in total NO;~ and NO,”. After the 6 h, the
slurry was filtered and analyzed for ’NO;~ and "NO,~,
which were quantified as one pool. The filtrates were steam
distilled with MgO to drive off NH,*, and the still was
steamed with acetic acid and ethanol to remove residual
I5NH,*. Devarda’s alloy was then added, and the sample

TABLE 1. Effect of acetylene on nitrate production by A. flavus

Nitrate production® at the following acetylene con-

Nitrogen centrations (KPa):
source
0 1 5
Ammonium 5.0 (0.2) 4.5 (0.3) 5.6 (0.6)
Peptone 8.0 (0.4) 9.7 (0.7) 7.3 (0.02)

2 Nitrate production is given as micrograms of NO;~ N per gram (dry
weight) of cells over 10-day growth period. Numbers within parentheses are
the standard errors of three replicates.
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TABLE 2. Rates of nitrite and nitrate production in soil samples
from clear-cut and forested sites

Rate of production (ng of N per g per h)*

Sampling date Clear-cut site Forest
NO,~ NO;~ NO,~ NO;~
12 September 1982  10.7 (0.5) 490 (58) 6.7 (3.1) 8939
3 October 1982 4.6 (1.2) 270 (48) ND? ND
28 October 1982 9.0 (1.6) 117 (24) 5.9(0.4) 5710
8 May 1983 2.0 (1.0) 37(10) 12.4(0.3) 46(2)
10 June 1983 27.1 3.9) 50 (15) 3.4(2.00 45Q7)

“ Numbers within parentheses are the standard errors of three replicates.
5 ND, Not determined.

was redistilled to collect ’'NO,™ and ’NO;~ as ’'NH,*. As
the processed samples contained 10 pg or less of N, they
were diluted with 1 mg of “N to provide sufficient N for
analysis and to reduce the samples to less than 1% !°N.
Control samples contained 1 mM I5NH,* in buffer; less than
1 pg of "’NH, was carried over in the second distillation.
Samples were then analyzed for atom percent !N with a
MAT GD 150 isotope ratio mass spectrometer. N, gas was
used as a calibration standard for the 28:29 ratio (8).

Fungal nitrification. The effect of acetylene on nitrate
production by Aspergillus flavus (ACTT 26214) growing on
NH," and peptone nitrogen sources was examined. Hyphal
disks were inoculated into medium (100 ml) in a 500-ml
Erlenmeyer flask. The peptone media contained the follow-
ing: peptone (4 g/liter), KH,PO, (2 g/liter), MgSO, - TH,0
(0.2 gfliter), CaCl, (0.1 g/liter), FeSO,4 - 7TH,O (1 mg/liter),
MnSO, - 4H,O (1 mglliter), yeast extract (1 g/liter), and
glucose (5 gl/liter). The ammonia medium was identical to
that of the peptone, except that it contained (NH,),HPO, (2
g/liter) in place of peptone and contained no yeast extract.
The flasks were stoppered, and sufficient headspace gas was
replaced with acetylene to provide concentrations of 0, 1,
and 5 KPa of acetylene. Flasks were incubated on an orbital
shaker at 25°C for 10 days. After this time, media were
analyzed for NO;~ and NO,™.

Analyses of data. The rates of NO;~ and NO,™ production
were determined by linear regression for each of three
replicate samples. All treatment effects were analyzed by
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FIG. 2. Nitrite production in the presence and absence of 6 KPa
of acetylene in soils from a forested and clear-cut site (12 September
1982 sampling). Each point is the mean of three replicates. Rates
with acetylene were significantly lower (P =< 0.05) than those
without acetylene.
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FIG. 3. Nitrate production in the presence and absence of 6 KPa
of acetylene and 10 mM chlorate in soils from a forested and clear-
cut site (12 September 1982 sampling). Each point is the mean of
three replicates. There were no significant treatment effects.

one-way analysis of variance at the 5% significance level,
except where specifically noted.

RESULTS

Acetylene effects on fungal nitrification. Acetylene concen-
trations up to 5 KPa did not significantly inhibit production
of NO;~ by A. flavus growing on either NH,* or peptone
nitrogen sources (Table 1). Nitrite production was less than
10% of NO;~ production and was not affected by acetylene
(data not shown).

NO,~ production. The average rates of NO,™ production
assayed in the presence of chlorate varied considerably
among samplings, although the rates were fairly consistent
within each sampling (Table 2). The rates of NO,~ produc-
tion in samples from the clear-cut site were not consistently
different than those from the forest. The addition of acety-
lene significantly (P = 0.05) reduced the rate of NO,~
production (Fig. 2) from 16.2 and 11.5 ng of NO,™ N per g
per h in samples from the forest and clear-cut sites, respec-
tively, to less than 3 ng of NO,™ N per g per h. Acetylene
effectively blocked NO,™ production in soils sampled on all
dates.

NO;~ production. The rates of NO;~ production were
always much greater than the rates of NO,™ production
(Table 2). The rates of NO3;~ production were significantly
(P = 0.05) higher in soil from the clear-cut site than in soil
from the forest site in samples from September 1982. The
rates of NO;™ production were not significantly (P < 0.05)

TABLE 3. Effect on streptomycin and cycloheximide on nitrate
production in soil from the clear-cut site

Nitrate produced”

Biocide treatment (ug of NOs~ N per g of soil)

None....oooovviiiiiiiiiin, 1.07 (0.11)
Streptomycin........................ 1.00 (0.05)
Cycloheximide. ...................... 0.82 (0.03)
Both.................... il 0.64 (0.05)

% Nitrate produced over a 4-h period. Numbers within parentheses are the
standard errors of three replicates.

