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ABSTRACT The earthworm gut is an anoxic, saccharide-rich microzone in aerated
soils. The apparent degradation of diverse saccharides in the alimentary canal of the
model earthworm Lumbricus terrestris is concomitant with the production of diverse
organic acids, indicating that fermentation is an ongoing process in the earthworm
gut. However, little is known about how different gut-associated saccharides are fer-
mented. The hypothesis of this investigation was that different gut-associated sac-
charides differentially stimulate fermentative microorganisms in gut contents of L.
terrestris. This hypothesis was addressed by (i) assessing the fermentation profiles of
anoxic gut content microcosms that were supplemented with gut-associated saccha-
rides and (ii) the concomitant phylogenic analysis of 16S rRNA sequences. Galactose,
glucose, maltose, mannose, arabinose, fucose, rhamnose, and xylose stimulated the
production of fermentation products, including H,, CO,, acetate, lactate, propi-
onate, formate, succinate, and ethanol. Fermentation profiles were dependent on
the supplemental saccharide (e.g., glucose yielded large amounts of H, and etha-
nol, whereas fucose did not, and maltose yielded large amounts of lactate,
whereas mannose did not). Approximately 1,750,000 16S rRNA sequences were
affiliated with 37 families, and phylogenic analyses indicated that a respective
saccharide stimulated a subset of the diverse phylotypes. An Aeromonas-related
phylotype displayed a high relative abundance in all treatments, whereas key
Enterobacteriaceae-affiliated phylotypes were stimulated by some but not all sac-
charides. Collectively, these results reinforce the likelihood that (i) different sac-
charides stimulate different fermentations in gut contents of the earthworm and
(ii) facultative aerobes related to Aeromonadaceae and Enterobacteriaceae can be
important drivers of these fermentations.

IMPORTANCE The feeding habits of earthworms influence the turnover of elements
in the terrestrial biosphere. The alimentary tract of the earthworm constitutes an an-
oxic saccharide-rich microzone in aerated soils that offers ingested microbes a
unique opportunity for anaerobic growth. The fermentative activity of microbes in
the alimentary tract are responsible for the in situ production of (i) organic com-
pounds that can be assimilated by the earthworm and (ii) H, that is subject to in
vivo emission by the earthworm and can be trophically linked to secondary micro-
bial events in soils. To gain insight on how fermentative members of the gut micro-
biome might respond to the saccharide-rich alimentary canal, this study examines
the impact of diverse gut-associated saccharides on the differential activation of fer-
mentative microbes in gut contents of the model earthworm L. terrestris.
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arthworms are subsurface dwellers that go largely unseen but nonetheless have
profound impact on the terrestrial biosphere (1-5). For example, their feeding and
burrowing habits affect soil porosity, gas exchange between soil and air, nutrient
availability, plant growth, and the annual turnover of litter fall (2-4, 6-14). As a major
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soil macrofauna, earthworm populations can reach extraordinary numbers, and up to
2,000 individuals per square meter have been documented (4, 13, 14), a number that
could theoretically yield approximately 500 ml earthworm gut content per square
meter of soil (15). The alimentary canal of the earthworm is anoxic and rich in organic
compounds (2, 14, 16, 17). These properties (i) are in marked contrast to the aerated soil
that is ingested by the earthworm and (ii) augment anaerobiosis in the alimentary canal
(14, 16, 18-20). Gut-associated anaerobic microbial processes can lead to the in vivo
emission of diverse gases from the earthworm, including molecular hydrogen (H,),
nitrous oxide (N,0), molecular nitrogen (N,), and methane (CH,) (17, 20-25). Thus, the
alimentary canal of the earthworm constitutes an important anoxic microzone in soils
that are inhabited by earthworms.

Dissimilatory microbial activities in the earthworm gut are dependent in part upon
organic-carbon-derived reductant, and potential sources of organic carbon include
ingested plant material and ingested microbial cells that become ruptured in the
crop/gizzard (9, 14, 16, 17, 26, 27). In addition to these ingested sources of organic
carbon, earthworm-produced mucus in the alimentary canal is conceived to be an
important source of saccharides, and mucus-derived saccharides have been proposed
to augment fermentation and denitrification in the alimentary canal of the model
earthworm Lumobricus terrestris (14, 16, 17, 28-30) and to also facilitate methanogenic
food webs in the gut of the CH,-emitting earthworm Eudrilus eugeniae (15, 24).

