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Previous studies have documented the capacity of European earthworms belonging to the family Lumbri-
cidae to emit the greenhouse gas nitrous oxide (N2O), an activity attributed primarily to the activation of
ingested soil denitrifiers. To extend the information base to earthworms in the Southern Hemisphere, four
species of earthworms in New Zealand were examined for gut-associated denitrification. Lumbricus rubellus and
Aporrectodea rosea (introduced species of Lumbricidae) emitted N2O, whereas emission of N2O by Octolasion
cyaneum (an introduced species of Lumbricidae) and emission of N2O by Octochaetus multiporus (a native
species of Megascolecidae) were variable and negligible, respectively. Exposing earthworms to nitrite or nitrate
and acetylene significantly increased the amount of N2O emitted, implicating denitrification as the primary
source of N2O and indicating that earthworms emitted dinitrogen (N2) in addition to N2O. The alimentary
canal displayed a high capacity to produce N2O when it was supplemented with nitrite, and alimentary canal
contents contained large amounts of carbohydrates and organic acids indicative of fermentation (e.g., succi-
nate, acetate, and formate) that could serve as sources of reductant for denitrification. nosZ encodes a portion
of the terminal oxidoreductase used in denitrification. The nosZ sequences detected in the alimentary canals
of L. rubellus and O. multiporus were similar to those retrieved from soil and were distantly related to sequences
of uncultured soil bacteria and genera common in soils (i.e., Bradyrhizobium, Azospirillum, Rhodopseudomonas,
Rhodospirillum, Pseudomonas, Oligotropha, and Sinorhizobium). These findings (i) suggest that the capacity to
emit N2O and N2 is a general trait of earthworms and not geographically restricted, (ii) indicate that species
belonging to different earthworm families (i.e., Megascolecidae and Lumbricidae) may not have equal capac-
ities to emit N2O, and (iii) also corroborate previous findings that link this capacity to denitrification in the
alimentary canal.

Earthworms are dominant members of the soil fauna and
affect the structure and fertility of soils (5, 20, 22, 23). Various
species of European earthworms belonging to the family Lum-
bricidae (e.g., Aporrectodea caliginosa, Lumbricus rubellus, and
Octolasion lacteum) emit dinitrogen (N2) and the greenhouse
gas nitrous oxide (N2O), and their burrowing activities and
feeding habits in combination with in situ conditions can in-
fluence the emission of nitrogenous gases from soils that they
inhabit (1, 2, 13, 17, 25, 27, 39).

The microbiology of the earthworm alimentary canal has
been addressed in numerous studies (3, 4, 6, 9, 14, 16, 32). The
alimentary canal of the earthworm is anoxic, in marked con-
trast to the aerated material that earthworms ingest (14, 39).
Anoxia and other in situ conditions of the alimentary canal
appear to stimulate soil microbes capable of surviving under
anaerobic conditions during passage through the gut (3, 4).
Soils are rich in denitrifying bacteria (37), and the capacity of
European earthworms to emit nitrogenous gases has been at-

tributed primarily to the in situ activity of ingested denitrifying
bacteria that appear to be highly active under the anoxic con-
ditions of the earthworm alimentary canal (12, 15, 17, 25, 39).
However, it is not known if the capacity to emit nitrogenous
gases is a general trait of earthworms independent of their
taxonomic family or geographic location. The main objectives
of this study were to examine the capacity of Southern Hemi-
sphere earthworms in New Zealand to emit N2O and to de-
termine if this capacity was linked to denitrifying bacteria in
the alimentary canal.

MATERIALS AND METHODS

Field sites and collection of earthworms. Earthworms were collected in late
August and early September 2008 in Palmerston North, New Zealand. Octochae-
tus multiporus (Megascolecidae; native to New Zealand [21, 34]) and Octolasion
cyaneum (Lumbricidae; an introduced species [21, 33]) were collected from the
upper 30 cm of a native forest soil (40°22�57�S, 175°37�07�E), and Aporrectodea
rosea and Lumbricus rubellus (both Lumbricidae; introduced species [21, 33])
were collected from the upper 5 cm of a pasture soil (40°23�27�S, 175°37�20�E).
Properties of the soils are summarized in Table 1. The forest soil was dominated
by O. multiporus; i.e., the ratio of detected individuals of O. multiporus to
detected individuals of O. cyaneum was approximately 20. In contrast, the pas-
ture soil contained similar numbers of A. rosea and L. rubellus worms. Earth-
worms were stored in the dark at 4°C in containers filled with soil from the site
from which they were collected. Earthworms were identified by using standard
protocols and stored for a maximum of 1 week before they were used (21, 30).
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Nucleic acids were extracted from alimentary canal contents of freshly collected
worms.

