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INTRODUCTION 1

1. INTRODUCTION

1.1. Importance of earthworms

1.1.1. History of earthworms

Intestinal microbes are important to the performance and health of their animal hosts
(Shreiner et al., 2015; Blake and Suchodolski, 2016; Fouhse et al., 2016; Liang et al., 2018).
Based on fossil records, worm-like triploblastic metazoans and annelids existed 0.5 to 1.1 billion
years ago (Seilacher, 1998; Morris and Peel, 2008). Aristotle (384 to 322 B.C.) was one of the
first historically famous persons understanding the importance of earthworms in soil formation
and maintenance of soil structure and fertility. He s ui t a b | y The latéstine af the Ha e m hi®
(Yadav, 2017). Approximately three hundred years later Cleopatra VII (69 to 30 B.C.), one of the
most famous female rulers in history, was fascinated by these inconspicuous soil creatures and
declared them to be sacred after she recognized the strong contribution of earthworms to the
Egyptian agriculture (Abul-Soud et al., 2009; Yadav, 2017). At this time, the removal of
earthworms from Egypt carried the death penalty (Abul-Soud et al., 2009). However, until the
late 1800s, when Charl es Darwin published 1881 his boo
through t he A ¢Danwia, 188D), fearttMmmasansete commonly underappreciated and
considered as garden pest (Brown et al., 2004). Darwin and his work brought finally widespread
public attention to the central importance of earthworms in the maintenance of soil structure,
aeration, drainage and fertility, including the decomposition of dead plant material and animal
matter (Darwin, 1881; Brown et al., 2004).

Soil fertility is defined as the capacity of soil to supply essential nutrients to crops and is
strongly associated with the productivity of soils (Stockdale et al., 2002), which is one of the most
important aspects regarding the nutrition of 7.7 billion people on the planet, a number which
increases year to year (https://www.worldometers.info). More than 98% of the world nutrition
originates from terrestrial ecosystems (Schinner and Sonnleitner, 1996), demonstrating the
importance of these ecosystems and the need for understanding the factors that influence their
functions. An ecosystem can be defined as fAa unit of i
organisms and their physical environments, including all living things within a defined areao
(Lewis, 1992). In this regard, the earthworm is one such factor that influence the functions of the
terrestrial ecosystem. With up to 2,000 individuals per square meter, earthworms represent the
most dominant marcrofauna in many soils (Figure 1; Edwards and Bohlen, 1996), and their
feeding habits result in substantial physical, chemical, and biological alterations of the terrestrial
biosphere, including the turnover of elements and diverse effects on plant growth (Tomati et al.,
1988; Lavelle et al., 1998; Brown et al., 2000; Bastardie et al., 2003). Since it is known that
earthworms lead to alterations in physical structure, nutrient fluxes, and energetic status,

earthworms are aptly called soil ecosystem engineers (Jones et al., 1994, Lavelle et al., 1998).
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Figure 1. Abundance of earthworms in different pastures. A country listed twice represents two different
samplings in that country. Figure based on numbers obtained from Edwards and Bohlen, 1996.

1.1.2. Earthworms and the turnover of elements

The important role of earthworms in the breakdown of complex organic matter, for example
dead plant biomass and animal material, is attributable to their high abundance in many soils and
their propensity to consume high amounts of their habitat (Edwards and Bohlen, 1996).
Therefore, earthworms influence organic matter and nutrient cycles on four different levels: (a)
during the gut passage, (b) in fresh earthworm cast, (c) in aging cast , and (d) during the long-
term genesis of the soil profile (Lavelle and Martin, 1992). In this regard, ingested organic matter
that passes through the earthworm gut is broken down into much smaller particles, resulting in a
greater surface area of organic matter exposed to further microbial decomposition (Martin, 1991).
Previous experiments demonstrated that a 90% decreased earthworm population results in a
43%, 30% and 32% increase of fine, coarse, and total particulate organic matter, respectively
(Parmelee et al., 1990). These findings indicate the positive correlation between the annelid
biomass and the amount of decomposed organic matter, and furthermore illustrates the high
importance of earthworms in the fragmentation and breakdown of complex organic material
incorporated in the terrestrial biosphere. The effectivity of organic matter fragmentation and
incorporation into soil is dependent on the different feeding habits of earthworms (Section 1.1.4).
Anecic earthworms (e.g., Lumbricus terrestris) incorporate large amounts of organic matter into
soil and are able to ingest large litter fragments by pickling off smaller pieces (Edwards and
Bohlen, 1996). In contrast, epigeic and endogeic earthworms either do not incorporate organic
matter into soil or feed only on already fragmented material (Ferriére, 1980; Judas, 1992).
However, the concomitant occurrence of anecic and endogeic earthworms in many soils,
suggesting a synergistic effect on the reallocation of organic matter in the soil profile (Shaw and

Pawluk, 1986a, 1986b). Especially in the renewal of forests ecosystems, the mixing and
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fragmentation of the litterfall by the activity of earthworms turned out as fundamentally important
(Bernier and Ponge, 1994). Beyond that, by the repeated ingestion and turnover of soil and
organic matter, earthworms (a) facilitate the rate of mineralization (a process defined as the
conversion of organic forms from organic material to plant utilizable inorganic forms) (Edwards
and Bohlen, 1996) and (b) enhance nitrogenous gas emission of soil and the nitrogen uptake by
plants (Karsten and Drake, 1997; Matthies et al., 1999; Borken et al., 2000; Bertora et al., 2007;
Rizhiya et al., 2007; Lubbers et al., 2011).

