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The main objectives of this study were (i) to determine if gut wall-associated microorganisms are responsible
for the capacity of earthworms to emit nitrous oxide (N2O) and (ii) to characterize the N2O-producing bacteria
of the earthworm gut. The production of N2O in the gut of garden soil earthworms (Aporrectodea caliginosa) was
mostly associated with the gut contents rather than the gut wall. Under anoxic conditions, nitrite and N2O were
transient products when supplemental nitrate was reduced to N2 by gut content homogenates. In contrast,
nitrite and N2O were essentially not produced by nitrate-supplemented soil homogenates. The most probable
numbers of fermentative anaerobes and microbes that used nitrate as a terminal electron acceptor were
approximately 2 orders of magnitude higher in the earthworm gut than in the soil from which the earthworms
originated. The fermentative anaerobes in the gut and soil displayed similar physiological functionalities. A
total of 136 N2O-producing isolates that reduced either nitrate or nitrite were obtained from high serial
dilutions of gut homogenates. Of the 25 representative N2O-producing isolates that were chosen for charac-
terization, 22 isolates exhibited >99% 16S rRNA gene sequence similarity with their closest cultured relatives,
which in most cases was a soil bacterium, most isolates were affiliated with the gamma subclass of the class
Proteobacteria or with the gram-positive bacteria with low DNA G�C contents, and 5 isolates were denitrifiers
and reduced nitrate to N2O or N2. The initial N2O production rates of denitrifiers were 1 to 2 orders of
magnitude greater than those of the nondenitrifying isolates. However, most nondenitrifying nitrate dissimi-
lators produced nitrite and might therefore indirectly stimulate the production of N2O via nitrite-utilizing
denitrifiers in the gut. The results of this study suggest that most of the N2O emitted by earthworms is due to
the activation of ingested denitrifiers and other nitrate-dissimilating bacteria in the gut lumen.

Living earthworms from both forest and garden soils emit
the greenhouse gas nitrous oxide (N2O) and may account for
up to 30% of the total N2O emitted from soils that are inhab-
ited by earthworms (27, 29). A recent study with earthworms in
limed and unlimed soil columns confirmed the capacity of
earthworms to emit N2O (7). The emission of N2O by earth-
worms is stimulated by nitrate and nitrite, and denitrifying
bacteria in the gut of the earthworm appear to be involved in
this emission (27, 29). N2O is an intermediate in denitrification
(i.e., the reduction of nitrate to N2) (45). Nitrification and the
dissimilative reduction of nitrate to nitrite or ammonium can
also result in significant production of N2O (3). During the
dissimilative reduction of nitrate, N2O is produced via the
nonspecific reaction of nitrate reductase with nitrite (38). Dur-
ing nitrification, N2O can be produced as a side product when
ammonia is oxidized to nitrite via the intermediate hydroxyl-
amine (6, 34, 44).

It is not yet known if the emission of N2O by earthworms
originates from an autochthonous, gut wall-attached microbial
population or is due to the enhanced activity of ingested soil-
derived microorganisms in the special environment of the
earthworm gut. The goals of the present study were (i) to
determine if gut wall-associated microorganisms are responsi-
ble for the capacity of garden soil earthworms to emit N2O, (ii)

to enumerate different physiological groups of bacteria that
might produce N2O in the earthworm gut, and (iii) to isolate
and characterize representative N2O-producing bacteria from
the earthworm gut.

MATERIALS AND METHODS

Field sites and sampling. All earthworms used in this study were Aporrectodea
caliginosa Savigny and were identified by standard protocols (8). Earthworms and
soil samples from the uppermost 10 cm of the soil were obtained from a regional
garden in Heinersreuth, Germany, that has been described previously (29) and
also from a regional garden in Unternschreez, Germany. Soil from the latter site
had a C/N ratio of 12.9 and a pH (H2O) of 6.8 and contained (per kg [dry weight]
of soil) 50.3 g of total C, 41.6 g of organic C, 3.9 g of total N, 1.4 mg of NH4

�,
26.6 mg of NO3

�, and 1.2 mg of NO2
�. Earthworms and soil samples were

collected in April through November 1999, in May 2000, and in December 2001.
Earthworms collected in March 2002 were from a regional meadow (Hofmanns
Wiese); this site is described elsewhere (23). Samples were transported in aseptic
beakers and were used immediately or stored at 10°C in the dark for no more
than 24 h before processing. Randomly chosen worms and soil samples from both
sites were tested for in vivo emission of N2O (29); on a fresh weight basis, all
worms emitted larger amounts of N2O than the soil from which they originated
emitted.