Independent of the origin of organic carbon in the alimentary canal, diverse
saccharides occur in gut contents of L. terrestris, and hydrolysis is conceived to increase
the availability of these saccharides (17). Indeed, over 100 mM polymeric saccharide
equivalents can occur in the aqueous phase of the alimentary canal (14, 16, 17), and
the in situ hydrolysis of this localized enrichment of high-quality organic carbon offers
an “anoxic sugar buffet” for nutritionally starved ingested microbes capable of anaer-
obiosis (16, 17). The apparent in situ degradation of these saccharides is concomitant
with the occurrence of diverse fermentation products, including organic acids and H,
(17), suggesting that saccharides in the gut might drive diverse fermentations along the
alimentary canal. Indeed, glucose, as a model gut-associated saccharide that can
exceed 10 mM in the aqueous phase of the alimentary canal (16, 17), stimulates
fermentation in gut contents (15, 29). However, the large number of different saccha-
rides in the alimentary canal suggests that competition might lead to the differential
engagement of fermentative taxa in response to each specific saccharide. Thus, the
hypothesis of this investigation was that different gut-associated saccharides differen-
tially stimulate fermentative microorganisms in the earthworm gut. The main objective,
therefore, was to determine which members of the microbial community in gut
contents respond to a specific gut-associated saccharide.

RESULTS

Saccharide-dependent stimulation of fermentation. Arabinose, fucose, galactose,
glucose, maltose, mannose, and rhamnose are found in the alimentary canal of L.
terrestris (17). Plant-derived hemicellulose is a source of xylose (31, 32), and earthworms
such as L. terrestris that ingest plant material could theoretically have this saccharide in
the alimentary canal. These saccharides were subjected to consumption in anoxic gut
content microcosms (Table 1). Certain saccharides stimulated the production of carbon
dioxide (CO,) and H, without appreciable delay (Fig. 1), indicating that fermentative
microbes in gut content were poised to respond rapidly to nutrient availability under
anoxic conditions. Neither N,O nor CH, was detected, and the pH did not vary much
in the different treatments with the exception of the maltose treatment, in which the
pH decreased a bit more than in the other treatments (see Table S2 in the supplemental
material).

In most cases, supplemental saccharides stimulated the production of ethanol and
numerous organic acids, particularly acetate (Table 1). However, fucose was poorly
utilized and did not yield appreciable amounts of H, (Table 1; Fig. 1). Rhamnose and
fucose did not yield ethanol, and high concentrations of lactate occurred only in
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TABLE 1 Fermentation profiles of different saccharide treatments®

Amt of fermentation product (umol/g gut content,)

Treatment Time (h) Saccharide Succinate Formate Propionate Ethanol Lactate Acetate
None (control)® 0 0 0 0 0 0 3.9+ 0.1 0.2+0.3
30 0 0 1.5+04 7.0+ 05 24+ 3.1 0.8+ 0.1 13.5*+0.8
Arabinose 0 59418 0 0 0 0 34+03 03*+04
30 0 89 +0.7 3.1£0.2 95+17 415+03 0 446 + 2.0
Fucose 0 56.0 = 3.2 0 0 0 0 23+05 0.7+03
30 359+ 8.1 1614 33%03 162+ 1.8 0 0 226 *+24
Galactose 0 48.3 £ 10.0 0 0 0 0 22+0.0 0.8+0.2
30 0 9.7 +0.8 23+0.5 9.7 +0.5 33.5+49 0 38.1 = 2.1
Glucose 0 543 34 0 0 0 0 24+0.2 31£20
30 0 0 0 106 =+ 1.5 364 +4.2 125+ 2.1 433 +54
Maltose 0 518 +43 0 0 0 0 2.7 £0.1 44+ 0.3
30 0 0 0 155+ 3.1 712 =217 38.7 =47 60.5+11.0
Mannose 0 524 + 245 0 0 0 0 29+03 1.3£0.1
30 0 124+ 0.7 03*+0.5 13.7 £ 0.8 425+ 104 0 416+ 19
Rhamnose 0 476+t 1.6 0 0 0 0 2.7 £0.1 33116
30 0 3.6 £ 0.1 03£05 283 *+27 0 5.0+ 0.7 31.2+59
Xylose 0 56.8 = 6.2 0 0 0 0 29+0.2 26 +22
30 11.0+43 28+22 146 £24 0 27.0*+56 04 £0.7 33.8+44

aValues were calculated from three replicate analyses; values and standard deviations are rounded to the nearest first decimal place. The gaseous product profile of
each treatment is shown in Fig. 1. Statistical P values are shown in Table S1. FW, fresh weight.
bControl lacked supplemental saccharides.

glucose- and maltose-supplemented microcosms. Formate was more abundant in
xylose treatments than in other treatments. Thus, the apparent production of a
particular fermentation product was saccharide dependent. The accumulation of fatty
acids in the microcosms indicated that syntrophic fermentation was minimal or absent.