Emission of N2O by earthworms and alimentary canals. Earthworms were
washed with sterile water, dried with tissue paper, weighed, and placed in sterile
gas-tight serum vials. In vivo emissions were assessed under an air atmosphere.
Alimentary canals (i.e., crop to hindgut) were dissected out of washed earth-
worms that had been sacrificed by brief immersion in 70°C water. One or two
alimentary canals were placed in gas-tight serum vials that were subsequently
flushed with 100% argon. Earthworms and alimentary canals were incubated at
room temperature (ca. 20°C) in the dark. Living worms and alimentary canals
were wetted with small amounts (ca. 0.4 ml) of 2 mM sodium nitrite or 2 mM
sodium nitrate, as described previously (25). Acetylene at a concentration of 15%
(vol/vol) was provided in the gas phase of vials (40).

Extraction of soil and alimentary canal contents. Earthworms were washed,
sacrificed by brief immersion in 70°C water, and dissected under oxic conditions
(16, 17). The alimentary canal contents of four to nine specimens were pooled to
obtain approximately 500 mg (fresh weight) per sample. Soil and alimentary
canal contents were extracted as previously described (39). Valeric acid was
added as an internal standard (19). Solid matter was not removed for determi-
nation of the total nitrogen, total carbon, and organic carbon contents. Super-
natant fluids were used for determination of the soluble organic compound,
ammonium, nitrate, and nitrite contents.

Analytical techniques. The moisture content was determined by weighing soil
and alimentary canal contents before and after drying at 60°C for 72 h. Oven-
dried solid matter was ground with a ball mill (MM2; Retsch, Haan, Germany)
and analyzed to determine the total nitrogen content and the total carbon
content with an NC analyzer (Flash EA 1112; CE Instruments, Wigan, United
Kingdom). The inorganic carbon content was estimated using the amount of
carbon lost by treatment with 8% HCl overnight followed by drying at 80°C for
1 to 2 h; the organic carbon content was defined as the difference between the
total and inorganic carbon contents. Ammonium, nitrate, and nitrite contents
were measured with a Lachat QuikChem 8000 flow injection analyzer (Lachat
Instruments, Loveland, CO). The N2O content was determined with a 2010 gas
chromatograph (Shimadzu, Columbia, MD) equipped with an electron capture
detector and a 222XL autosampler (Gilson, Middleton, WI) (11). Organic com-
pounds in alimentary canal contents and soil were analyzed with an LC10Ai
high-performance liquid chromatograph equipped with an RID10A detector
(Shimadzu, Kyoto, Japan) and a Resex 8 � 8% H organic acid column (00H-
0138-KO; Phenomenex, Torrance, CA) maintained at 45°C; the mobile phase
was 5 mM H2SO4 at a flow rate of 0.8 ml per min (7). The detection limits for
saccharides and organic acids were approximately 0.006 and 0.04 mM, respec-
tively.

nosZ amplification and analysis. Earthworms (25 and 3 specimens of L. ru-
bellus and O. multiporus, respectively) were washed, sacrificed by brief immersion
in 70% ethanol, and dissected under oxic conditions (16, 17). Crop-gizzard or
hindgut sections (denitrification is very active in these sections of the alimentary
canal [39]) from several worms were pooled to obtain approximately 0.5 g (fresh
weight) per type of section. RNA and DNA were coextracted from soil or
alimentary canal sections by bead beating lysis, organic solvent extraction, and
precipitation (10). PCR amplification of nosZ (a structural gene for N2O reduc-
tase, the terminal oxidoreductase in denitrification) was performed with primers
nosZ-F-1181 and nosZ-R-1880 (26) using a T-Gradient cycler (Biometra, Göt-
tingen, Germany) and Mastermix (5 Prime, Hamburg, Germany) (12). The PCR
conditions were 40 cycles of 94°C for 30 s, 58 to 52°C for 60 s, and 72°C for 60 s.
Touchdown PCR was performed using an initial annealing temperature of 58°C,
which was decreased 0.5°C per cycle for the first 10 cycles until the final anneal-
ing temperature, 52°C, was reached. The final elongation was at 72°C for 10 min.
The PCR products for crop-gizzard and hindgut sections were pooled to obtain
equal concentrations, ligated into pGEM-T vector plasmids (Promega, Mann-
heim, Germany), and transformed into competent cells of Escherichia coli JM109
(Promega, Mannheim, Germany) using the protocol described in the manufac-