Microcosms with gut and soil homogenates. Homogenates were prepared in
an O2-free chamber (Mecaplex, Grenchen, Switzerland) as described previously
(26); sterile anoxic sodium phosphate buffer (15 mM, pH 7) or sterile anoxic
sodium phosphate buffer (10 mM, pH 7) plus saline (NaCl, 130 mM) were used
as homogenization buffers. For anatomical localization of N2O production, the
gut of a worm was opened, and the contents were removed for homogenization.
The remaining gut walls were washed twice with sterile phosphate-buffered
saline, removed from the earthworm, and washed three additional times in petri
dishes with sterile phosphate-buffered saline. Gut or soil homogenates (0.1 to
0.5 g [fresh weight] per 10 ml of buffer) and gut walls (0.05 to 0.5 g [fresh weight]
per 10 ml of buffer) were anoxically transferred to gas-tight, argon-flushed serum
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vials (10 or 30 ml) or tubes (27 ml). Substrates were added from sterile anoxic
stock solutions. The headspace and the liquid phase of microcosms were sampled
with sterile syringes. Gases were analyzed immediately; liquid samples were
stored at �20°C until they were analyzed. Microcosms were prepared in tripli-
cate and were incubated upright at 15°C in the dark.

Cultivation media. Anoxic media were prepared by using modified Hungate
techniques (24). The gas phases were 100% argon for anoxic media and air for
oxic media; the pH was adjusted to 7.0. Solidified media contained 15 g of agar
per liter. The following media were used: (i) TSB100, which contained 0.275 g of
tryptic soy broth without dextrose (TSB) (Difco Laboratories, Detroit, Mich.)
per liter; (ii) TSB10, which contained 2.75 g of TSB per liter; (iii) TSB�G, which
contained 27.5 g of TSB per liter plus 5 mM glucose; (iv) TSB10�G, which was
TSB10 containing 5 mM glucose; (v) TSB10�G�NO3

�, which was TSB10 con-
taining 2 mM glucose and 5 mM KNO3 (27); (vi) NB, which contained 0.8 g of
nutrient broth (Difco) per liter; (vii) NB�AS�NO3

�, which was NB containing
3 mM acetate, 6 mM succinate, and 5 mM KNO3 (10, 40); (viii) Luria-Bertani
medium containing 10 g of tryptone (Difco) per liter, 5 g of yeast extract (Sigma,
Deisenhofen, Germany) per liter, and 5 g of NaCl per liter; (ix) TY, which
contained 2 g of tryptone per liter and 2 g of yeast extract per liter; (x) IS1, which
contained 2.75 g of TSB per liter, 1.01 g of KNO3 per liter, 6.52 g of
Na2HPO4 � H2O per liter, 3.17 g of NaH2PO4 � 2H2O per liter, 0.0017 g of CuCl2
per liter, and 2 mM glucose; (xi) IS2, which was IS1 without glucose but with 5
mM butyrate; (xii) IS3, which was IS1 without TSB but with 0.8 g of NB per liter;
and (xiii) IS4, which contained 20 g of beef extract (Difco) per liter, 30 g of
Casamino Acids (Difco) per liter, 5 g of yeast extract per liter, and 5 g of
K2HPO4 per liter. Mineral medium containing 5 mM ammonium (MMA) and
mineral medium containing 10 mM nitrite (MMN) were prepared by using a
previously described protocol (35).

Enumeration of microorganisms. Earthworms and soil samples were collected
in April 1999. Gut sections of five worms were pooled for preparation of gut
homogenates. The homogenates contained 17 mg (fresh weight) of gut sections
per ml of buffer or 118 mg (fresh weight) of soil per ml of buffer and were serially
diluted (1:10) in saline (8.5 g of NaCl liter�1). Most-probable-number (MPN)
(11, 12) tubes were incubated horizontally (oxic tubes) or vertically (anoxic
tubes) at 15°C in the dark for 6 months and were checked periodically for growth
by measuring the optical density at 660 nm.