The recovery of carbon and reductant for most saccharide-supplemented incuba-
tions ranged between 73 and 87% (see Table S3 in the supplemental material),
suggesting that most fermentation products were detected. However, recoveries for
xylose-, rhamnose-, and fucose-supplemented microcosms were lower, indicating that
additional undetected products (e.g., 2,3-butanediol) may have been produced from
these saccharides (Table S3). Nitrate concentrations in microcosms with gut contents
were below the detection limit of 0.08 mg nitrate liter—'; traces of nitrate were detected
in the anoxic soil microcosms at the beginning of the incubations (data not shown). As
illustrated by the very limited effect of supplemental saccharides on the production of
H, and CO, by preingested soil (Fig. 1), the consumption of saccharides and the
production of fatty acids and alcohols in soil microcosms were very marginal compared
to that of gut content microcosms (data not shown).

Saccharide-dependent stimulation of microbes in gut content microcosms. A
total of 890,072 16S rRNA sequences were obtained from the aforementioned exper-
iment, and rarefaction analyses indicated that the most abundant taxa were effectively
targeted (see Fig. S1 in the supplemental material). The high phylum and family level
diversities detected in gut content prior to incubation decreased at the end of the
incubation period (Fig. 2), whereas the number of phylotypes increased from 117 to 134
to 136 at the end of the incubation period relative to those detected prior to incubation
(Fig. S1). Thus, anoxic conditions and supplemental saccharides stimulated certain but
not all gut content microbes.

The phyla Actinobacteria, Chloroflexi, Planctomycetes, Proteobacteria, Tenericutes, and
Verrucomicrobia displayed the highest relative initial abundances (Fig. 2). The relative
abundance of the Actinobacteria became very low postincubation, whereas the Proteo-
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FIG 1 Production of H, and CO, in different saccharide treatments. Triplicate anoxic microcosms with gut
content (A to D) or soil (E to H) were supplemented with the following saccharides: arabinose (@), fucose
(®), galactose (©), glucose (O), maltose (V), mannose (A), rhamnose (A), and xylose (V). The gray
squares represent the unsupplemented controls. Incubation was at 15°C in the dark. Additional infor-
mation on the substrate/product profiles of the treatments is shown in Table 1. Error bars indicate
standard deviations. Statistical P values are shown in Table S1 in the supplemental material.

bacteria displayed the highest relative abundances in both unsupplemented and
saccharide-supplemented gut content microcosms postincubation (Fig. 2). Aeromon-
adaceae and Enterobacteriaceae constituted the most-represented Proteobacteria-
affiliated families postincubation (Fig. 2). However, these two families were differentially
distributed in the saccharide treatments. For example, the arabinose-supplemented
treatment displayed a high relative abundance of Enterobacteriaceae, whereas this
family was of minor importance in rhamnose treatments, in which Aeromonadaceae
became the dominant family. Sequences belonging to the Aeromonas-affiliated phylo-
type were 100% similar to 16S rRNA sequences of Aeromonas lacus, Aeromonas
aquatica, and Aeromonas hydrophila (Aeromonadaceae) (Table 2). This phylotype dis-
played high relative abundances in all saccharide treatments and in the unsupple-
mented control at the end of the incubation period. In addition to the Aeromonas-
affiliated phylotype, (i) the Enterobacteriaceae-affiliated phylotype E (100% similarity to
Klebsiella pneumoniae, Enterobacter aerogenes, and Enterobacter xiangfangensis) dis-
played a high relative abundance in arabinose-supplemented microcosms, (ii) the
Enterobacteriaceae-affiliated phylotype C (100% similarity to Citrobacter freundii, Citro-
bacter braakii, and Raoultella terrigena) displayed a high relative abundance in fucose-
and galactose-supplemented microcosms, and (iii) the Enterobacteriaceae-affiliated
phylotype R (100% similarity to Rosenbergiella australoborealis, Rosenbergiella epipacti-
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FIG 2 Relative abundances of phylum and family level 16S rRNA sequences obtained from different gut content saccharide
treatments. Number of sequences for each treatment: preincubation, 86,762; control postincubation, 110,496; arabinose,
89,649; fucose, 73,148; galactose, 85,325; glucose, 93,192; maltose, 98,364; mannose, 88,619; rhamnose, 96,928; and xylose,

67,589.

dis, and Raoultella planticola) was an abundant phylotype in all supplemented micro-
cosms (Table 2).

In general, Proteobacteria increased in relative abundance by the end of the
incubation. However, certain phylotypes of this phylum (i.e., Bradyrhizobium- and
Rhodoplanes-affiliated phylotypes) decreased in relative abundance (Table 2). Other
taxa displayed high relative abundances preincubation (e.g., an unclassified phylotype
belonging to the Tenericutes) or in the unsupplemented control postincubation (i.e., a
Fusobacteriaceae-affiliated phylotype) (Table 2), illustrating that the different incuba-
tions did not yield a uniform stimulation of the microbial taxa, but rather fostered a
selective stimulation of specific taxa.