1.1.3. Earthworms and the effect on plant growth

Earthworms share the soil environment with roots and the impact on plant growth and
productivity is therefore unavoidable (Figure 2). These impacts on plant growth including root
development and productivity can occur on three levels: physically, biologically, and chemically
(Figure 2; Edwards, 2004). While the physical and chemical impact on plants is mostly indirect,

the biological effect can be either direct or indirect.
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Figure 2. Simplified model connecting the physical, chemical, and biological effects of earthworms on plant
growth and nutrition. Figure modified from Edwards, 2004.

In more detail, earthworms have an indirect biological effect on plants when they (a)
disperse or change the populations and activity of plant-beneficial microbes (e.g., plant promoting
rhizobacteria or nitrogen fixing root symbionts), plant pests, parasites and pathogens (Dash et al.,
1980; Brown, 1995; Nakamura et al., 1995 Brown, 1995; Anderson and Bohlen, 1998; Lavelle et
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al., 1998; Maraun et al., 1999; Brown et al., 2000), or (b) produce plant promoting or regulating
substances (e.g., hormones and vitamins) (Gavrilov, 1963; Nielson, 1965; Harti et al., 2001b,
2001a). In contrast, root abrasion, ingestion of living plant material or seeds, and burial of seeds
by earthworms are examples of direct biological effects (Chen and Lui, 1963; Hameed and
Bouché, 1993; Barrion and Litsinger, 1997; Brown, 1999). Furthermore, earthworm casts lead to
aggregation and crust formation, whereas macropores (larger than 30 um) caused by earthworm
burrows, (a) enhance the aeration and erosion of soil, (b) facilitate the root infiltration and
elongation, and (c) optimize the water retention (Figure 2; Blanchart et al., 1997; Hirth et al., 1997,
Kretzschmar, 1998; Jiménez, 1999; Decaéns and Rossi, 2001). These are physical changes in
soil structure that influence indirectly the plant growth, root development and productivity. The
release or immobilization of plant nutrients, denitrification, and mineralization (processes that
influence nutrient availability) can be enhanced by earthworm activities, and result in indirect
chemical effects on plants (Barois et al., 1999; Brussaard, 1999; Rangel et al., 1999; Cortez and
Hameed, 2001). Although earthworms has diverse positive effects on plant growth, and are of
value for vermicomposting (Suthar and Singh, 2008; Dominguez et al., 2010), the invasiveness
of this invertebrate may have negative environmental consequences (Migge-Kleian et al., 2006;
Addison, 2009).

1.1.4. Morphological features and feeding habits of earthworms

Earthworms (a) belong to the class Oligochaeta, consisting of approximately 800 genera
and 8000 species, and (b) constitute up to 90% of invertebrate biomass in soil (Edwards, 2004).
Dependent on the morphological features, habitats and feeding skills the burrows of earthworm
can vary in volume, orientation, tortuosity, stability, and connectivity (Capowiez et al., 2003,
Bastardie et al., 2005). Considering the different earthworm lifestyles, earthworms can be divided
into three ecotypes, termed as epigeic, endogeic or anecic earthworms (Bouché, 1977).

The epigeic earthworms decompaosing litter on the soil surface, whereby only small amounts
of sail or no soil is ingested (Palm et al., 2013). Epigeic earthworms are characteristic for their
relative small size and heavy ventrally and dorsally pigmentation. Because these worms (a) feed
mainly on fresh or partially decomposed litter in the upper organic layer (Figure 3) and (b) form
only some horizontally burrow in the upper few centimeters of the top soil (Palm et al., 2013),
epigeic earthworms also called litter-dwellers and humus formers (Bouché, 1977; Perel, 1977).
Furthermore, they are short lived, grow rapidly and exhibit relatively high reproduction rates
(Edwards and Bohlen, 1996).

In contrast, anecic earthworms form humus while feeding on litter and soil (Perel, 1977).
They are characteristic for pulling organic plant material into their large permanent and semi-
permanent vertical burrow system. In this regard, the anecic earthworm L. terrestris is well known
for removing significant quantities of litter from forest floors (Curry and Schmidt, 2007). Deduced

from the fact that anecic earthworm burrows can extend several meters into the mineral subsoil
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(Figure 3), they are called as deep-burrowers. Furthermore, they are relative large, and medium
to heavy dorsally pigmented (Perel, 1977).