Denitrifiers and other nitrate dissimilators were enumerated in TSB10�
G�NO3

� and NB�AS�NO3
� (10, 27, 40). Growth-positive tubes were scored

positive for denitrification if more than 20% of the reduced nitrate N was
recovered in N2 or N2O (40) and were scored positive for nitrate dissimilation if
more than 20% of the initial concentration of nitrate (5 mM) was consumed.
Ammonia oxidizers were enumerated in MMA; tubes were scored positive if
nitrite accumulated and the pH indicator bromothymol blue changed color (35).
Nitrite oxidizers were enumerated in MMN; tubes were scored positive if nitrite
was completely utilized (35). General aerobes and general fermentative anaer-
obes were enumerated in TSB10; tubes that showed an increase in optical density
at 660 nm of �0.1 were scored positive (26). Methanogens were enumerated in
TSB10; tubes were scored positive if �3 nmol of methane per tube was produced.

Isolation of N2O-producing bacteria from the earthworm gut. Streak plating
was done in an O2-free chamber, and several isolation methods were utilized to
maximize the likelihood of obtaining a highly diverse collection of N2O-produc-
ing isolates. In method A, 0.1-ml aliquots from the highest denitrification-posi-
tive MPN tubes were streaked onto solidified anoxic NB�AS�NO3

� or

TSB10�G�NO3
�. In method B, 0.1-ml aliquots of 10�3 and 10�4 saline serial

dilutions from gut homogenates were streaked onto anoxic solidified
TSB10�G�NO3

� and anoxic NB�AS�NO3
�. In method C, gut homogenates

were serially diluted in anoxic TSB10 supplemented with KNO3 (1 mM) and
either cellobiose (5 mM), raffinose (1 mM), acetate (1 mM), succinate (1 mM),
citrate (1 mM), or pectin (0.01%). In method D, gut homogenates were serially
diluted in TSB10, TSB100, NB, Luria-Bertani medium, or TY (all anoxic) sup-
plemented with KNO2 (1 mM) and either N-acetylglucosamine (2.5 mM), lactate
(2.5 mM), gluconate (2.5 mM), or galactose (2.5 mM). For methods C and D,
tubes were incubated for 14 days at 15°C in the dark, and 0.1-ml aliquots from the
highest N2O-positive dilutions (10�4 to 10�6) were streaked onto solidified
anoxic medium (the medium was the same as that used for the dilutions). Streak
plates were incubated in an O2-free jar for 7 to 10 days at 15°C. Randomly picked
colonies having differing morphologies were transferred to liquid medium, and
the resulting cultures were checked for the production of N2 and N2O. N2- and
N2O-producing cultures were restreaked twice and then transferred to liquid
media. Isolates ED2, ED3, ED4, ED5, EN1, and EN2 were maintained in anoxic
IS1. Isolates ED1 and EN3 were maintained in anoxic IS2 and anoxic IS3,

FIG. 1. Utilization of supplemental nitrate by gut content (A) and
soil (B) homogenates under anoxic conditions at 15°C. The homoge-
nates contained 24 and 161 mg (dry weight) of gut contents and soil,
respectively, per ml of sodium phosphate buffer (15 mM, pH 7). The
organic carbon contents were 1.3 and 5.9 mg per ml of gut contents and
soil homogenate, respectively. Symbols: ■ , nitrate; �, nitrite; F, N2O;
E, N2. Worms and soil were collected in August 1999; experiments
were performed in triplicate. The error bars indicate standard devia-
tions.