turer’s instructions. Clones with the correct insert were selected for sequencing
at Macrogen (Seoul, South Korea). Analysis of nosZ sequences (700 bp) was
performed with MEGA 4.0 (18) and BLAST (http://blast.ncbi.nlm.nih.gov/).
DOTUR-1.53 was used to define operational taxonomic units (OTUs) (31). A
threshold level of similarity of 14% (nosZ sequence) was used to define OTUs.
The threshold dissimilarity value, 14%, was chosen because comparative se-
quence analyses of nosZ and 16S rRNA genes indicated that it corresponds with
90% probability to a level of 16S rRNA sequence similarity of �97% (K. Palmer,
H. L. Drake, and M. A. Horn, unpublished data), which is a conservative
estimate for species-level differentiation (35, 36). Coverage was calculated as
described previously (12).

A phylogenetic tree was based on amino acid sequences and was constructed
using the neighbor-joining method (28), and the analysis included a bootstrap
test with 10,000 replicates (8). All positions with alignment gaps and missing data
were eliminated only in pairwise sequence comparisons (pairwise deletion op-
tion).

Nucleotide sequence accession numbers. The sequences obtained in this study
have been deposited in the EMBL nucleotide sequence database under accession
numbers FM993316 to FM993330, FM993332 to FM993353, FM993355 to
FM993383, FM993385, FM993387 to FM993403, FM993405 to FM993411,
FM993413 to FM993420, FN295833 to FN295863, FN295865 to FN295945, and
FN295947 to FN295951.

RESULTS

In vivo emission of N2O by earthworms. L. rubellus and A.
rosea (introduced species [21, 33]) produced 0.29 � 0.31 and
0.22 � 0.16 nmol N2O per g (fresh weight) worms, respectively,
after 6 h of incubation under air (the values are the means for
four worms per species; each worm was positive for emission of
N2O). Only one of four individuals of O. cyaneum (an intro-
duced species [21, 33]) emitted N2O; this worm produced 3.74
nmol N2O per g (fresh weight) during the 6 h of incubation.
The values obtained for L. rubellus, A. rosea, and O. cyaneum
were similar to or slightly less than those obtained for earth-
worms collected in Europe (17, 25). The native species O.
multiporus (21, 34) displayed essentially no capacity to emit
N2O (n � 12). These results demonstrated that earthworms
collected in New Zealand emitted N2O but that their capacity
to do so was variable.

In vivo emission of N2O by earthworms exposed to nitrite.
Nitrite, a precursor of nitrogenous gases formed by denitrifiers
(37, 41), greatly stimulates the emission of N2O by European
earthworms (25). The amount of N2O emitted by earthworms
increased with time when earthworms were exposed to (i.e.,
wetted with) 2 mM sodium nitrite (Fig. 1). At the end of 6 h of
incubation, the amounts of N2O emitted by A. rosea, L. rubel-
lus, and O. multiporus exposed to nitrite were approximately
110, 54, and 6 nmol N2O per g (fresh weight) worm, respec-
tively, which were significantly greater than the amounts ob-
tained without exposure to nitrite (see above). The values for
A. rosea and L. rubellus were similar to the values obtained for
nitrite-exposed L. rubellus samples in Europe (25). The fresh
weights of specimens of O. multiporus were approximately 10-

TABLE 1. Properties of soilsa

Soil pH Moisture
content (%)

NH4
� concn

(mg liter �water
content�	1)

NO3
	 concn

(mg liter �water
content�	1)

NO2
	 concn

(mg liter �water
content�	1)

Total carbon concn
(mg g �dry wt�	1)

Total organic carbon
concn (mg g
�dry wt�	1)

Total nitrogen
concn (mg g
�dry wt�	1)

Pasture 5.8 � 0.1 26 � 1 0.2 � 0 1.1 � 0.7 NDb 24 � 1 23 � 1 2 � 0
Forest 6.7 � 0.1 33 � 2 0.2 � 0 4.6 � 0.4 ND 38 � 7 37 � 7 4 � 0

a The values are means � standard deviations for triplicate analyses.
b ND, not detected.
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fold greater than the fresh weights (maximal weight, 21 g) of
the specimens of the other species. Thus, worms exposed to
nitrite emitted similar amounts of N2O on a per worm basis.

