
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/99/$04.0010

Aug. 1999, p. 3599–3604 Vol. 65, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Evidence for Involvement of Gut-Associated Denitrifying Bacteria in
Emission of Nitrous Oxide (N2O) by Earthworms

Obtained from Garden and Forest Soils
CAROLA MATTHIES,* ANJA GRIEßHAMMER, MARTINA SCHMITTROTH, AND HAROLD L. DRAKE

Department of Ecological Microbiology, BITOEK, University of Bayreuth, 95440 Bayreuth, Germany

Received 1 March 1999/Accepted 23 May 1999

Earthworms (Aporrectodea caliginosa, Lumbricus rubellus, and Octolasion lacteum) obtained from nitrous oxide
(N2O)-emitting garden soils emitted 0.14 to 0.87 nmol of N2O h21 g (fresh weight)21 under in vivo conditions.
L. rubellus obtained from N2O-emitting forest soil also emitted N2O, which confirmed previous observations
(G. R. Karsten and H. L. Drake, Appl. Environ. Microbiol. 63:1878–1882, 1997). In contrast, commercially
obtained Lumbricus terrestris did not emit N2O; however, such worms emitted N2O when they were fed (i.e.,
preincubated in) garden soils. A. caliginosa, L. rubellus, and O. lacteum substantially increased the rates of N2O
emission of garden soil columns and microcosms. Extrapolation of the data to in situ conditions indicated that
N2O emission by earthworms accounted for approximately 33% of the N2O emitted by garden soils. In vivo
emission of N2O by earthworms obtained from both garden and forest soils was greatly stimulated when worms
were moistened with sterile solutions of nitrate or nitrite; in contrast, ammonium did not stimulate in vivo
emission of N2O. In the presence of nitrate, acetylene increased the N2O emission rates of earthworms; in
contrast, in the presence of nitrite, acetylene had little or no effect on emission of N2O. In vivo emission of N2O
decreased by 80% when earthworms were preincubated in soil supplemented with streptomycin and tetracy-
cline. On a fresh weight basis, the rates of N2O emission of dissected earthworm gut sections were substantially
higher than the rates of N2O emission of dissected worms lacking gut sections, indicating that N2O production
occurred in the gut rather than on the worm surface. In contrast to living earthworms and gut sections that
produced N2O under oxic conditions (i.e., in the presence of air), fresh casts (feces) from N2O-emitting
earthworms produced N2O only under anoxic conditions. Collectively, these results indicate that gut-associated
denitrifying bacteria are responsible for the in vivo emission of N2O by earthworms and contribute to the N2O
that is emitted from certain terrestrial ecosystems.

Biological production of the greenhouse gas nitrous oxide
(N2O) is primarily mediated by microorganisms (8, 16). Soils
account for 60 to 80% of the global emission of N2O (4, 5,
8–10, 21). Although abiotic processes can contribute, microbial
processes are primarily responsible for the formation of N2O
in soils (8, 9). The net emission of N2O at the soil surface
depends on (i) production of N2O by soil microorganisms, (ii)
consumption of N2O by soil denitrifying bacteria, and (iii)
physical transport of N2O through the soil column. Denitrifi-
cation and nitrification are the main microbial processes in-
volved in emission of N2O by soils (5, 8–10, 16). However,
alternative microbial N2O-producing processes, such as dissim-
ilatory reduction of nitrate or nitrite to ammonium and assimi-
latory reduction of nitrate for biomass synthesis, might also
contribute to N2O emission (3, 19, 20, 29, 30).

It was recently demonstrated that earthworms from forest
soil emit N2O under in vivo conditions (18), which suggested
that earthworms are a mobile N2O-producing microsite in for-
est soils. The general occurrence and significance of N2O-
emitting earthworms in terrestrial ecosystems, as well as the
process(es) responsible for the production of N2O by earth-
worms, have not been determined. The two main objectives of
the present study were (i) to evaluate the in vivo emission of
N2O by earthworms from two contrasting, earthworm-contain-
ing soils (namely, garden and forest soils) and (ii) to determine

if a gut-associated microbial process is involved in the in vivo
emission of N2O by earthworms.