TABLE 1. Initial production of N2O by gut contents and gut walls
of the earthworm A. caliginosaa

Expt Supplement (2 mM)

N2O production (nmol h�1 g
[fresh wt]�1)b

Gut contents Gut walls

Ac Nitrite 1.92 � 0.66 0.29 � 0.13
Nitrate 0.73 � 0.52 0.08 � 0.01

Bd Nitrite 1.48 � 0.10 0.03 � 0.01
Nitrate 0.23 � 0.05 0.00 � 0.03

a Gut content and gut wall microcosms were anoxic and contained 2.75 g of
TSB liter�1 and 1.7 mM glucose.

b The values are the means � standard deviations for triplicate analyses ob-
tained during the first 10 h of incubation.

c Worms were collected in December 2001.
d Worms were collected in March 2002.
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respectively. Isolates MH5, MH8, MH47, and AG24 were maintained in anoxic
IS4. Isolates AG15, AG23, MH14, and MH21 were maintained in oxic TSB�G.
All other isolates were maintained in oxic TSB10�G. The isolates were routinely
cultivated at 15°C and are available upon request.

Initial N2O production rates of isolates. Isolates were grown to the late
stationary phase and diluted 10-fold into anoxic media without nitrate; tubes
were flushed with 100% argon to remove carryover N2O. Nitrate (final concen-
tration, 10 mM) or nitrite (final concentration, 2 mM) was added with sterile
syringes. Tubes were incubated vertically in the dark at 15°C. Initial N2O pro-
duction rates were determined when the production of N2O was linear; this
period occurred during the first 24 h of incubation. Cell numbers were deter-
mined microscopically.

Analytical methods. Denaturing gradient gel electrophoresis (DGGE) of am-
plified 16S rRNA gene fragments (approximately 550 bp) was performed as
previously described (37). Partial 16S rRNA gene sequences were determined
for either DGGE fragments or PCR products that were obtained with the
GM3-GM4 bacterial primer pair (Escherichia coli positions 8 to 23 and 1492 to
1477) (31). Sequencing was done by MWG Biotech AG (Ebersberg, Germany).
Public databases (GenBank, EMBL) were searched with the program BLAST
(1). Alignments of sequences and distance matrix calculations were performed
with the program ARB (Department of Microbiology, Technical University of
Munich, Munich, Germany) (http://www.arb-home.de). Gases and organic com-
pounds were analyzed as described previously (43). Nitrate, nitrite, and ammo-
nium contents were determined colorimetrically (9, 19, 22).

RESULTS

Anatomical location of N2O production. The production of
N2O by gut contents accounted for 87 to 99% of the total
combined N2O produced by gut contents and gut wall homog-
enates (Table 1), indicating that the production of N2O in
earthworms occurs primarily in the gut contents. The produc-
tion of N2O was greater with nitrite than with nitrate.

Denitrification by earthworm gut contents versus denitrifi-
cation by soil. N2 was the sole nitrate-derived end product of
both gut content and soil microcosms (Fig. 1). However, deni-
trification was more rapid and more complete in gut content
microcosms (Fig. 1A) than in soil microcosms (Fig. 1B). Fur-
thermore, nitrite and N2O were transient products in gut con-
tent microcosms but were essentially not detected in soil mi-
crocosms. This general pattern was observed for worms
collected in both 1999 and 2000. Addition of electron donors
(cellobiose, glucose, syringate, or acetate) did not affect the
production of N2O by nitrate-supplemented gut content ho-
mogenates during incubation for 10 days (data not shown).

Enumeration of cultured N2O-producing and other gut mi-
crobes. Approximately 6 � 106 denitrifiers per g (dry weight)
were found in gut sections (Table 2); this value was equivalent
to approximately 60% of the general fermentative anaerobes

and 60% of the nitrate dissimilators. In contrast, the MPN
values for denitrifiers in soil were approximately 2 orders of
magnitude lower than those obtained for gut sections and
equivalent to only 1% of the general fermentative anaerobes in
the soil or 10% of the nitrate dissimilators in the soil.

The product profiles of anoxic TSB10 MPN cultures were
evaluated to assess the physiological diversity of the cultured
fermentative anaerobes (Fig. 2). Acetate was the predominant
soluble product in all growth-positive high dilutions of gut and
soil homogenates. The hydrogen concentrations never ex-
ceeded 1.2 mM (based on the total amount of hydrogen in both
the liquid and gas phases). Methane was detected only in the
10�1 and 10�2 dilutions. The product profiles of gut and soil
MPN dilutions did not differ significantly, suggesting that the
fermentative anaerobes in the gut and in the soil were func-
tionally similar.