Endogeic earthworms consume, in contrast to anecic and epigeic earthworms, large
amounts of mineral soil with preference for material rich in organic matter (e.g., dead roots) (Curry
and Schmidt, 2007). Their activity leads to extensive sub-horizontal highly branched and less
stable burrows in the upper 10 to 15 cm of top soil (Figure 3, Palm et al., 2013). Endogeic
earthworms are unpigmented or lightly pigmented, exhibit a medium size, and termed soil-

dwellers or humus feeders (Perel, 1977; Edwards and Bohlen, 1996).
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Figure 3. Burrow profile of the different earthworm ecotypes demonstrated
at a cross section of soil. Figure based on information obtained from Fraser
and Boag, 1998; Schelfhout et al., 2017; Channarayappa and Biradar, 2019.

1.2. Alimentary canal of earthworms

The structure of the alimentary canal of earthworms can be considered to be relatively
simple. Nonetheless, these primitive invertebrates (Seilacher, 1998) have survived several
extinction events (Barnosky et al., 2011), illustrating in part the durable functionality of their gut

ecosystem.

1.2.1. Sections of the alimentary canal, related functions, and
conditions

The alimentary canal of L. terrestris is one of the best described earthworm alimentary
canals (Laverack, 1963; Edwards and Fletcher, 1988; Edwards and Bohlen, 1996; Breidenbach,
2002; Doube and Brown, 2004; Storch et al., 2009). Although the gut ecosystem of earthworms
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can be considered primitive and less compartmented it can be divided into mouth, cavity, pharynx,
esophagus, crop, gizzard, intestine and anus, whereby the simple intestine represent the largest
proportion of the alimentary canal (Figure 4 A).

The alimentary passage begins with the ingestion of dietary material that is usually a mixture
of plant material, microbes and soil, and ends with the excretion of casts (Edwards and Bohlen,
1996). The time for this passage varies from 8 to 24 h depending on the species of the earthworm
and its feeding behavior (Parle, 1963a; Satchell, 1967; Wst et al., 2011). In more detail, the food
enters the alimentary canal via the mouth and is transferred to the buccal cavity and pharynx,
both located directly behind the mouth (Edwards and Bohlen, 1996). The pharynx operates as
suction pump and facilitate the ingestion of food, whereas pharyngeal glands excrete protease-,
glycoprotein-, amylase-, glycoside- and amino acids-containing mucus with several functions
(Laverack, 1963; Martin et al., 1987; Trigo et al., 1999). Thus, the mucus (a) facilitates the
transport of the relative dry ingested material through the gut system, (b) initiates the hydrolysis
of several biopolymers ( Ur b 8§ g eRi lagn d add9® Aclivates ingested soil fermenters
(Section 1.2.2; Brown et al., 2000; Edwards, 2004; Huang and Xia, 2018).

A Gut Passage B 0.0 —Jp Cuticula
Ll ,/
8-24 h // Muscles
0.5 e
// Coelom
o /g 10. E Gut Wall
-> > = !
1 2 4 5@ 6 7 - ] Gut Core
b~ 1
$ 159 |
o l\ Gut Wall
204 ANy Coelom
1 Mouth: Ingestion 5 Gizzard: Mixing, grinding, cell disruption ' Y oec
N uscles
2 Pharynx: Suction pump, mucus secretion 6 Gut: Fermentation, intestinal absorption 25- S cuticul
. uticula
3 Esophagus: Secretion of calcium carbonate 7 Anus: Excretion of cast 0 50 100
4 Crop: Storage chamber O, Saturation (%)

Figure 4. Sections of the earthworm alimentary canal and their functions (A), and in vivo microsensor-
derived O: profile of the midgut of Lumbricus rubellus (B). Panel A: Figure based on information obtained
from Edwards and Bohlen, 1996. Panel B: The right axis identifies the anatomical regions of a cross section
of the earthworm. The absence of detectable Oz in the gut core of the alimentary canal (crop/gizzard,
foregut, midgut, and hindgut) was confirmed with Apporectoedea caliginosa and L. terrestris (Horn et al.,
2003; Wst et al., 2009b). Figure modified from Horn et al., 2003.