MATERIALS AND METHODS

Field sites and collection of earthworms. Earthworms (Aporrectodea caliginosa
Savingny, Octolasion lacteum Örley, and Lumbricus rubellus Hoffmeister) were
collected in the summer of 1997 from tilled soils (sandy loam soils) in two
gardens (Heinersreuth and Weidenberg) in the vicinity of Bayreuth, Germany;
properties of these soils are outlined in Table 1. The average soil dry weights of
the garden soils were 78.2% 6 2.4% (Heinersreuth) and 76.2% 6 6.2% (Wei-
denberg). L. rubellus Hoffmeister earthworms were collected in the summer of
1996 from beech forest soils at Geisberger Forst in Germany; this site has been
described previously (22). The earthworms were transported and stored in the
dark in aseptic beakers containing soil or soil and litter at 10 or 15°C (depending
on the in situ soil temperature) until they were used. Lumbricus terrestris L. was
obtained from a local store and was stored at 4°C (the temperature used during
commercial storage). The earthworms were stored for a maximum of 2 weeks
before they were used and were identified by using standard protocols (28).

In situ emission of N2O. To evaluate N2O emission at the soil surface, the
concentrations of N2O inside gas-tight static chambers were determined over a
period of several hours. Stainless steel rings were driven about 3 cm into the
ground. Plexiglas chamber tops (height, 6.5 cm; diameter, 17 cm) were placed
inside the rings and sealed with large rubber seals. Gas samples were withdrawn
through a rubber-stoppered port with syringes at various times after closure and
were injected into evacuated, rubber stopper-sealed vials.

N2O emission by earthworms. In vivo emission of N2O by earthworms was
evaluated by using aerobic microcosms that did not contain soil. Each microcosm
consisted of an aseptic 38-ml serum vial that contained one living earthworm that
had been washed with sterile water to remove soil particles; excess moisture was
removed by blotting the earthworm with sterile tissue paper. For L. terrestris (a
very large worm), 150-ml infusion flasks were utilized. The vials and flasks were
closed with rubber stoppers and seals; the gas phase was air. To evaluate the
effects of mineral salts, earthworms were moistened with 0.4 ml (1.0 ml for L.
terrestris) of sterile mineral salt solutions or water (control) as indicated below.
The microcosms were incubated at 20°C in the dark. The procedures used did not
appear to affect the activity of the earthworms; i.e., the earthworms behaved
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normally until the end of the experiment. Gas samples were withdrawn with
sterile syringes and were analyzed by gas chromatography over a period of
approximately 8 h. The N2O emission rate of an individual earthworm was
determined during the initial period of emission.

Soil columns and soil microcosms. Each soil column consisted of a Plexiglas
cylinder (height, 20 cm; diameter, 17 cm) that had a ceramic plate at the bottom
and contained 2.8 kg (fresh weight) of garden soil. To assess the emission of N2O
from soil columns, columns were closed with Plexiglas covers (height, 5.6 cm;
diameter, 17 cm) and gas-tight rubber seals for 26 h. Each soil microcosm was
constructed by placing 30 g (fresh weight) of soil into a 150-ml infusion flask,
which was then sealed with a rubber stopper and a metal screw cap. Earthworms
were added at a density of one worm per microcosm or eight worms (four
A. caliginosa, three L. rubellus, and one O. lacteum) per soil column. The soil
columns and microcosms were incubated at 15°C; the gas phase was air. Gas
samples were withdrawn with syringes at different times after closure.

Preincubation of earthworms in soil supplemented with antibiotics. To eval-
uate the effect of antibiotics on in vivo emission of N2O, four earthworms
(L. rubellus) that were obtained from forest soil were preincubated for 3 days at
10°C in 80 g of forest soil supplemented with streptomycin and tetracycline (each
at a concentration of 10 mg g [dry weight] of soil21).

Preparation of gut sections. Freshly collected earthworms were narcotized
with 100% CO2 prior to dissection. Earthworm gut sections (posterior to the
gizzard) were dissected out at a lab bench under air. The dissected gut sections
and the remaining worm material were washed with sterile water to remove gut
debris and then placed into 38-ml serum vials. The vials were sealed, incubated
in the dark at 20°C, and analyzed for N2O.