Isolation and phylogenetic assessment of N2O-producing
bacteria from the earthworm gut. A total of 136 isolates that
produced either N2O or N2 were obtained from high-dilution
tubes (mostly 10�5 to 10�6) of gut homogenates by utilizing
cultivation conditions that simulated some of the in situ con-
ditions of the earthworm gut (i.e., high concentrations of or-
ganic substrates, anoxia, 1 mM nitrite, and 1 to 5 mM nitrate
[23]). Twenty-five distinct groups were identified by combining
genetic screening (DGGE) and an analysis of the morpholo-
gies and growth characteristics of the isolates. A representative
isolate of each group was characterized (Table 3). Of the 25
selected isolates, 21 were affiliated with either the gamma
subclass of the class Proteobacteria (gamma-proteobacteria) or
the gram-positive bacteria with low DNA G�C contents. Two
isolates (ED5 and MH21) exhibited less than 97% 16S rRNA
gene sequence similarity with their closest cultured relatives
and might be new species.

Reduction of nitrate and production of N2O by gut isolates.
Four of the five denitrifying isolates (ED1, ED2, ED3, and
ED5) reduced nitrate completely to N2 with sequential forma-
tion of the intermediates nitrite and N2O, while the remaining
denitrifier (ED4) formed only N2O (Table 3 and data not
shown). Most known denitrifiers reduce nitrate completely to
N2 (41, 45). Fifteen of the 25 isolates did not reduce nitrate to
N2 but produced nitrite and small amounts of N2O; typically,
less than 6% of the nitrate consumed was recovered in N2O.
These 15 isolates were therefore classified as nondenitrifying
nitrate-dissimilating bacteria. Most of them were also capable

TABLE 2. Comparative enumeration of cultured microorganisms from gut sections of the earthworm A. caliginosa and from garden soil

Physiological group Medium Incubation conditions
MPN (g [dry wt]�1)a

Gut sections Soil

Denitrifiersb TSB10�G�NO3
� Anoxic 6 � 106 (a) 2.1 � 104 (b)

Nitrate dissimilatorsb TSB10�G�NO3
� Anoxic 1 � 107 (a) 4 � 105 (b)

Ammonium oxidizers MMA Oxic 2 � 105 (c) 2 � 104 (c)
Nitrite oxidizers MMN Oxic 3 � 105 (a) 2 � 104 (b)
General aerobes TSB10 Oxic 3 � 108 (a) 9 � 106 (b)
General fermenters TSB10 Anoxic 1 � 107 (a) 2 � 105 (b)
Methanogens TSB10 Anoxic 1 � 102 (c) 2 � 101 (c)

a Statistically significant differences (at P � 0.05 [10, 12]) between values obtained for gut sections and soil are indicated by different letters. Values followed by the
same letter were not statistically different for comparisons between gut sections and soil.

b Similar values were obtained with NB-based medium.
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of growing by fermentation (data not shown). Five isolates
(MH5, MH47, MH8, MH21, and MH70) could not utilize
nitrate but reduced nitrite to NH4

� and/or N2O. Regardless of
their end product profiles, all isolates formed N2O during the
first 24 h of incubation. The initial N2O production rates of the
denitrifying strains ED1, ED2, ED4, and ED5 were 1 to 2
orders of magnitude higher than those of the other isolates
(Table 3).

DISCUSSION

Activation hypothesis for the production of N2O in earth-
worms. Production of N2O by earthworms occurs primarily in
the gut and is stimulated by nitrate and nitrite but not by

ammonium (27, 29). The highest concentrations of N2O occur
in the gut lumen (23), and the capacity of gut contents to
produce N2O was greater than that of gut walls (Table 1).
Although gut wall-attached microorganisms have been ob-
served in earthworms (25), such microorganisms do not appear
to be the primary source of the N2O that is emitted by earth-
worms. This conclusion suggests that the N2O-producing mi-
croorganisms of the earthworm gut are primarily microorgan-
isms that have been ingested, which in the case of A. caliginosa
consist of microorganisms found in bulk soil or on organic
material in soil (e.g., decaying plant roots [15]).