These results demonstrated that O. multiporus had the ca-
pacity to emit N2O even though emission was not apparent in
the absence of nitrite. However, the time-dependent increase
in nitrite-stimulated emission of N2O by O. multiporus was not
as prolonged as that for L. rubellus or A. rosea.

Effect of acetylene on the in vivo emission of N2O by earth-
worms. Acetylene blocks the terminal step of denitrification
(i.e., the reduction of N2O to N2 by N2O reductase [40]). Thus,
acetylene-dependent stimulation of N2O production is evi-
dence of denitrification and can also be used to estimate the
amount of denitrification-derived N2. Acetylene significantly
enhanced the emission of N2O by O. multiporus exposed to
nitrate (Fig. 2). The acetylene-stimulated emission was approx-
imately 0.18 nmol N2O per h per g (fresh weight) worm,
whereas the emission in the absence of acetylene was approx-
imately 0.03 nmol N2O per h per g (fresh weight) worm, sug-
gesting that N2 was the main end product of denitrification in
the alimentary canal of O. multiporus. In contrast, acetylene
only slightly increased the amount of N2O emitted by L. ru-
bellus (the production rates with and without acetylene were
approximately 0.35 and 0.26 nmol N2O per h per g [fresh
weight] worm, respectively, for individuals exposed to 2 mM
sodium nitrate), indicating that N2O was the main end product
of denitrification in the alimentary canal of L. rubellus. Nitrate
was far less stimulatory than nitrite, a result consistent with
previous findings (25), as well as with the fact that nitrite is a
closer precursor of N2O in denitrification than nitrate is (41).

Production of N2O by alimentary canals. Nitrite greatly in-
creased the capacity of alimentary canals of O. multiporus and
L. rubellus to produce N2O under anoxic conditions with acet-
ylene (Fig. 3). (Acetylene was provided to maximize the de-
tection of denitrification-derived nitrogenous gases [both N2O

and N2].) Although the nitrite-stimulated N2O production ca-
pacities of alimentary canals of O. multiporus were more vari-
able than those of alimentary canals of L. rubellus, the mean
emission values for alimentary canals of these two species were
similar. These findings demonstrated that the alimentary ca-
nals of these earthworms had equally high capacities to pro-
duce N2O under anoxic conditions.

Organic compounds in alimentary canal contents. Alimen-
tary canal contents were rich in readily utilizable organic com-
pounds, including glucose and maltose, as well as several fatty
acids (e.g., acetate, propionate, and succinate) indicative of
fermentation (Table 2). In comparison, soils contained very
small or undetectable amounts of these compounds, demon-
strating that they were produced in situ in the alimentary canal.
The amounts of formate and propionate in alimentary canal
contents of O. multiporus were greater than the amounts de-
tected in alimentary canal contents of L. rubellus; in contrast,
the amounts of glucose, maltose, and succinate in alimentary
canal contents of O. multiporus were less than the amounts
detected in alimentary canal contents of L. rubellus. These
results suggest that the in situ parameters that affect the activ-
ities of the microbial biomes in the alimentary canals of these
contrasting species were dissimilar.

nosZ diversitiy in the alimentary canal and soil. Forty-nine
and 50 nosZ sequences (700 bp) were obtained from the ali-
mentary canals (i.e., crop-gizzard and hindgut) of L. rubellus
and O. multiporus, respectively (Fig. 4). The coverage was
approximately 98% for both L. rubellus-derived sequences and
O. multiporus-derived sequences. The average nucleotide se-
quence similarity of all L. rubellus-derived sequences was
93.7% � 6.6%, while the average nucleotide sequence similar-
ity of all O. multiporus-derived sequences was 92.4% � 6.1%.