The apparent saccharide-dependent stimulation of these contrasting phylotypes
suggests that they had the capacity to be differentially engaged in the fermentation
of the diverse saccharides found in the earthworm gut. Archaea-affiliated phylo-
types were not abundant in either the saccharide treatments or the unsupple-
mented control (Fig. 2).

Time-dependent changes of the bacterial community. The experiment described
above provided an overview of the saccharide-dependent responses of fermentative
taxa in gut contents. To more closely examine temporal shifts of the microbial com-
munity, time-resolved fermentative processes and associated taxa were evaluated with
glucose as a model gut-associated saccharide.

Glucose was degraded within the first 20 h, and a variety of organic acids and
ethanol were concomitantly produced without apparent delay (Fig. 3), reaffirming the
ability of gut content microbes to respond rapidly to nutrient input. Formate was
initially produced but subsequently consumed, suggesting that certain fermentation
products were subject to secondary dissimilation. In this regard, H, and CO, were
produced in nearly equal amounts during the consumption of formate, suggesting that
formate might have been dissimilated by formate hydrogenlyase-containing taxa.
However, H, and CO, production exceeded the amount that could have been derived
from the detected formate and thus may have also been produced from other
processes. The recoveries of glucose-derived carbon and reductant were 79% and 76%,
respectively (values were similar to that given in Table S3 for the glucose treatment
[data not shownl]), suggesting that most fermentation products were detected.

A total of 863,108 16S rRNA sequences were obtained, and rarefaction analyses
indicated that the most abundant taxa were effectively targeted (see Fig. S2 in the
supplemental material). A high diversity of phyla, including Acidobacteria, Actinobac-
teria, Bacteroidetes, Chloroflexi, Firmicutes, Nitrospirae, Planctomycetes, Proteobacteria,
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Tenericutes, Thaumarchaeota, and Verrucomicrobia, were detected at the beginning of
the incubation (Fig. 4). The relative abundances of the different RNA-based phylotypes
in both the unsupplemented control and glucose-supplemented treatments were
greatly altered in the first 10 h of incubation, demonstrating that anoxia, as well as
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107,853; 10-h glucose, 144,612; 20-h control, 98,655; 20-h glucose, 155,353; 30-h control, 118,099; 30-h glucose,
159,689.
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nutrient input, had pronounced effects on the relative abundance of 16S rRNA of gut
content microbes.

Proteobacteria and Firmicutes increased in relative abundance within the first 10 h in
the unsupplemented control (Fig. 4). At the end of the incubation period, the relative
abundances of Bacteroidetes and Firmicutes were lower in the glucose treatments than
in the unsupplemented controls (Fig. 4). A Flavobacterium-affiliated phylotype (Bacte-
roidetes) displayed the second-highest relative abundance in the unsupplemented
control, and its relative abundance remained fairly stable during the anoxic incubation
(Table 3). Bacteroidetes-related phylotypes displayed lower relative abundances in the
first glucose experiment (Fig. 2), a difference likely due to differences in the soil used
to feed worms and also differences in worm batches. The relative abundance of
Firmicutes increased with time in the unsupplemented control, and this phylum was
dominated by the family Peptostreptococcaceae. Independent of the differences ob-
served with Firmicutes-affiliated phylotypes, Proteobacteria-affiliated phylotypes dis-
played the highest relative abundance in all treatments and at all sampling intervals,
with Aeromonadaceae- and to a lesser extent Enterobacteriaceae-affiliated family level
phylotypes displaying the highest relative abundances in this phylum (Fig. 4). Similar
observations were made in the first experiment (Table 2, glucose treatment and control;
see Materials and Methods), underlining the reproducibility of these findings. The
apparent dominance of the Aeromonas-related phylotype in both the unsupplemented
control and glucose treatment indicated that microbes associated with this phylotype
were participants in the fermentations observed in these treatments. Sequences affil-
iated to the Enterobacteriaceae-related phylotype R increased in apparent response to
glucose (Table 3). The modest time-dependent increase in the relative abundance of
Shewanellaceae-affiliated phylotypes occurred only in the unsupplemented control.