Nitrate was rapidly consumed and sequentially reduced to
nitrite, N2O, and N2 in gut content microcosms; in contrast,
denitrification in soil microcosms occurred at lower rates with-
out the formation of intermediates and ceased after 2 days
(Fig. 1). These results indicate that the amount of electron
donors in the earthworm gut is very large and is in marked
contrast to the limited amount of electron donors in soil (39).
Indeed, the amount of readily utilizable organic substrates in
earthworm gut contents is significantly greater than that in soil
(26, 42), and addition of organic substrates to gut microcosms
did not enhance denitrification or the production of N2O. The
initial dynamics for the reduction of nitrate in gut microcosms
suggest that the activities (or de novo synthesis) of nitrite
reductase and N2O reductase in the gut are delayed compared
to the activity of nitrate reductase. Similar dynamics for deni-
trification by pure cultures of denitrifiers (5) and certain soils
(13) have been observed previously. The results obtained from
microcosm experiments indicate that the emission of N2O by
earthworms is due to the initiation of denitrification or other
nitrate-dissimilating activities by ingested bacteria that are ac-
tivated by the anoxic, substrate-rich conditions of the earth-
worm gut (23).

Consistent with results obtained for earthworms from forest
soil (27), the MPN values for aerobes and anaerobes obtained
from the gut contents of A. caliginosa from garden soil were
approximately 2 orders of magnitude higher than those ob-
tained for the soil from which the worms were obtained (Table
2). Since the gut passage time is less than 20 h (4), multiplica-
tion of microorganisms in the gut and the selective feeding
habits of earthworms (14, 26, 32) are unlikely to be reasons for
the large difference between the numbers of cultured micro-
organisms found in the earthworm gut and the numbers of
cultured microorganisms found in the soil. Indeed, the total
cell counts in the gut of the earthworm Lumbricus terrestris are
only one- to sevenfold higher than the total cell counts in the
surrounding soil (36). After comparing the numbers obtained
with the cultivation methods used in the present study with the
total cell counts in the earthworm gut and soil (16, 36), one can
speculate that the microorganisms cultured from the earth-
worm gut accounted for 1 to 6% of the total microorganisms in
the gut, whereas the microorganisms cultured from the soil
accounted for only 0.1% of the total microorganisms in the
soil. While similar numbers have been reported for soils (2),
even higher percentages (28 to 82%) have been obtained for
earthworms (32). In addition, the percentage of the total mi-
crobial cells in soils that are detected by fluorescence in situ
hybridization with the bacterial probe EUB338 increases 3- to
12-fold during passage through the gut of L. terrestris, presum-
ably because the ribosome contents of the bacteria increase

FIG. 2. Fermentation product profiles for anoxic TSB10 MPN di-
lutions of earthworm gut sections (A) and soil (B). n.d., not deter-
mined.
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after activation in the gut (16). Production of intestinal mucus
by the earthworm may be an important factor for such activa-
tion, and it has been proposed that the digestive system of the
earthworm is mutualistic (42).

N2O-producing bacteria in the earthworm gut. The highest
MPN values for N2O producers were observed for nitrate-
dissimilating bacteria, a finding that is in agreement with pre-
vious reports for soil microbial communities (10, 20). However,

TABLE 3. Phylogenetic groups, closest relatives (inferred from a partial 16S rRNA gene sequence comparison), and N2O production for
nitrate- or nitrite-reducing bacteria isolated from the gut of the earthworm A. caliginosa

Isolate (accession no.) Closest relative
(accession no.)

%
Sequence
similarity

Length
of

sequence
(bp)

Source of closest
relative

Reduction
of nitrate

Reduction
of nitrite

Production
of N2

% of N
from nitrate

or nitrite
recovered
in N2Oa

Initial N2O
production
rate (pmol

h�1 107

cells�1)b

Alpha-proteobacteria
MH37 (AJ318921) Sinorhizobium sp. strain

BK10 (AJ012211)
99.5 584 Soil �c 0 � 2 232 (22)

Beta-proteobacteria
ED4 (AJ318915) Ralstonia pickettii

LMG7160 (AJ270260)
100 650 Rhizoplane, soil � � � 111 3,280

ED1 (AJ318917) Dechlorimonas sp. strain
SIUL (AF170356)

99.4 1,487 Contaminated
soil

� � � 0 3,130 (300)