Eighty-eight and 29 nosZ sequences were obtained from the
pasture and forest soils, respectively (Fig. 4). The coverage was
approximately 99% and 97% for pasture soil- and forest soil-
derived sequences, respectively. The average nucleotide se-
quence similarity of all pasture soil-derived sequences was

FIG. 1. In vivo emission of N2O by New Zealand earthworms wet-
ted with sodium nitrite (2 mM). The symbols indicate the means for
triplicate determinations; the error bars indicate standard deviations.
F, L. rubellus; Œ, A. rosea; f, O. multiporus. The inset shows the
emission of N2O by O. multiporus with an expanded scale (the units for
the axes are the same as those in the large graph).

FIG. 2. Effect of acetylene (15%, vol/vol) on the in vivo emission of
N2O by O. multiporus wetted with sodium nitrate (2 mM). The symbols
indicate the means for triplicate determinations; the error bars indi-
cate negative standard deviations.
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92.3% � 0.1%, while the average nucleotide sequence similar-
ity of all forest soil-derived sequences was 88.1% � 0.1%.

Eleven nosZ OTUs were identified for the 216 nosZ se-
quences, and 6 of these OTUs (OTUs 1, 2, 3, 7, 8, and 10) were
found in both soil and the alimentary canal. However, these six
OTUs contained 92% of the total sequences. The average
nucleotide sequence similarity between L. rubellus- and pas-
ture soil-derived sequences was 92.7% � 0.1%, and the aver-
age nucleotide sequence similarity between O. multiporus- and
forest soil-derived sequences was 89.7% � 0.1%, indicating
that there was a high degree of similarity between the worm-
and soil-derived nosZ sequences.

nosZ sequences obtained from alimentary canal sections and
soils were distantly related to nosZ sequences of uncultured
soil bacteria and nosZ sequences of genera common in soils.
nosZ sequences of OTUs 1 to 7 were related to sequences of
Bradyrhizobium japonicum and Rhodopseudomonas palustris
and more distantly related to the sequence of Oligotropha
carboxidovorans. In contrast to the results obtained with
BLAST, OTU 6 was affiliated with Sinorhizobium meliloti in
the phylogenetic tree. The sequences of OTUs 9 and 10 were
closely related to Azospirillum lipoferum sequences. The closest

cultured relatives of OTU 8 and OTU 11 were Rhodospirillum
centenum and Pseudomonas brassicacearum, respectively.
These results indicated that soil denitrifiers were present in the
alimentary canal of New Zealand earthworms and underscored
the likelihood that ingested soil denitrifiers were the primary
source of the N2O that they emitted.

DISCUSSION

Emission of N2O and link to denitrification. The in vivo
emission of N2O and the production of N2O by alimentary
canals were significantly stimulated by nitrate, nitrite, and acet-
ylene, indicating that N2O was derived primarily from denitri-
fication. However, the capacity of earthworms to emit N2O was
variable. The emission of N2O by earthworms collected in
Europe is likewise variable; approximately 5% of individual
worms do not emit N2O at the time of collection (unpublished
data). Earthworms have three feeding guilds, namely anecic
(worms living in deeper soil zones, ingesting moderate
amounts of mineral soil, and feeding on litter dragged into
their burrows), endogeic (worms feeding in the rhizosphere,
ingesting substantial amounts of mineral soil, and preferen-
tially living in upper mineral soil), and epigeic (worms feeding
on litter and preferentially living above the mineral soil) (5, 20,
22, 23). Although emission is variable at the time of collection,
all three guilds in Europe emit N2O along with N2 (13, 17, 25),
suggesting that the capacity to emit N2O is independent of
feeding guilds. However, O. multiporus (endogeic) did not emit
N2O unless it was provided with something that stimulated
denitrification, and even then the capacity to emit N2O was
much lower than that of other species (Fig. 1). It is therefore
interesting that previous studies with European earthworms
have been restricted to species belonging to the Lumbricidae,
the family to which the three introduced species (L. rubellus
[epigeic], A. rosea [endogeic], and O. cyaneum [endogeic])
evaluated in the present study belong.

One might speculate that the in situ conditions of the ali-
mentary canal of O. multiporus (a species that is very large in
terms of weight, length, and thickness) are optimal for com-
plete denitrification (i.e., the reduction of nitrate or nitrite

FIG. 3. Effect of sodium nitrite (2 mM) on the production of N2O
by alimentary canals of L. rubellus and O. multiporus. The gas phase
contained argon (85%, vol/vol) and acetylene (15%, vol/vol). The sym-
bols indicate the means for triplicate determinations; the error bars
indicate standard deviations.