DISCUSSION

The microorganisms found in the alimentary canal of the earthworm are conceived
to be derived primarily from ingested material (16, 19, 33, 34). The anoxic organic-
carbon-rich environment of the earthworm gut augments the activities of ingested
microbes that are capable of anaerobiosis, and this activation leads to an apparent
increase in both the detectability and activities of certain ingested microbes (e.g.,
denitrifiers) (16-18, 20, 33, 34). As such, the anaerobic microbial activity of preingested
soil is marginal compared to that of ingested soil, i.e.,, gut contents (16-18, 20, 33).
Dietary intake of litter and soil by earthworms introduces diverse sources of organic
carbon into the alimentary canal. However, saccharide-rich worm-derived mucus can
constitute up to 80% of gut contents on a dry weight basis (27, 28, 30, 35) and is
considered to be an important source of saccharides during gut passage of ingested
microbes (14, 16, 17). Given the potential importance of fermentation to the metabolic
activities in the alimentary canal, the present investigation assessed how microbes in
gut contents might respond to different gut-associated saccharides.

Aeromonadaceae and Enterobacteriaceae are important fermentative families.
Aerated soils contain highly complex microbial communities and include
Aeromonadaceae- and Enterobacteriaceae-affiliated bacteria (36-39). Ingestion of soil
introduces this complex microbiome into the alimentary canal of the earthworm, and
phylotypes affiliated with Aeromonadaceae and Enterobacteriaceae were detected in
gut contents and, based on the relative abundance of detected 16S rRNA sequences,
became highly active under anoxic conditions with supplemental saccharides (Fig. 2).
Likewise, fermentation profiles were indicative of mixed-acid fermentations catalyzed
by these facultatively aerobic taxa (Fig. 1; Table 1).

A time-dependent shift in the 16S rRNA profile of the gut microbiome occurred in
the absence of supplemental saccharides (Fig. 4; Table 3), indicating that naturally
occurring substrates in gut contents and anoxia fostered an alteration of the microbial
community. The high diversity of 16S rRNA-based phylotypes based on the phylum
and family levels initially detected decreased during the anoxic incubation. Although
secondary in relative abundance to Aeromonadaceae, 16S rRNA profiles indicated that
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Peptostreptococcaceae, Enterobacteriaceae, and Fusobacteriaceae became highly ac-
tive families postincubation in unsupplemented controls. The occurrence of those
families in gut contents of different earthworm species has been previously re-
ported (15, 29, 40, 41).

The highest relative abundance of the Fusobacteriaceae-affiliated phylotype was
detected in the control lacking saccharides and xylose-supplemented treatment postin-
cubation (Table 2; Fig. 2). Genera of Fusobacteriaceae are capable of fermenting
carbohydrates as well as amino acids and peptides (42). Although this family is well
known for its fermentative metabolism and was active in the unsupplemented control,
it did not dominate in saccharide-supplemented treatments (Fig. 2; Table 2), a finding
also observed with gut contents of the methane-emitting earthworm Eudrilus eugeniae
(15).

Peptostreptococcaceae-affiliated 16S rRNA sequences increased in relative abun-
dance during the incubation period in the presence and absence of supplemental
saccharides (Fig. 2 and 4). The family Peptostreptococcaceae occurs in various habitats,
including soil, and contains diverse fermentative obligate anaerobes or facultative
aerobes (43, 44). Based on the relative abundances of 16S rRNA sequences detected in
the different treatments, phylotypes affiliated with this family were less competitive
than Aeromonadaceae- and Enterobacteriaceae-affiliated phylotypes relative to their
comparative responses to supplemental saccharides.

Dominant phylotypes. A phylotype related to “Candidatus Lumbricincola sp.”
(Table 2) that was abundant preincubation has been previously detected in earthworm
casts, tissue, and gut contents and may have a symbiotic lifestyle in earthworms (45).

Anoxic incubation of gut contents with or without supplemental saccharides yielded
large alterations of the relative abundances of specific 165 rRNA sequences, with
sequences of an Aeromonas-related phylotype displaying a high relative abundance in
all treatments (Tables 2 and 3). This genus was previously detected in earthworm gut
contents and is a member of the family Aeromonadaceae (15, 29, 33, 40, 41). Aeromonas
is a metabolically robust genus, and affiliated species utilize formate hydrogenlyase in
various fermentations and are capable of anaerobic respiration and dissimilatory metal
reduction (46-48), properties that enhance the competitiveness of this genus under
anoxic conditions. Aeromonas-affiliated species ferment saccharides to ethanol and
organic acids (including succinate, acetate, and formate), but to our knowledge, the
production of propionate has not been reported for this taxon (47-50). Based on its
relative abundance of 16S rRNA, this phylotype responded very quickly (i.e., in the first
10 h of incubation) to anoxia, and glucose augmented this response (Table 3), illus-
trating the marked anaerobic ability of this phylotype.

Although a single Aeromonadaceae-affiliated phylotype appeared to be dominant in
all treatments, three Enterobacteriaceae-related phylotypes, E, C, and R, displayed
strong responses to certain saccharides (Table 2). The Enterobacteriaceae use a fermen-
tative metabolism for the dissimilation of saccharides, yielding a variety of products,
including organic acids and H, (37, 51-54). Enterobacteriaceae-related species are
widely distributed in various environments, including soils (36, 37, 51). Some related
genera, including Enterobacter, have been investigated for their potential to produce H,
(53-55), suggesting that they might be associated with the microbial production of H,
in the earthworm gut that is associated with novel hydrogenases (17, 41).