Behind the pharynx is the esophagus with calciferous glands which produce calcium
carbonate that is presumed to regulate (a) the pH and carbon dioxide (CO-) concentrations, and
(b) potentially toxic cations (Dotterweich and Franke, 1936; Robertson, 1936; Crang et al., 1968;
Piearce, 1972; Bal, 1977). The crop, situated behind the esophagus and in front of the gizzard,
is a thin-walled storage chamber transferring the material successively into the gizzard (Edwards
and Bohlen, 1996). Before the ingested material enters the intestine it passes the gizzard, a hard
muscular organ that abrasively mixes, grinds, and disrupts ingested material including plant
material and large microbial cells (e.g., fungal hyphae [ Kr i set al.,f1994; Schonholzer et al.,
1999]). Most of the digestion in the alimentary canal of earthworms occur in the oxygen (O.)-free

intestine (Figure 4 B), an organ described as mutualistic system in which additional exoenzymes
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are produced by ingested intact bacteria ( Ur b8 gek and Pil g, 19 9.1lt;is
assumed, that the activity of the anaerobic gut microbiota (a) strongly enhance the degradation
of ingested complex organic material during the gut passage, and (b) increase the capacity of the
worm to absorb nutrients (Sampedro et al., 2006; Drake and Horn, 2007). The gut passage ends
with the re-absorption of the mucus and associated water, a process followed by the defecation
of casts by the anus (Edwards and Bohlen, 1996).

1.2.2. The earthworm gut microbiota

Soil contain one of the largest known microbial diversities, with a gram dry weight of soll
containing approximately 10° microbial cells (Torsvik et al., 1990; Whitman et al., 1998), a
number that illustrates a tremendous phylogenic and physiologic diversity. Furthermore, the
cultivable number of soil-related facultative aerobes and anaerobes range from 107 to 10° per
gram dry weight soil (Karsten and Drake, 1997; Kisel et al., 1999), illustrating the large potential
of earthworm-ingested microorganisms to facilitate anaerobic processes in the anoxic alimentary
canal of the earthworm. In this regard, several molecular methods revealed similar bacteria in
soil, the earthworm gut, and earthworm casts (Bassalik, 1913; Brown, 1995; Furlong et al., 2002;
Egert et al., 2004). Although these findings about the nature of the gut microbiota suggest that
most microbes in the earthworm are likely ingested and transient, the non-responsiveness of soil
microbes to a specific high value gut nutrient and anoxia has made it difficult to demonstrate that
responsive gut fermenters are derived from soil. However, other studies demonstrated that
earthworms can also harbor potential bacterial symbionts that are strongly associated to this
invertebrate and not detected in the earthworm-surrounding material (Pinel et al., 2008;
Nechitaylo et al., 2010). Until today, only three such symbionts are recorded, including the
Mycoplasmataceae-affiliated uncultured Candidatus Lumbricincola (Nechitaylo et al., 2009).

Ingested aerated soil is relatively dry, nutrient-poor and exhibit high fluctuations in pH (e.qg.,
pH 4.6 to 7.1; Drake and Horn, 2007). These conditions result in a low activity or a state of
dormancy of prokaryotic cells (e.g., as cysts, starving cells or endospores) (Drake and Horn,
2007). In marked contrast, the gut content of earthworms, an anoxic microzone in soils, can reach
a water content up to 80%, and is rich on diverse nutrients (Horn et al., 2003; Drake and Horn,
2007). For example, total amino acids can be 170-fold greater in the gut than in soil, and the
agueous phase of the gut contains millimolar concentrations of diverse saccharides, whereas
saccharide levels in soil are negligible (Figure 5; Horn et al., 2003; Wist et al., 2009b). The
detectable various water-soluble organic matter can be derived from (a) the breakdown of plant
and microbial cells, or (b) the earthworm-produced mucus (Section 1.2.1).

Inactive facultative aerobes and anaerobes (e.g., bacilli and clostridia) are common in
nutrient-poor soil (Slepecky and Leadbetter, 1984; Ovreas and Torsvik, 1998; da Silva et al.,
2003; Garbeva et al., 2003) and their activation is induced by their ingestion and exposure to the

nutrient richness in the anoxic earthworm gut ecosystem (Edwards and Bohlen, 1996; Brown et

Dr ak
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al., 2000; Drake and Horn, 2007). The maximum recorded densities of earthworms in soail
theoretically yield up to 500 ml gut content per square meter of soil (Edwards and Bohlen, 1996;
Schulz et al., 2015), indicating the enormous capacity of this anoxic microzone to potentially
stimulate high numbers of these soil microbes. In this regard, several anaerobic activities in the
gut are related to the emission of nitrous oxide (N20), dinitrogen (N2), and hydrogen (Hz) by
earthworms (Horn et al., 2006a; Wist et al., 2009a; Depkat-Jakob et al., 2012; Schulz et al.,
2015). However, fermentation is presumed to be the dominant anaerobic process in the gut, with
the in situ amount of reducing equivalents (i.e., electrons) in fermentation-derived fatty acids being
over one thousand-fold greater than the in situ amount of reducing equivalents in the
denitrification-produced gases N,O and N (Horn et al., 2006b; Wiist et al., 2009b). Especially
the fermentative families Aeromonadaceae, Enterobacteriaceae, Bacillaceae, Clostridiaceae,
Lachnospiraceae and Peptostreptococcaceae (a) play a central role in earthworm gut
fermentation, and (b) produce a complex fermentation profile, including CO;, H., acetate, lactate,
butyrate, formate, succinate, propionate, and ethanol (Wist et al.,, 2011; Meier et al., 2018).
Fermentation-derived fatty acids in the aqueous phase of the gut can exceed 30 mM (Wst et al.,
2009b) and are, like in other animals, absorbed and utilized by the earthworm (Bergman, 1990;
Drake and Horn, 2007; Wast et al., 2009b; Sampedro et al., 2006), illustrating the trophic link
between microbial gut fermentation and the earthworm. In this regard, the flow of electrons
towards fermentation is essential for these invertebrates since microbial respiration would lead to
the fully oxidation of the available organic carbon to CO, and thus be disadvantageous for