Preparation of microcosms with fresh casts from N2O-emitting earthworms.
Washed earthworms were moistened with 0.4 ml of 2 mM potassium nitrate and
incubated in microcosms under air as described above. The earthworms were
removed from the microcosms after they produced casts. The microcosms con-
taining the fresh casts were then supplemented with 0.4 ml of 2 mM potassium
nitrate, resealed, and analyzed for N2O under either oxic (air) or anoxic (100%
argon) conditions.

Analytical procedures. N2O was analyzed with a Hewlett-Packard model 5890
series II gas chromatograph equipped with a Porapak Q column and an electron
capture detector (18). Acetylene was generated from calcium carbide (CaC2) and
water in a gas formation flask immediately before it was used. All chemicals and
gases were of the highest purity available. Unless otherwise indicated, the data
are means based on four replicates.

RESULTS

In situ emission of N2O at field sites. The field sites emitted
N2O under in situ conditions during the summer months when
earthworms were collected. The rates of in situ emission of
N2O at the garden sites ranged from 71 to 714 nmol of N2O
h21 m22 (2 to 20 mg of N2O N h21 m22). The rates of in situ
emission of N2O at the beech forest site ranged from 7 to 54
nmol of N2O h21 m22 (0.2 to 1.5 mg of N2O N h21 m22).
These in situ emission rates were approximately the same as
those of similar terrestrial ecosystems (4).

In vivo emission of N2O by earthworms from garden soils
and other sources. A. caliginosa, O. lacteum, and L. rubellus
obtained from garden soils emitted N2O under in vivo condi-
tions (Table 2), and emission was relatively linear over a 3- to
6-h period (data not shown). The mean N2O emission rates
ranged from 0.14 to 0.87 nmol h21 g (fresh weight)21 (Table
2). L. rubellus obtained from beech forest soils also emitted
N2O under in vivo conditions (Table 2), which confirmed pre-
vious observations (18). Some individual earthworms did not
emit N2O, and the rates of emission of N2O by earthworms
were highly variable (Table 2). The emission of N2O by com-
mercially obtained L. terrestris worms was negligible; however,

such worms emitted low amounts of N2O when they were
preincubated in garden soils (Table 2).

Although the vegetation of the garden soils and the vegeta-
tion of the forest soils were different, the rates of N2O emission
by the earthworms obtained from these soils were relatively
similar. Thus, the theoretical quality of the soil organic carbon
(decomposed beech litter in the forest soils and decomposed
crops in tilled soils) did not appear to significantly affect the
capacity of earthworms to emit N2O. Other soil characteristics
may more directly influence N turnover processes in earth-
worms. When the two garden sites were compared, the highest
mean in vivo N2O emission rates were obtained with earth-
worms collected from the Heinersreuth site, which contained
the highest amount of soil nitrate and had the highest soil C/N
ratio (Tables 1 and 2).

Emission of N2O by garden soil columns and microcosms.
The emission of N2O by earthworm-supplemented garden soil
columns was significantly greater than the emission of N2O by
garden soil columns lacking earthworms (Fig. 1). The emission
of N2O by soil columns containing or lacking earthworms was
relatively linear for extended periods of time (Fig. 1). The N2O
emission rates were 1.4 6 0.2 pmol h21 g (dry weight) of soil21

for columns containing both garden soil and worms and 0.3 6
0.1 pmol h21 g (dry weight) of soil21 for columns containing
garden soil alone. With garden soil microcosms, N2O emission
was also relatively linear (data not shown), and the emission
rates were 7.6 6 4.8 pmol h21 g (dry weight) of soil21 for
microcosms containing both garden soil and worms and 0.3 6
0.4 pmol h21 g (dry weight) of soil21 for microcosms contain-
ing garden soil alone. The calculated mean N2O emission rates
for the earthworms in soil columns (0.40 nmol h21 g [fresh
weight]21) and microcosms (0.17 nmol h21 g [fresh weight]21)

TABLE 1. Characteristics of garden soils (Hortisols)a

Site pH
(CaCl2)

Organic C concn
(g kg21)b

Total N concn
(g kg21)b C/N ratio NH4

1 concn
(mg kg21)b

NO3
2 concn

(mg kg21)b

Heinersreuth 7.1 (0.2) 35.6 (5.4) 2.2 (0.8) 17.3 (2.6) 1.4 (0.5) 105.7 (82.6)
Weidenberg 6.9 (0.2) 44.2 (25.8) 4.0 (2.0) 10.0 (2.2) 1.5 (0.9) 30.1 (14.6)

a The values in parentheses are standard deviations based on a minimum of five replicate analyses.
b The values are based on soil dry weight.