Diverse genera belonging to the family Enterobacteriaceae ferment substrates by
either mixed-acid or butanediol fermentations (52, 56). The Enterobacteriaceae-affiliated
phylotype E was associated mainly with Enterobacter- and Klebsiella-related species and
displayed a high relative abundance in the arabinose-supplemented treatment (Table
2). Certain species of these genera utilize butanediol fermentation and produce large
amounts of H, (52, 56, 57). Some Enterobacter-related species are notable for their
capacity to ferment diverse saccharides, yielding large amounts of H,, ethanol, 2,3-
butanediol, and lactate (53, 57, 58).
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FIG 5 Hypothetical model illustrating the main phylotypes that responded to saccharide consumption in anoxic
treatments of gut contents of L. terrestris. A broken line indicates that the response was marginal, and an asterisk

(*) indicates that only traces were detected.

The Enterobacteriaceae-affiliated phylotype C responded strongly to the hexose
galactose (Table 2; Fig. 2) and is related to Citrobacter. Citrobacter-related species are
fermentative facultative aerobes that can produce a variety of fermentation products,
including H,, acetate, formate, ethanol, and lactate (56, 59, 60), products observed in
the product profiles of this study (Tables 1 and 2). Citrobacter-related species are noted
for their formate hydrogenlyase activity (61-63), an activity that might have contrib-
uted to the formation of CO, and H, in treatments in which Citrobacter-affiliated
phylotype Cincreased in relative abundance and formate was detected (Fig. 1; Table 2).

The Enterobacteriaceae-related phylotype R is related to the genus Rosenbergiella
(Table 2). Rosenbergiella-related species are facultative aerobes and capable of ferment-
ing hexoses and pentoses (64). Rosenbergiella australoborealis and Rosenbergiella
epipactidis are closely related to phylotype R, which displayed high relative abundances
in various hexose (glucose and maltose) and pentose (fucose and xylose) treatments
(Tables 2 and 3). Strains of the genus Rosenbergiella display a broad temperature range
of 4 to 37°C (64, 65), making the genus well suited for soils inhabited by earthworms.
To our knowledge, propionate production has not been reported for Rosenbergiella-
related species, suggesting that the Enterobacteriaceae-affiliated phylotype R was not
the source of propionate in certain fermentations (e.g., fucose, rhamnose).

A Flavobacterium-affiliated phylotype that was abundant preincubation and also in
the unsupplemented control postincubation became less abundant in the glucose
treatment (Table 3). In addition, the relative abundance of a Shewanella-affiliated
phylotype increased in the unsupplemented control but did not increase in the glucose
treatment (Table 3). Most Flavobacterium-related species are obligate aerobes (66), and
most Shewanella-affiliated species are respiratory and not capable of fermentation (67,
68). The lack of a strong response of the Shewanella- and Flavobacterium-affiliated
phylotypes in saccharide-supplemented treatments indicated that these phylotypes
were less competitive than the aforementioned fermentative phylotypes under these
conditions.

Conclusions and outlook. The findings of this study indicate that microbes in the
earthworm gut have the capacity to respond rapidly to diverse gut-associated saccha-
rides under anoxic conditions and that the response to a specific saccharide is not
uniform across all microbial taxa in gut content (Fig. 5). Aeromonas-affiliated phylotypes
can occur in gut content of L. terrestris and E. eugeniae (15, 29, 40), and it is noteworthy
that an Aeromonas-affiliated phylotype was stimulated by several saccharides and also
responded strongly to anoxia in the absence of supplemental saccharides. Most
fucose-derived electrons were recovered in propionate, and the Aeromonas-affiliated
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phylotype as well as the Enterobacter-affiliated phylotypes C and R displayed high
relative abundances in this treatment. Likewise, the Aeromonas-affiliated phylotype
displayed a high relative abundance in the rhamnose treatment, in which most
electrons were also recovered in propionate. Such taxa might therefore be important
in the production of propionate in the alimentary canal. In this regard, strains related
to the Aeromonas-affiliated phylotype and Enterobacteriaceae-affiliated phylotype C
produce propionate (60, 69). Although the quantitative differences observed for the
contrasting phylotypes cannot be directly extended to in situ conditions, the findings
qualitatively illustrate the potential competitiveness of subsets of the fermentative taxa
that could respond to saccharide availability and thus contribute to in situ gut-
associated fermentations.