earthworm nutrition.

Soil, Plant Material, Anoxic Earthworm Gut
Microbes
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Figure 5. Hypothetical model illustrating the ingestion and activation of soil fermenters in the anoxic gut of
earthworms. The relative concentration of compounds is indicated by the font sizes, and the relative effect
of each compound on the production of Hz in the gut and its subsequent emission (Wust et al., 2009b) is
indicated by the thickness of the arrow. Figure modified from Horn et al., 2003.
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1.3. Dietary biopolymers and their hydrolysis

Gut mucus is produced by the earthworm to aid passage of ingested material and can drive
fermentation in the alimentary canal (Section 1.2.1) that is linked to the fermentative production
of fatty acids that can be absorbed by the earthworm (Drake and Horn, 2007; Wst et al., 2009b;
Sampedro et al., 2006). Although reusage of mucus-derived organic carbon by the earthworm is
advantageous, earthworms cannot self-perpetuate by this process. Thus, the sustenance and
growth of earthworms is ultimately dependent on the ability of the animal to obtain nutrients from
the environment. In this regard, the survival of the earthworm is linked to its consumption of
diverse biomass, a feeding activity that affects plant growth and the turnover of organic matter in
soil habitats (Section 1.1.2 and Section 1.1.3). These considerations are reinforced by L.
terrestris that (a) ingests plant-derived biomass (e.g., roots, shoots, and litter) and soil that
contains high amounts of microbial cells and (b) has the capacity to consume nearly the entire
yearly litter fall; approximately 80 mg of leaves per gram fresh body weight can be incorporated
on a daily basis (Needham, 1957; Raw, 1962; Satchell, 1967; Knollenberg et al., 1985; Baylis et
al., 1986; Gunn and Cherrett, 1993, 1993). Thus, ingested biomass is subject to disruption during
the passage through the crop/gizzard at the anterior portion of the alimentary canal (Section 1.2.1)
( Kr i sdt @lf ¥R4; Schonholzer et al.,, 1999). Furthermore, the potential occurrence of
proteases, chitinases, cellulases and many other glycosidic enzymes in the gut (Tracey, 1951;
Laverack, 1963; Mishra and Dash, 1980; Loquet and Vinceslas, 1987; Edwards and Fletcher,
1988; Urb8gek and efal,l1397, 19989 1999; Nodaki ¢t &1.a20aP) suggests a
hydrolysis and utilization of ingested and ruptured plant- and microbial-derived biopolymers.
However, little is known about the capacity of fermentative microbes in the earthworm gut to

hydrolyze and utilize ingested biopolymers.

1.3.1. Polysaccharides

Many polysaccharides ingested by the earthworm, like cellulose, pectin, and xylan, are
produced as structural components of plant cell walls (Table 1). Cellulose and xylan constitute
the hemicellulose which is embedded in amorphous pectin polymers and stabilized by structural
proteins and phenolic compounds (Figure 7; Ochoa-Villarreal et al., 2012). The main functions of
the plant cell wall include (a) the conferment of stabilization, resistance, rigidity and protection of
the cell, but also (b) the mediation of nutrients, gases and various intercellular signals to reach
the plasma membrane (Ochoa-Villarreal et al., 2012).

In addition, earthworms prefer to feed on microbe-rich material (Cooke and Luxton, 1980;
Bonkowski et al., 2000; Jayasinghe and Parkinson, 2009), and fungal hyphae as well as larger
bacterial cells are subject to digestion in the earthworm gut ( Kr i set al.,f189K; Schonholzer
et al.,, 1999), indicating that chitin and peptidoglycan are other potential dietary structural
polysaccharides. Plant biomass and microbial cells can also contain non-structural energy

storage polysaccharides (e.g., starch and glycogen) that could constitute an additional source of
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fermentable carbohydrates in the gut after disruption. Furthermore, all microbial and plant cells
are surrounded by a phospholipid-bilayer membrane that introduces lipids to the alimentary canal.

Table 1. Potentially ingested polysaccharides and the most abundant backbone subunits (Figure 6) from
which they are composed.