TABLE 2. In vivo emission of N2O by earthworms
obtained from various sources

Earthworm source Earthworm
species

No. of
replicates

Mean N2O
emission rate
(nmol h21 g

[fresh wt]21)a

Garden soil (Heinersreuth) A. caliginosa 7 0.64 (0.13)
L. rubellus 2 0.54 (NA)
O. lacteum 1 0.29 (NA)
Total 10 0.58 (0.17)

Garden soil (Weidenberg) A. caliginosa 15 0.27 (0.27)
L. rubellus 1 0.87 (NA)
O. lacteum 5 0.14 (0.10)
Total 21 0.24 (0.25)

Beech forest soil (Geisberg) L. rubellus 4 0.43 (0.08)
Commercial L. terrestris 11 0.00 (0.01)
Commercialb L. terrestris 11 0.08 (0.06)

a The values in parentheses are standard deviations. NA, not applicable.
b Earthworms were incubated in fresh garden soil for 2.5 days prior to analysis.
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were similar to the in vivo emission rates obtained with indi-
vidual worms (Table 2).

Effect of mineral salts on in vivo emission of N2O. In vivo
emission of N2O was greatly stimulated when earthworms were
moistened with small amounts of potassium nitrate or potas-
sium nitrite (Fig. 2). Such stimulation was not observed with
potassium chloride, ammonium chloride, or sodium sulfate
(Fig. 3). Nitrate also rapidly stimulated the emission of N2O
after earthworms were preincubated for 12 h in the absence of
soil (Fig. 3; data not shown). The N2O emission rates increased
with increasing nitrate concentrations from 0.025 to 2 mM, and
the N2O emission rates were similar with 2 and 10 mM nitrate
(data not shown). In all cases, the N2O emission rates obtained
with nitrite were substantially greater than the N2O emission
rates obtained with nitrate, and ammonium did not stimulate
emission of N2O (Table 3).

Effect of antibiotics on in vivo emission of N2O. The in vivo
emission of N2O by L. rubellus obtained from forest soil
(1.95 6 0.59 nmol h21 g [fresh weight]21) decreased by ap-
proximately 80% (to 0.42 6 0.06 nmol h21 g [fresh weight]21)

when earthworms were preincubated for 3 days in soil contain-
ing streptomycin and tetracycline. These results indicate that
bacterial processes were involved in the production of N2O.
The earthworms had a normal appearance and behaved nor-
mally after 3 days of preincubation in the antibiotic-containing
soil, which indicated that the general health of the earthworms
was not affected by this treatment.

Anatomical site of N2O production. Under oxic conditions,
the capacity of nitrate-supplemented earthworm gut sections
to produce N2O was substantially greater than the capacity of
dissected worms lacking gut sections to produce N2O (Fig. 4),
which indicated that the N2O that was produced under in vivo
conditions originated in the gut rather than on the surface of
the earthworm. On a fresh weight basis, the initial capacity of
gut sections to produce N2O in response to supplemental ni-
trate was substantially greater than the capacity of living earth-
worms to produce N2O under the same conditions (Fig. 4).

Effect of O2 on emission of N2O by casts. Fresh casts from
N2O-emitting earthworms produced negligible amounts of
N2O under oxic conditions (i.e., in the presence of air) (Fig. 5).
However, under anoxic conditions, such casts rapidly produced
N2O (Fig. 5). These results indicated that the microbial process
responsible for the formation of N2O in the earthworm gut was
sensitive to O2.

Effect of acetylene on in vivo emission of N2O. Collectively,
the findings described above indicated that nitrate-reducing

FIG. 1. Emission of N2O by garden soil columns containing (F) or lacking
(E) earthworms. Experiments were performed in triplicate.

FIG. 2. Effects of 2 mM potassium nitrate (E) and potassium nitrite (F) on
in vivo emission of N2O by L. rubellus obtained from forest soil. Water was added
instead of mineral salts to the controls (■).