TABLE 2. Concentrations of organic compounds detected in
alimentary canal contents from L. rubellus and O. multiporus

and soils from which they were collected (pasture soil
and forest soil, respectively)a

Compound

Concn (mmol liter �water content�	1)

Alimentary canal
contents of L.

rubellus

Pasture
soil

Alimentary canal
contents of O.

multiporus

Forest
soil

Maltose 1.3 � 0.3 NDb 0.5 � 0.0 ND
Glucose 17.7 � 4.6 ND 6.0 � 1.1 ND
Succinate 5.9 � 1.1 ND 2.5 � 0.5 ND
Lactate 0.4 � 0.1 ND ND ND
Formate 1.9 � 0.7 ND 5.7 � 0.6 ND
Acetate 2.2 � 0.5 ND 1.8 � 0.4 ND
Propionate 8.6 � 2.4 0.7 � 1.3 15.2 � 1.7 0.3 � 0.5

a The values are the means � standard deviations for triplicate determina-
tions; each replicate consisted of alimentary canal contents from nine L. rubellus
worms or four O. multiporus worms.

b ND, not detected.
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primarily to N2). N2O concentrations are highest in the anoxic
core of earthworms that emit N2O, indicating that the produc-
tion of N2O is optimal in the center of the alimentary canal (14,
39). The radius of O. multiporus individuals was approximately

five times greater than that of the other worms evaluated,
which might increase the likelihood that N2O is further re-
duced to N2 before it radially leaves the alimentary canal.
Alternatively, the theoretical capacity of the gut biota of O.

FIG. 4. Phylogenetic tree of nosZ sequences retrieved from the alimentary canal of earthworms and from soil and related nosZ sequences. The
phylogenetic tree was based on amino acid sequences. The nosZ sequence of Haloarcula marismortui (accession number NC_006396) was used as an
outgroup. Only representative sequences are shown for OTUs 1, 2, 3, 6, 7, and 8 (which contained the majority of the sequences). The values at the nodes
are the percentages of replicate trees in which the associated taxa clustered together in the bootstrap test; branches corresponding to partitions in less
than 50% of the bootstrap replicates are drawn as multifurcations. Abbreviations: L, L. rubellus-derived sequences; O, O. multiporus-derived sequences;
PS, pasture soil-derived sequences; FS, forest soil-derived sequences.
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multiporus to reduce nitrate might be linked primarily to dis-
similatory nitrate reducers (i.e., anaerobes that reduce nitrate
and nitrite to ammonium [37]). Dissimilatory nitrate reducers
can constitute a major portion of the cultured nitrate reducers
isolated from alimentary canal contents of earthworms (3, 15).
However, the evidence to date indicates that denitrifiers rather
than dissimilatory nitrate reducers are the primary source of
N2O in the alimentary canal (13–15, 17, 25, 39), a finding that
is consistent with the nearly identical capacities of alimentary
canals from O. multiporus and L. rubellus to produce N2O
when they are exposed to nitrite and acetylene (Fig. 3). Thus,
denitrifiers and a source of reductant for denitrification were
present in the alimentary canal of O. multiporus. The forest soil
from which O. multiporus was obtained contained more avail-
able nitrate than the pasture soil from which L. rubellus was
obtained (Table 1), and the ratio of available nitrate to readily
utilizable organic compounds in the alimentary canal might
have favored complete denitrification in O. multiporus. Like-
wise, the nearly neutral pH of the forest soil would theoreti-
cally favor complete denitrification (acidity inhibits N2O re-
ductase [37, 41]), suggesting that soil denitrifiers ingested by O.
multiporus might have been more poised to reduce nitrate to
N2 rather than to N2O. Commercially obtained specimens of
Lumbricus terrestris initially were negative for emission of N2O
but later emitted N2O after they were maintained for 2.5 days
in garden soil (25). Thus, it is likely that several factors (in-
cluding body geometry, the in situ status of the nitrate-reduc-
ing biota in the alimentary canal, and the chemical parameters
of the ingested soil) accounted for the inability of O. multiporus
to emit N2O in the absence of external effectors of denitrifi-
cation.