Polysaccharide Dry Weight (%) Subunit Bond¢ Eﬁf"erg
Structural®

Cellulose 50 Glucose beta-1,4-glycosidic 1
Peptidoglycan 70 NAG¢, NAMe beta-1,4-glycosidic 2
Chitin 20 NAG¢ beta-1,4-glycosidic 3
Pectin 35 Galacturonic Acid alpha-1,4-glycosidic 1
Xylan 30 Xylose beta-1,4-glycosidic 1
Non-structural®

Starch 30 Glucose alpha-1,4-glycosidic 4
Dextran - Glucose alpha-1,6-glycosidic 5
Glycogen 50 Glucose alpha-1,4-glycosidic 6

aValues of dry weight reflect the maximum amount of the respective structural polysaccharide that was
detected in plant or microbial cell walls.

bValues of dry weight reflect the maximum amount of the respective non-structural polysaccharide that was
detected in plant or microbial cell biomass. Dextran is an extracellular polysaccharide and therefore not
quantified.

°NAG, N-acetylglucosamine; NAM, N-acetylmuramic acid.
dOnly the most abundant and characteristically bonds were prioritized.

eTable based on information obtained from: 1, Fry, 1988; 2, Schleifer and Kandler, 1972; 3, Bowman and
Free, 2006; 4,Gravatt and Kirby, 1998; 5, Khalikova et al., 2005; 6, Iglesias and Preiss, 1992.
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Glucose Xylose Galacturonic Acid N-acetylglucosamine
Figure 6. Chair conformations of the dominant backbone-forming subunits in polysaccharides (Table 1).
Modified from Dewick, 2006; Langan et al., 2014; Yuzwa and Vocadlo, 2014; Rautiainen et al., 2015.

Middle
Lamella

Pectin
) Cellulose
Primary Microfibre
Wall
Hemicellulose
Plasma (e.g., Xylan)
Membrane

Figure 7. Simplified model of the primary plant cell wall. Figure modified from Xing et al., 2018.
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1.3.1.1. Structural polysaccharides

Cellulose

Cellulose, the most abundant organic biopolymer on earth, is the primary cell wall polymer
of plants (Klemm et al., 2005). Chemically, cellulose is a linear beta-1,4-glycosidic linked D-
glucan and insoluble (Moon et al., 2011). Whereas glucose is known as the chemical repeating
unit, the disaccharide cellobiose is determined as the structural repeating unit of cellulose. The
remarkably stability of cellulose attest to the high tendency to form intra- and intermolecular
hydrogen bonds between the glucose subunits (Pinkert et al., 2009). These chemical interactions
between the individual glucose subunits result in chain formation and aggregation into microfibrils
that contain crystalline and amorphous regions (Figure 8; Flint et al., 2008). Dependent on the
kind of plant (e.g., hardwood or softwood) and the part of the plant (e.g., leaf, root or stem), the
cellulose content can be highly variable (Sjorstrém, 1993; Smole et al., 2005). For example, the
leaves of the model plant Arabidopsis thaliana contain a cellulose content of 15%, whereas stem
walls of the same plant species contain twice as much cellulose (Smole et al., 2005).

The microbial degradation of cellulose requires the production of different hydrolytic
cellulases which belong to the broad superfamily of glycosidases. Cellulases, divided into endo-
and exo-glucanases, are specialized to hydrolyze the beta-1,4-glycosidic bonds in cellulose
(Bayer et al., 2013). Especially amorphous regions and defects in the crystalline structure were
preferred to initiate the process of hydrolysis, reflecting the dependence on accessibility. Based
on the structure of endo- and exo-glucanases, endo-acting cellulases are able to produce a new
end in the internal proportion of the cellulose chain (Figure 8 A). These ends are than accessible
for exo-acting cellulases which cleaving activity leads to the release of the disaccharide
cellobiose. The beta-1,4-glycosidic linkage of cellobiose molecules is hydrolyzed by beta-
glucosidases, a process resulting in two single glucose molecules (Figure 8 A). Cellulases are
typical for cellulose depolymerizing aerobic fungi that are environmentally important to the
recycling of plant biomass (Green Il and Highley, 1997). For example, the brown-rot fungi (lignin
left behind) Fomitopsis palustris, Laetiporus sulphreus, and Wolfiporia cocos are even able to
degrade the difficult to access crystalline regions of cellulose (Machuca and Ferraz, 2001; Yoon
and Kim, 2005).