FIG. 3. Effects of various mineral salts (10 mM each) (arrows) on in vivo
emission of N2O by L. rubellus obtained from forest soil.

TABLE 3. In vivo emission of N2O by earthworms moistened with
2 mM potassium nitrate, potassium nitrite, or ammonium chloride

Earthworm
source

Earthworm
species

Mean N2O emission rate
(nmol h21 g [fresh wt]21)

in the presence of:

Nitrate Nitrite Ammonium H2O

Garden soil
(Heinersreuth)

A. caliginosa,
O. lacteum

0.62 5.83 0.25 0.27

Garden soil
(Weidenberg)

A. caliginosa,
O. lacteum

0.55 13.24 0.01 0.02

Beech forest soil L. rubellus 2.77 12.44 0.00 0.06
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bacteria in the gut were primarily responsible for emission of
N2O by earthworms. Acetylene is an inhibitor of nitrous oxide
reductase and increases the production of N2O by denitrifiers
by blocking the last reductive step in denitrification (37). In
contrast, acetylene inhibits, rather than enhances, the produc-
tion of N2O during dissimilatory reduction of nitrite to ammo-
nium (20).

Acetylene increased the mean N2O emission rates of earth-
worms that were moistened with potassium nitrate (Table 4).
The increase was statistically significant for garden soil earth-
worms and commercially obtained, garden soil-fed L. terrestris.
In contrast, acetylene had little or no effect on the mean N2O
emission rates of earthworms that were moistened with potas-
sium nitrite (data not shown).

DISCUSSION

Garden and forest soils that emitted N2O under in situ
conditions contained earthworms that emitted N2O under in
vivo conditions. To estimate the contribution of earthworms to
the in situ emission of N2O at the garden sites, we assumed
that (i) the zone of earthworm activity in the soil was 20 cm
deep, (ii) the in situ earthworm population density was 100
worms per m2 (an average population density for soils of cen-
tral and northern Europe [27]), and (iii) the density of the
garden soils was 1,200 kg (fresh weight) m23 (this value was
the mean of values from 10 analyses). When these assumptions
were used, the mean N2O emission rates of garden soil col-
umns with and without earthworms were approximately 2 and
1.3 mg of N2O N h21 m22, respectively. Thus, based on these
calculations, the contribution of earthworms to the total N2O
emitted from garden soils under field conditions was approxi-
mately 33%. Similar values were obtained when the data from
soil microcosms were extrapolated to in situ earthworm pop-
ulation densities. Our estimates are higher than the values
calculated previously for forest soils (18) and indicate that
earthworms can contribute to N2O emission in certain tilled
soils. Since agricultural soils can have earthworm population
densities as high as 400 worms per m2 (11), the contribution
might be even higher under certain conditions. The nitrate-
and nitrite-dependent stimulation of in vivo production of N2O
which has been observed suggests that fertilization of soil

might trigger a short-term increase in the in situ emission of
N2O by earthworms. Soil parameters (e.g., water content and
C/N ratio) and processes (e.g., competing processes in the
turnover of soil nitrogen) might also affect the in situ emission
of N2O by earthworms.

N2O can be produced during nitrification, denitrification,
and dissimilatory and assimilatory reduction of nitrate (5, 9).
The enhancement of in vivo emission of N2O by nitrate but not
by ammonium which was observed indicated that nitrate-re-
ducing processes, rather than nitrification, were primarily re-
sponsible for the emission of N2O by the earthworms examined
in this study. Since acetylene did not inhibit emission of N2O by
nitrite-treated earthworms, it seems unlikely that production of
N2O was coupled to dissimilatory reduction of nitrite to am-
monium (20).