Gamma-proteobacteria
ED2 (AJ318918) Pseudomonas sp. strain

Ant5 (AF184220)
99.9 711 Soil � � � 0 6,700 (760)

ED3 (AJ318919) Pseudomonas sp. strain
KA2 (AF195876)

100 750 Contaminated
soil

� � � 0 60 (20)

EN1 (AJ318914) Pseudomonas putida
ATCC 17472
(AB016428)

99.9 801 Soil � 0 � 1 540 (60)d

EN2 (AJ318913) Pseudomonas
brassicacearum 520-1
(AJ292381)

99.8 650 Soil � 0 � 1 160 (60)d

AG18 (AJ318898) Aeromonas hydrophila
ATCC 7966T

(X74677)

100 549 Tin of milk � 0 � �0.5 39 (11)

AG26 (AJ318899) Aeromonas media ATCC
33907T (X74679)

100 548 River water � 0 � 1.5 120 (4)

AG15 (AJ318902) Buttiauxella warmboldiae
DSM 9404
(AJ233406)

100 549 Snail � � � 5 203 (11)

AG23 (AJ318908) Enterobacter asburiae
JCM 6051
(AB004744)

99.4 549 Aphid gut � 0 � 3 28 (2)

Cytophaga-Flavobacterium
group

ED5 (AJ318907) Flavobacterium
johnsoniae DSM 2064
(M59051)

95 1,447 Soil � � � 0 4,900

Gram-positive bacteria with
low DNA G�C contents
MH5 (AJ318903) Clostridium glycolicum

DSM 1288T (X74750)
99.1 642 Soil � � � 20 7 (2)

MH47 (AJ318906) Clostridium putrefaciens
DSM 1291
(AF127024)

100 609 Ham � � � 43 118 (19)

AG24 (AJ318904) Clostridium mangenotii
ATCC 25761

99.8 523 Soil � 0 � 5 89 (3)

MH8 (AJ318905) C. mangenotii ATCC
25761 (M59098)

99.2 639 Soil � � � 100 54 (12)

EN3 (AJ318900) Bacillus mycoides ATTC
6462

100 750 Soil � 0 � �0.5 290 (10)d

MH48 (AJ318901) B. mycoides ATTC 6462
(AB021192)

100 621 Soil � 0 � 7 24 (1)

AG5 (AJ318916) Paenibacillus sp. strain
P51-3 (AJ297715)

100 550 Vegetable purees � � � 6 142 (6)

MH13 (AJ318920) Paenibacillus sp. strain
P51-3 (AJ297715)

97.8 276 Vegetable purees � � � 3 78 (13)

MH72 (AJ318910) Paenibacillus sp. strain
P51-3 (AJ297715)

99 1,461 Vegetable purees � 0 � 3 35 (3)

MH44 (AJ318922) Paenibacillus sp. strain
61724 (AF227827)

99.5 437 Soil � � � 11 12 (1)

MH14 (AJ318912) Paenibacillus burgondia
B2 (AJ011687)

99.1 699 Mycorhizosphere � � � 8 9 (1)

MH21 (AJ318909) Paenibacillus borealis
KK19 (AJ011322)

95 1,512 Soil � � � 10 314 (42)

MH70 (AJ318911) Paenibacillus amylolyticus
NRRL B-290T

(D85396)

100 171 Soil � � � �0.5 31 (25)

a Determined at the end of incubation.
b The values are the means of triplicate experiments or the averages of duplicate experiments. The values in parentheses are the standard deviations of the initial

N2O production rates for triplicate experiments.
c �, positive reaction; �, negative reaction; 0, accumulation of nitrite.
d The initial N2O production rates and N balances were determined in separate experiments.
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the numerical difference between denitrifiers and nitrate dis-
similators was marginal (Table 2). The number of denitrifying
bacteria obtained from the gut of A. caliginosa was on the same
order of magnitude as the number reported for Octolasion
lacteum (9.3 � 106 cells g [dry weight]�1) (27), an earthworm
with a feeding behavior similar to that of A. caliginosa (28). In
contrast to the cultured numbers of methanogens in the gas-
trointestinal tracts of many other animals (21, 30), the cultured
numbers of methanogens in the gut of A. caliginosa were in-
significant. Thus, it is not surprising that earthworms and an-
oxic earthworm gut homogenates do not emit methane (27).