In anaerobic microorganisms, the necessary enzymes for cellulose degradation can be
cohered and anchored to the microbial membrane as cellulosome, a multienzyme complex first
described for Clostridium thermocellum (Bayer et al., 1983). This arrangement may have evolved
to ensure a more efficient and economic degradation of insoluble polymers and to decrease the
competition with other microorganisms for the soluble products of hydrolysis. Cellulosomes can
be diverse, but generally consist of a polymer attachment domain, several scaffoldins, and a
cohesion-dockerin system that includes the enzymatic active biopolymer hydrolyzing enzymes
(Figure 8 B; Flint et al., 2008; Bayer et al., 2013).
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Figure 8. Simplified model of cellulose-degrading enzymes with different activities (A) and exemplary
arrangement of these enzymes in cellulosomes of anaerobic bacteria (B). CBM, cellulose-binding module.
Figure based on information obtained from Flint et al., 2008; Bayer et al., 2013.
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The interactions of these different compounds guarantee the attachment and anchoring of the
hydrolyzing enzymes to the microbial cell wall that prevents the loss of these enzymes.
Cellulosomes are widespread within the group of anaerobic microorganism and can additionally
contain other glycoside hydrolases than cellulases (e.g., xylanases and mannanases) that
optimizes the degradation of other plant-derived polymers (e.g., hemicellulose and pectin) (Flint
et al., 2008; Bayer et al., 2013).

Pectin

Pectin can consist of 17 different monosaccharides linked with more than 20 different bonds
and is therefore likely the most complex macromolecule in nature (Voragen et al., 2009) . It
belongs to the most abundant plant polysaccharides and is localized in the middle lamella which
is situated between the primary and secondary plant cell wall (Figure 7; Xing et al., 2018). Like
other plant polysaccharides, the pectin content show high variations between different plant
species and parts of the plant. Thus, grasses and wood tissues exhibit approximately 2 to 10%
of pectin, whereas in dicotyledonous, the pectin content can be up to 35% (Fry, 1988). Pectin is
insoluble and consists of approximately 70% of galacturonic acid molecules (Figure 6), that are
connected via alpha-1,4-glycosidic bonds and form the pectin backbone (Sundar Raj et al., 2012).
In recent years, several repeating structural elements of pectin have been characterized.
Although these structural elements can vary slightly, it is assumed that all pectins are composed
of these elements (Voragen et al., 2009). For example, homogalacturonan can constitute
approximately 60% of pectin and is therefore the most dominant structural element (Mohnen,
2008). Based on the order of frequency (highest to lowest), Xylogalacturonan,
Rhamnogalacturonan |, Rhamnogalacturonan |l, Arabinan, Arabinogalactan |, and
Arabinogalactan Il are additional structural elements (Mohnen, 2008). The alpha-1,4-galacturonic
acid backbone of homogalacturonan can be methyl esterified or acetylated (Gee et al., 1959; Mort
et al., 1993). Non-esterified galacturonic residues are sensitive to calcium ion cross linkages
(Garnier et al., 1994) that are, among other linkages, responsible for the stability of pectin.
Arabinose, rhammnose, and xylose are examples of other structural repeating elements that can
exhibit a large number of different site groups (e.g., methanol, acetyl or ferulic acid), bonds, and
cross linkages (Voragen et al., 2009).

The complex structure of pectin affects the number of different enzymes that are necessary
for an efficient hydrolysis. The cleavage of the alpha-1,4-linked galacturonic acids backbone
requires endo- and exo-polygalacturonase. The activity of these enzymes is influenced by the
diverse aforementioned site groups. For example, (a) increasing amounts of methyl-
esterifications can lead to a concomitant decrease of endo-polygalacturonase activity( Pa Seni c o v &
et al., 2000) , and (b) rhamnogalacturonan hydrolase that cleaves alpha-1,4-galacturnoic acid /
alpha-1,2-rhamnose linkages exhibits a intolerance for acetyl-esterifications (Kauppinen et al.,
1995).
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Xylan

Xylan is a primary component in the hemicellulose of plant cell walls. The basic structure
of xylan is a backbone of beta-1,4-linked xylose subunits (Figure 6; Timell, 1967; Saha, 2003;
Smith et al., 2017). This structural polysaccharide is insoluble and can be, like pectin, highly
acetylated or extended by diverse glyosidic bonds with several polymeric side chains of
arabinose, mannose, galactose, or ferulic acid (Timell, 1967; Saha, 2003; Smith et al., 2017).
The efficient degradation requires a complex subset of different enzymes with contrasting
activities. Whereas endo-xylanases hydrolyze the beta-1,4 bonds inside the xylose backbone,
exo-xylanases cleave glycosidic bonds at the end of the chain and ensure the availability of the
disaccharide xylobiose, that can be converted to single xylose molecules via the beta-xylosidase
(Saha, 2003). Furthermore, enzymes like alpha-arabinofuranosidase, alpha-glucoronidase,
ferulic acid eaterase or acetylxylan esterase are necessary to cleave the variable glycosidic bonds
between the saccharides of the diverse side chains (Saha, 2003).