ApPL. ENVIRON. MICROBIOL.

TABLE 4. Effect of ammonium and peptone additions on nitrate
production by soil from the clear-cut site

nﬁfge:n Nitrate produced

souie (g of NO;™ N per g of soil)
None.....oooviiiiiiiiiii 0.79 (0.04)
(NHg):SO4. o oo 1.07 (0.11)
Peptone ............................. 0.94 (0.08)

@ Nitrate produced over a 4-h period. Numbers within parentheses are the
standard errors of three replicates.

affected by either chlorate or acetylene on any of the six
sampling dates. The data from the 12 September 1982
sampling are shown in Fig. 3. Nitrate was not produced in
soil that had been sterilized before the assay, indicating that
the process was biological.

Table 3 shows the effect of streptomycin (an inhibitor of
protein synthesis in bacteria) and cycloheximide (an inhibi-
tor of protein synthesis in fungi) on NO3~ production by soil
from the clear-cut site. Streptomycin did not significantly
affect NO;~ production. The addition of cycloheximide
significantly (P = 0.05) reduced the rate of NO;~ produc-
tion, as determined by the student range test used to contrast
samples with cycloheximide to those without cycloheximide
(32).

To determine possible substrates for NO;~ production,
two nitrogen sources were added to soil samples, and nitrate
production was quantified. There were no significant (P =
0.05) effects on NO;~ production due to the addition of
either ammonium or peptone (Table 4). In both the presence
and absence of an added nitrogen source, the rate of NO;~
production declined over the course of the assay (data not
shown).

NO;~ production from 'SN-labeled NH4* pool. The total
NO;~ production in both forest and clear-cut soils was
significantly greater than the NO;~ produced from the ’N-
labeled NH,* pool (Fig. 4). The difference between the total
NO;~ and the NO;~ produced from the labeled NH,;* pool
was that which presumably resulted from heterotrophic
nitrification of an organic nitrogen source.

DISCUSSION

In recent years, acetylene has become a useful tool in the
study of nitrification since it is a powerful inhibitor of
autotrophic ammonium oxidation (4, 10). However, acety-
lene has been found not to inhibit heterotrophic nitrification
in a bacterial isolate, Arthrobacter sp., growing with NH,*
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FIG. 4. Source of NO;~ in soil slurrys in which the NH,* pool
was labeled with >NH,* (10 June 1983 sampling). Error bars are the
standard errors of four replicates.
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as a nitrogen source (10). In the present study, nitrification
by A. flavus was not inhibited by acetylene with either NH,*
or peptone as the nitrogen source. The lack of inhibition of
heterotrophic nitrification by acetylene may provide a useful
means of distinguishing autotrophic and heterotrophic nitrifi-
cation.

An effective means of quantifying heterotrophic nitrifica-
tion in soil has been lacking. One approach to studying this
process has been to use most probable number counting
techniques to demonstrate that autotrophic nitrifiers were
not present in sufficient numbers to account for the observed
NO;~ production (23, 25). This approach can have prob-
lems, which include low most probable number counting
efficiencies and bacterial growth yields and efficiencies that
differ between the laboratory and the field (1, 3). Other
studies have used long-term incubations of soils ammended
with different nitrogen sources to determine the substrate for
NO;~ formation. If the addition of organic N stimulated
NO;~ production and the addition of NH,* did not, it was
assumed that NO;~ was produced heterotrophically (12, 26).
Other soil incubation studies have also presented indirect
evidence that implicates heterotrophic nitrification (5, 16).

In the present study, NO;~ production was not inhibited
by either acetylene or chlorate, which suggests that the
origin of the NO;~ was heterotrophic nitrification. Short-
term assays on freshly sampled soil were used to minimize
changes in the microbial population. The potential for het-
erotrophic nitrification identified should therefore exist in
situ in these forest soils. The biocide experiment showed
some inhibition of NO;~ production by cycloheximide,
indicating that at least a portion of the observed NO;~
production was mediated by fungi. It is not surprising that
the inhibition by cycloheximide was incomplete, as cyclo-
heximide is an inhibitor of protein synthesis and should not
have been fast acting.

Neither added NH,* nor added peptone significantly
stimulated nitrate production. Either these compounds were
not useable substrates, or the rate of the process was not
substrate limited. The decreasing rate of production during
the assay period indicates that NH;* and peptone were not
suitable substrates for NO;~ production. The observed
NO;~ was therefore produced from an unidentified substrate
that was present in the soil, possibly in limited quantities.
Slurrying the soil may have increased the availability of this
substrate to heterotrophic nitrifiers. It is possible that the
substrate already contained oxidized organic nitrogen, and
this N was cleaved off as NO;~ when the substrate became
available. Hydroxamate siderophores might constitute one
such substrate.

The "’NH," tracer study was used to demonstrate that the
source of NO;~ was not NH,*. In the *N assay, as in the
others, the potential rate for heterotrophic NO;~ production
was greater than that for autotrophic NO;~ production in
soils from both the clear-cut and forested soils.

In summary, a potential for heterotrophic nitrification
exists in the forest soils studied; NO;~ appears to be
released directly from soil organic nitrogen.
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