Microbial trophic links in the alimentary canal. One square
meter of soil can contain up to nearly 1 liter of earthworm gut
(3), suggesting that this soil-processing gut ecosystem can be
important to the ecology of soil microorganisms. This niche
(i.e., the alimentary canal of the earthworm) in aerated soil (i)
is anoxic (14, 39), (ii) is rich in intestinal mucus (24, 38) that
contains millimolar concentrations of sugars (14, 39), (iii) con-
tains readily utilizable amino acids (3, 14), and (iv) thus offers
a unique transient habitat for ingested soil microbial biomes
(3). Alimentary canal contents of European earthworms con-
tain substantially higher numbers of cultured anaerobes (i.e.,
microbes capable of survival under anaerobic conditions) than
soils inhabited by earthworms (3, 15, 16). Indeed, fermentation
occurs along the entire alimentary canal of L. terrestris and
yields significant amounts of organic acids that might be oxi-
dized by denitrifiers for the in situ reduction of nitrate and
nitrite to nitrogenous gases (39). Fermentation in the alimen-
tary canal can also yield H2 as an in vivo emission product,
which might be a source of reductants for soil microorganisms
(39). The occurrence of millimolar concentrations of sugars
and organic acids in the alimentary canal contents of New
Zealand earthworms (Table 2) corroborates these findings and
demonstrates that in situ fermentation is a universal trait of the
earthworm alimentary canal. The differences in the amounts of
sugars and organic acids detected in alimentary canal contents
of O. multiporus and L. rubellus suggest that the in situ micro-
bial activities and/or assimilation tendencies of these worm
species were not the same.

Denitrifiers in the alimentary canal of earthworms in New
Zealand. It has been proposed that denitrifiers in the alimen-
tary canal of European earthworms are derived from ingested
soil (3, 4). This proposal is based on evidence obtained by
cultivation, gut simulation, and molecular analyses (12, 14, 15).
nosZ sequences detected in the alimentary canals of L. rubellus
and O. multiporus were similar to sequences retrieved from soil
and were distantly related to sequences of uncultured soil
bacteria and genera common in soils (i.e., Bradyrhizobium,
Azospirillum, Rhodopseudomonas, Rhodospirillum, Pseudomo-
nas, Oligotropha, and Sinorhizobium) (Fig. 4). These results are
therefore consistent with those obtained previously; i.e., they
indicate that the primary origin of denitrifiers in New Zealand
earthworms is ingested soil and support the hypothesis that
ingested denitrifiers are linked to the earthworm’s capacity to
emit N2O.

The bulk of nosZ sequences obtained were affiliated with the
genus Bradyrhizobium. The specificity of the nosZ primers used
(nosZ-F-1181 and nosZ-R-1880) is likely the main reason for
the preponderance of Bradyrhizobium-affiliated sequences,
since these primers tend to target genera affiliated with Bra-
dyrhizobium (26). The use of different nosZ primers (nosZ661F
and nosZ1773R [29]; PsNosZ175F and PsNosZ1144R [12])
resulted in an alternative diversity of nosZ from European
earthworms (12). However, consistent with the current study,
the denitrifers in the alimentary canal that were revealed in the
previous study were also phylogenetically related to soil deni-
trifying genera, including Bradyrhizobium, Pseudomonas, Rho-
dopseudomonas, and Sinorhizobium, as well as Dechloromonas
and Flavobacterium (12).

Conclusions. The present study suggests that the capacity of
earthworms to emit nitrogenous gases is not geographically
restricted and also corroborates previous findings that link the
emissions to ingested soil denitrifiers in the alimentary canal.
Furthermore, this study increases the information about this
capacity to Megascolecidae. Comparative evaluation of other
species of Megascolecidae might determine if the observations
made with O. multiporus are representative of this taxonomic
family. More complete resolution of the in situ parameters and
in situ status of the microbial biome of the alimentary canal of
O. multiporus might yield information that explains why this
native Megascolecidae species had a lower capacity to emit
N2O than the Lumbricidae species examined in this and pre-
vious studies.
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19. Küsel, K., and H. L. Drake. 1995. Effects of environmental parameters on
the formation and turnover of acetate by forest soils. Appl. Environ. Micro-
biol. 61:3667–3675.