The dominate saccharide-stimulated phylotypes are related to facultative aerobes
that facilitate H,-forming mixed-acid fermentations under anoxic conditions, a finding
that reinforces earlier work indicating that the anaerobic activity of facultative aerobes
in the gut might be linked to the in vivo emission of H, by the earthworm (17), an
activity potentially linked to secondary H,-driven processes in soil (70, 71). Although the
current study did not resolve the composition of the microbial community in different
regions of the alimentary canal, the in situ concentrations of fermentation products
along the alimentary canal are highly variable and peak in the midgut (e.g., over 30 mM
fatty acids can occur in the aqueous phase of the midgut of L. terrestris [17]). Likewise,
saccharide availability decreases sharply along the alimentary canal, with the largest
amounts occurring in the crop/gizzard (17). Thus, it seems likely that the saccharide-
dependent stimulation of fermentative taxa occurs both temporally and spatially
during gut passage. In this regard, dietary uptake and thus earthworm feeding guilds
likely affect saccharide availability in the gut.

Ingested material is presumed to be the primary source of microbes in the earth-
worm alimentary canal (14, 16, 17, 26, 27), and the comparative inactiveness of soil
under anoxic conditions (Fig. 1) highlights the unique potential of the earthworm gut
to augment anaerobic processes in aerated soils, a microbe-invertebrate interaction
that contributes to the overall turnover dynamics of organic carbon in the terrestrial
biosphere. Future studies focused on specific saccharide-derived fermentation profiles
and the associated microbiota along the alimentary canal of different earthworm
feeding guilds would provide further insight on microbe-mediated transformation of
organic carbon in the earthworm gut, activities that are likely interfaced to the
utilization of gut-derived nutrients by the earthworm.

MATERIALS AND METHODS

Experimental setup and earthworms. Two experiments were conducted. The first experiment
analyzed the stimulation of gut content bacteria by diverse saccharides (the earthworms for this
experiment were obtained in November 2014). The second experiment analyzed the time-dependent
changes of the gut content bacterial community during the fermentation of glucose (the earthworms for
this experiment were obtained in March 2015). Adult specimens of L. terrestris were obtained from
distributor ANZO in Bayreuth (Germany). Earthworms were incubated in soil for at least 7 days in the dark
and at 15°C and provided with composted leaves for dietary needs. Soil was collected from the meadow
Trafo-Wiese near Bayreuth (for details, see reference 16). Earthworms were numbed with carbon dioxide
and washed with filtered water to remove soil particles, and gut content was obtained under anoxic
conditions in an O,-free chamber (Mercaplex, Grenchen, Switzerland) (29).

Anoxic microcosms. Soil was derived from the soil in which earthworms were incubated. Gut
content or soil was diluted 1:10 (wt/vol) with sodium phosphate buffer (pH 7 [29]) and placed into anoxic
sterile 125 ml-serum bottles under anoxic conditions in an O,-free chamber. Gas-tight serum bottles were
sealed with sterile butyl rubber stoppers and flushed with sterile 100% N, (29). Anoxic microcosms and
anoxic solutions were prepared by a modified Hungate technique (72, 73). Saccharides were supple-
mented to a final concentration of 5 mM (50 umol g~ fresh weight). Unsupplemented controls and
saccharide-supplemented treatments were set up in triplicates. Anoxic microcosms were incubated in
the dark at 15°C, and sterile and gas-flushed syringes were used to sample microcosms (29). Liquid
samples for chemical analysis were stored at —20°C. Liquid samples for molecular analysis were stored
at —80°C.

Chemical analyses. CO,, N,O, CH,, and H, were measured by gas chromatography (using SRI 8610C
from SRI Instruments, Torrance, CA, and Hewlett Packard 5890 Series Il from Hewlett Packard, Palo Alto,
CA) as previously described, with the following modifications for quantification of N,O with the SRI 8610C
instrument (74, 75): the oven temperature was 80°C, the flow rate was 25 ml carrier gas min~—', the
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injector temperature was 60°C, the temperature of the column oven was 80°C, and the temperature of
the electron capture detector was 300°C. Gas concentrations were calculated from the ideal gas law as
previously described (76, 77).

Sugars, ethanol, and organic acids were quantified by high-performance liquid chromatography
(HPLC; HP 1090 Series II; Hewlett Packard, Palo Alto, CA, USA) with a refractive index detector and a
wavelength detector (Agilent Series 1200; Agilent Technologies, Santa Clara, CA) (17). The column used
was Rezex ROA-Organic Acid H* (300 by 7.8 mm; Phenomenex, Torrance, CA, USA). The mobile phase
was 4 M H;PO, (17) and had a flow rate of 0.4 ml min—".