N2O is an intermediate in the reduction of nitrate to N2 by
respiratory denitrifying bacteria (34), and N2O is often a prod-
uct of denitrification in soils (6, 14, 32). The acetylene-depen-
dent increase in the emission of N2O from garden and forest
soil earthworms implied that denitrifying bacteria are involved
in the emission of N2O by earthworms. Certain denitrifying
bacteria produce various amounts of N2O in addition to N2 or
produce N2O as an intermediate prior to production of N2 (2,
34). Since the rate constants for the sequential steps in the
reduction of nitrate to N2 are probably not equivalent, the
relative amounts of N2O and N2 may depend on whether
nitrate or nitrite is utilized during denitrification (2). Thus,
differences in the flow of reductant might account for the high
N2O emission rates observed with nitrite (Fig. 2 and Table 3).
In a number of denitrifying bacteria, nitrous oxide reductase is
absent (31). In these bacteria, N2O is the end product of
denitrification, and acetylene probably has little effect on N2O
production. The effect of acetylene on N2O emission therefore
probably depends on the composition of the resident N2O-
producing gut microflora. The apparent nitrate- and nitrite-
dependent stimulation of N2O emission may have involved
nonrespiratory denitrification. In general, nonrespiratory deni-
trification (i) does not couple the reduction of nitrogen oxides
to electron transport phosphorylation, (ii) does not yield N2,
(iii) is facilitated by a number of bacteria, including propi-
onibacteria, and (iv) can yield large amounts of N2O via the
reduction of nitrate or nitrite (1, 19, 35).

Based on the results obtained with dissected earthworms,

FIG. 4. Emission of N2O by L. rubellus gut sections (F), degutted earth-
worms (■), and living earthworms (E) obtained from forest soil. The gas phase
was air, and the arrow indicates when potassium nitrate (2 mM) was added.

FIG. 5. Effects of oxic (Œ and F) and anoxic (■ and �) conditions on
emission of N2O by fresh casts produced by four N2O-emitting earthworms (L.
rubellus) (‚, E, h, and ƒ) obtained from forest soil.
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the N2O that was emitted by earthworms originated from gut-
associated microorganisms. Since nitrate and nitrite signifi-
cantly stimulated in vivo emission of N2O, it seems likely that
supplemental nitrate or nitrite was transported into the gut,
where denitrifying bacteria (18) and production of N2O were
localized. Uptake of water or dissolved salts by earthworms
usually does not involve oral ingestion of fluids (26). Thus, it is
likely that nitrate and nitrite were translocated through the
body wall and into the gut via either passive diffusion or active
transport (23, 26). Differences in the efficiencies by which ni-
trate and nitrite were transported into the gut might be par-
tially responsible for the differences observed in the N2O emis-
sion rates of earthworms treated with nitrate and nitrite. The
nitrate- and nitrite-dependent stimulation of N2O emission by
earthworms and gut sections was rapid and occurred without
an appreciable delay, indicating that (i) the source of reductant
used for the production of N2O was not limiting and (ii) the
N2O-producing microflora of the gut was poised to respond
quickly to nitrate and nitrite.

In contrast to living earthworms and gut sections that pro-
duced N2O under oxic conditions (i.e., in the presence of air),
fresh casts from N2O-emitting earthworms produced N2O only
under anoxic conditions. These results indicate that the N2O
production process in the earthworm gut occurs optimally un-
der anoxic conditions and, furthermore, suggests that the in-
terior of the earthworm gut provides an anoxic (or partially
anoxic) habitat for microbial production of N2O. The micro-
flora of the earthworm gut is enriched with bacteria capable of
anaerobic growth and activity (17), and several strictly anaer-
obic bacteria, as well as facultatively anaerobic bacteria, have
been obtained from the earthworm gut and earthworm casts
and characterized (7, 15, 18, 24). Denitrifiers have been ob-
served in earthworm casts collected from agricultural soils (12,
13, 25, 33) and have been enumerated from the gut material of
earthworms collected from forest soil (18). Commercially ob-
tained earthworms emitted N2O only when they were preincu-
bated in fresh soil (Table 2), indicating that (i) N2O-producing
microbes in the soil were ingested or (ii) ingested soil provided
essential nutrients to the N2O-producing microflora of the gut.
Characterization of the N2O-producing bacteria of the earth-
worm gut is currently under way.

The activities of gastrointestinal microfloras are linked to
the greenhouse gas budget. For example, it has been estimated
that the gut microfloras of livestock and termites are respon-
sible for approximately 30% of the global methane budget (36)
and that the gut microflora of cattle is responsible for approx-
imately 2% of the global N2O budget (i.e., 0.5 Tg year21) (21).
Our findings indicate that the gastrointestinal microflora of the
earthworm contributes to the global N2O budget. Determining
the extent of this contribution will require extensive evaluation
of the diverse terrestrial ecosystems in which earthworms are
endemic.
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