20. Lavelle, P., D. Bignell, M. Lepage, V. Wolters, P. Roger, P. Ineson, O. W.
Heal, and S. Dhillion. 1997. Soil function in a changing world: the role of
invertebrate ecosystem engineers. Eur. J. Soil Biol. 33:159–193.

21. Lee, K. E. 1959. The earthworm fauna of New Zealand, vol. 130. R. E. Owen,
Government Printer, Wellington, New Zealand.

22. Lee, K. E. 1985. Earthworms. Their ecology and relationships with soils and
land use. Academic Press, Sydney, Australia.

23. Makeschin, F. 1997. Earthworms (Lumbricidae: Oligochaeta): important
promoters of soil development and soil fertility, p. 173–223. In G. Benckiser
(ed.), Fauna in soil ecosystems. Marcel Dekker Inc., New York, NY.

24. Martin, A., J. Cortez, I. Barois, and P. Lavelle. 1987. The production of
intestinal mucus by earthworms—a key process in their interactions with the
soil microflora. Rev. Ecol. Biol. Sol 24:549–558.

25. Matthies, C., A. Griesshammer, M. Schmittroth, and H. L. Drake. 1999.
Evidence for involvement of gut-associated denitrifying bacteria in emission
of nitrous oxide (N2O) by earthworms obtained from garden and forest soils.
Appl. Environ. Microbiol. 65:3599–3604.

26. Rich, J. J., R. S. Heichen, P. J. Bottomley, K. Cromack, Jr., and D. D.
Myrold. 2003. Community composition and functioning of denitrifying bac-
teria from adjacent meadow and forest soils. Appl. Environ. Microbiol.
69:5974–5982.

27. Rizhiya, E., C. Bertora, P. C. J. van Vliet, P. J. Kuikman, J. H. Faber, and
J. W. van Groenigen. 2007. Earthworm activity as a determinant for N2O
emission from crop residue. Soil Biol. Biochem. 39:2058–2069.

28. Saitou, N., and M. Nei. 1987. The neighbor-joining method—a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406–425.

29. Scala, D. J., and L. J. Kerkhof. 1999. Diversity of nitrous oxide reductase
(nosZ) genes in continental shelf sediments. Appl. Environ. Microbiol. 65:
1681–1687.

30. Schaefer, M. 2000. Brohmer, Fauna von Deutschland: ein Bestimmungsbuch
unserer heimischen Tierwelt, 20th ed. Quelle & Meyer Verlag, Wiebelsheim,
Germany.

31. Schloss, P. D., and J. Handelsman. 2005. Introducing DOTUR, a computer
program for defining operational taxonomic units and estimating species
richness. Appl. Environ. Microbiol. 71:1501–1506.

32. Singleton, D. R., P. F. Hendrix, D. C. Coleman, and W. B. Whitman. 2003.
Identification of uncultured bacteria tightly associated with the intestine of
the earthworm Lumbricus rubellus (Lumbricidae; Oligochaeta). Soil Biol.
Biochem. 35:1547–1555.

33. Springett, J. A. 1992. Distribution of lumbricid earthworms in New Zealand.
Soil Biol. Biochem. 24:1377–1381.

34. Springett, J. A., and R. A. J. Gray. 1998. Burrowing behaviour of the New
Zealand indigenous earthworm Octochaetus multiporus (Megascolecidae:
Oligochaeta). N. Z. J. Ecol. 22:95–97.

35. Stackebrandt, E., and J. Evers. 2006. Taxonomic parameters revisited: tar-
nished gold standards. Microbiol. Today 33:152–155.

36. Stackebrandt, E., and B. M. Goebel. 1994. A place for DNA-DNA reasso-
ciation and 16S ribosomal RNA sequence analysis in the present species
definition in bacteriology. Int. J. Syst. Bacteriol. 44:846–849.

37. Tiedje, J. M. 1988. Ecology of denitrification and dissimilatory nitrate re-
duction to ammonium, p. 179–243. In A. J. B. Zehnder (ed.), Biology of
anaerobic microorganisms. John Wiley and Sons, New York, NY.

38. Trigo, D., I. Barois, M. H. Garvin, E. Huerta, S. Irisson, and P. Lavelle. 1999.
Mutualism between earthworms and soil microflora. Pedobiologia 43:866–
873.
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