The phylogenetic and functional similarities between the
N2O-producing gut isolates and previously characterized soil
bacteria support the hypothesis that the N2O-producing mi-
croorganisms of the gut are primarily ingested with the food of
the earthworm. Most isolates were affiliated with the gamma-
proteobacteria or with the low-G�C-content gram-positive
bacteria. These phylogenetic groups have been found in fresh
casts of Lumbricus rubellus (18), and high numbers of gamma-
proteobacteria were detected in the gut of L. terrestris (16).

Nitrite and N2O were intermediates during the reduction of
nitrate to N2 by four of the denitrifying isolates, a pattern
similar to that observed with gut content microcosms. The N2O
production rates for whole worms (normalized by using a fresh
weight contribution of gut sections to whole-worm weight of
27% � 9% [n � 5]) were approximately 1,000 and 2,300 pmol
g (fresh weight)�1 h�1 for unsupplemented and nitrate-sup-
plemented worms, respectively (29). If the MPN analyses un-
derestimate the number of denitrifiers (e.g., 6 � 106 cells g [dry
weight]�1 [Table 2]) by at least 10-fold, the initial N2O pro-
duction rates of the denitrifying isolates (e.g., for ED5, 4,900
pmol of N2O h�1107 cells�1 [Table 3]) are within the range of
the estimated N2O production rates of whole worms. Thus,
N2O production by ingested soil denitrifiers could indeed ac-
count for in vivo emission of N2O by earthworms.

The high numbers obtained for nitrate-dissimilating and ni-
trifying bacteria in the gut suggest that the nondenitrifying,
N2O-producing bacterial groups might also contribute to the
overall emission of N2O by earthworms. Nitrifiers that might
be attached to or spatially near the gut wall could theoretically
consume oxygen that might pass through the gut epithelial cells
and provide nitrite and/or nitrate for organisms capable of
reducing nitrite and/or nitrate to N2O in the gut contents.
Nitrifiers might also be a direct source of N2O during nitrifier
denitrification (17, 33) or oxidation of ammonia (34) at the gut
wall. Likewise, nitrate-dissimilating bacteria can produce N2O
from nitrite (38), a reaction that could theoretically be en-
hanced by the relatively high concentrations of nitrite in the
gut (23). Conditions in the gut (i.e., high concentrations of
organic substrates and nitrogen [23]) should theoretically stim-
ulate the dissimilation of nitrate (41). However, in gut micro-
cosms, all supplemental nitrate was eventually recovered as N2

(Fig. 1A), indicating that the dissimilation of nitrate to ammo-
nium is not the primary N2O-producing process in the gut of
the earthworm. Nonetheless, nitrite is transiently accumulated
in cultures of many nitrate-dissimilating bacteria (40), includ-
ing 10 of the N2O-producing isolates characterized in the
present study. Thus, nitrate-dissimilating bacteria might con-
tribute to (i) the high nitrite concentrations in the earthworm

gut (23) and (ii) the in vivo emission of N2O by earthworms via
nitrite-utilizing denitrifiers in the gut.

Conclusion. Microcosm experiments, MPN analyses, and
the phylogenetic and physiological properties of N2O-produc-
ing bacteria from the gut of earthworms suggest that the emis-
sion of N2O by earthworms is primarily due to the activation of
ingested denitrifiers and other nitrate-dissimilating bacteria by
the in situ conditions of the earthworm gut. This hypothesis is
evaluated in the companion paper (23).

ACKNOWLEDGMENTS

Julian Ihssen and Marcus Horn contributed equally to this study.
Support for this study was provided by the Deutsche Forschungsge-

meinschaft (grant DFG DR310/2-1), by the German Ministry of Ed-
ucation, Research, and Technology (grant PT BEO 51-0339476C), and
by an Otto-Hahn Award from the Max Planck Society to Andreas
Schramm.

We thank Ralf Mertel and Matthias Kador for their excellent tech-
nical assistance.

REFERENCES

1. Altschul, S. F., T. L. Madden, A. A. Schäffer, J. Zhang, Z. Zhang, W. Miller,
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