The pH was measured with a pH electrode (InlabSemi-Micro pH; Mettler Toledo, Giel3en, Germany)
and a digital pH meter (WTW pH 323; Xylem Analytics Germany Sales GmbH and Co. KG, Weilheim,
Germany). Nitrate was analyzed by exclusion chromatography (Central Analytic, University of Bayreuth,
Bayreuth, Germany).

Extraction of nucleic acids. The extraction of nucleic acids was by published protocol (78) and
included (i) mechanical lysis of cells with glass beads, (ii) extraction using organic solvents, and (iii)
precipitation of nucleic acids with polyethylene glycol 6000.

Preparation and quantification of RNA. DNA was removed from the nucleic acid extract with the
DNase |, RNase-free kit (Thermo Fisher Scientific, Waltham, MA, USA). The DNase |, RNase-free kit was
utilized according to the manufacturer’s protocol with the following modifications: 26 ul of the nucleic
acid extract was mixed with 3 ul of reaction buffer (100 mM Tris-HCl [pH 7.5], 25 mM MgCl,, T mM CaCl,)
and 1 ul of RNase-free DNase (1 U ul~7). The DNA-free RNA extract yielded no PCR signal with primers
907RM (5'-CCGTCAATTCMTTTGAGTTT-3’) and 27f (5'-AGAGTTTGATCMTGGCTC-3’) and a Taq DNA poly-
merase (79). The amplification of the bacterial 16S rRNA gene was prepared as follows: (i) initial
denaturation at 95°C for 5 min, (i) 5 precycles of denaturation at 95°C for 60 s, annealing at 40°C for 60
s, and elongation 72°C for 70 s, (iii) 30 subsequent cycles of denaturation at 95°C for 30 s, annealing at
43°C for 30 s, and elongation at 72°C for 70 s, and (iv) terminal elongation at 72°C for 5 min (modified
from reference 75). PCR was facilitated with 5 Prime Mastermix (5 Prime, Hamburg, Germany); the 25-pul
PCR mixture contained 0.6 U Tag DNA polymerase, 0.2 mM each deoxynucleoside triphosphate (dNTP),
4 mM MgCl,, and 1.2 uM each primer (modified from reference 73). The Quant-iT RiboGreen RNA assay
kit (Molecular Probes; Thermo Fisher Scientific, Waltham, MA, USA) was used for quantification of
single-stranded RNA.

Reverse transcription. As noted above, each treatment was replicated three times, equal amounts
of RNA from each replicate were pooled after digestion, and the pooled sample was used for further
analysis. The reverse transcription of pooled RNA to cDNA was performed with SuperScript Reverse
Transcriptase Il (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s protocol with
the following modifications: 5 ul pooled RNA was used for reverse transcription, 1 ul of RNase-free water
was used instead of 1 ul of RNaseOUT, and reverse transcription ran for 120 min. cDNA was precipitated
for approximately 12 h with 100% isopropy! alcohol and 5 mM RNase-free NaCl at —20°C. Pellets were
washed with 70% DNase-free ethanol and stored at —80°C until further analysis.

Illumina sequencing. Sequencing was performed by Microsynth (Balgach, Switzerland). The primer
pair 515f (5'-GTGCCAGCMGCCGCGGTAA-3’) and 806r (5'-GGACTACHVGGGTWTCTAAT-3') was used to
target archaeal and bacterial 16S rRNA at the V4 region and yielded a fragment of approximately 250 bp
(80). The QIIME software package was used (81). Sequences were demultiplexed, stitched, and quality
filtered. Chimeric sequences (23,390 sequences) were identified with ChimeraSlayer software (82) and
excluded from further analysis. Nonchimeric sequences (2,172,982 sequences) were clustered in phylo-
types with a 99% similarity threshold without singletons (2,114,028 sequences) (83, 84). For further
analysis, only phylotypes that contained 1,000 sequences or more were evaluated, resulting in a data set
that contained 1,753,180 sequences. This analysis yielded 136 phylotypes (see Tables S4 and S5 in the
supplemental material). Phylotypes were classified with SILVA (85) and aligned by SINA (86). Phylotypes
were assigned to genera or families and not to single species due to the short Illlumina-based sequence
reads (87-89). The classification of the most abundant taxa was done according to LPSN (List of
prokaryotic names with standing in nomenclature [www.bacterio.net]). The diversity of the microbial
community was determined by rarefaction analysis (90, 91). The protocol outlined above with pooled
replicates of gut content microcosms has been shown in additional studies to be highly reproducible,
yielding highly similar taxa in the analysis of nonpooled replicates.

Accession number(s). Sequencing data can be found at European Nucleotide Archive (ENA) under
study number ERP022175. 16S rRNA sequences representative of phylotypes are available at ENA under
accession numbers LT838787 to LT838799.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01851-17.

SUPPLEMENTAL FILE 1, PDF file, 1.5 MB.
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