Chitin

Chitin, a insoluble polymer of N-acetylglucosamine chains with beta-1,4-glycosidic bonds
and inter-chain hydrogen bondings, is the second most dominant polymerized carbon in nature
and chemical similar to cellulose (Einbu, 2007; Zargar et al., 2015). This structural polysaccharide
is (a) produced by molluscs, crustaceans, insects, algae, and fungi, and (b) comply the same
functions that are known for cellulose in plants (Neville and Luke, 1969; Peters, 1972; Childress
and Nygaard, 1974; Kapaun and Reisser, 1995; Fesel and Zuccaro, 2016). The cell walls of
filamentous fungi, in which chitin is situated directly on the cell membrane, can contain 10 to 20%
of chitin (Bartnicki-Garcia, 1968; de Nobel et al., 2000).

Several studies demonstrated that earthworms, including L. terrestris, exhibit a feeding
preference for certain filamentous fungi (Cooke and Luxton, 1980; Bonkowski et al., 2000;
Jayasinghe and Parkinson, 2009). The detection of disrupted soil fungi in cast and gut contents
(Domsch and Banse, 1972; Dash et al., 1986; Tiwari et al., 1990,; &l 8994 f ek
Schonholzer et al., 1999; Wolter and Scheu, 1999) is consistent with this assumption and suggest
the occurrence of fungi-derived chitin in the earthworm gut.

Chitinases are produced by a wide range of organisms (e.g, bacteria, fungi, insects, higher
plants, animals), but also in biological agents like viruses (Aam et al., 2010; Hartl et al., 2012).
The degradation of chitin is strongly related to that of cellulose (Yan and Fong, 2015). Thus,
whereas endo-chitinase cleave the glycosidic bonds within an N-acetylglucoseamine chain, the
exo-chitinases (e.g., N-acetyl-beta-glucosaminidase and chitobiosidase) cleave the chitin
molecule at a terminal position (Yan and Fong, 2015). The released N-acetylglucosamine
molecules (Figure 6) are then deacetylated and phosphorylated to glucosamine-6-phosphate that
is deaminated and converted to fructose-6-phosphate, a metabolic intermediate of the glycolysis
(Yan and Fong, 2015; Section 1.4.1). The occurrence of anaerobic microbial degradation of chitin

in soil slurry (Wieczorek et al., 2014), the detection of chitinases in the earthworm gut (Tracey,
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1951; Laverack, 1963; Edwards and Fletcher, 1988; Tiwari et al., 1990), and the expression of an
chitinase encoding gene in the gut tissue of earthworms (Kim et al., 2016), suggest a potential
chitin hydrolysis in the alimentary canal of earthworms.

1.3.1.2. Non-structural polysaccharides

Starch

Starch, a non-structural polysaccharide, serves in plants as energy storage polymer and is
produced in the leaves, seeds, fruits, stems, and roots (Fraser-Reid et al., 2008; Bertoft, 2017).
It consist of glucose subunits that are connected via alpha-1,4-glycosidic bonds, forming
approximately 25 % linear amylose and approximately 75% alpha-1,6-branched amylopectin
(Fraser-Reid et al., 2008; Bertoft, 2017).

Although starch is a non-structural polysaccharide, the degradation is similar to that of
cellulose and chitin, and starch-hydrolyzing amylases can be classified in endo-enzymes, exo-
enzymes, and dimer cleaving glucosidases (Figure 9; Fraser-Reid et al., 2008; Horstmann et al.,
2017). However, in contrast to the linear chains of structural polysaccharides cellulose and chitin,
the efficient hydrolysis of the branched amylopectin requires pullulanases that cleave the alpha-
1,6-branches (Fraser-Reid et al., 2008; Horstmann et al., 2017). The hydrolysis of starch leads
to a mix of oligomers, also known as maltodextrin (Wang and Wang, 2000).

\ Reducing
End (C,)

Q Pullulanases :> b- Amylase (exo) (IO Oligosaccharides
I:> U- Glucosidases :> U- Amylase (endo) XD (O Maltose and Glucose

Figure 9. Model of starch degrading enzymes and their activities. Figure based on information obtained
from Horstmann et al., 2017.

In nature, amylose and amylopectin form intermolecular and intramolecular hydrogen bonds
as well as hydrophobic bonds that hold the molecules together, a process resulting in water-

insoluble granules (Fraser-Reid et al., 2008; Horstmann et al., 2017). The amount of starch can
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be highly variable between different plants and their parts. For example, starch can constitute
approximately 30% of the dry weight of roots obtained from seedling of hardwood trees (Gravatt
and Kirby, 1998), whereas the leaves of clover exhibit only a maximum starch content of
approximately 5% (Cave et al., 1981). However, especially the occurrence of fine roots in the
digestion tract of earthworms (Baylis et al., 1986; Gunn and Cherrett, 1993) reinforce the
likelihood that starch might occur in the gut and is therefore subject to hydrolysis and fermentation
during the gut passage. Detected amylases in the gut of earthworms (Laverack, 1963; Edwards
and Fletcher, 1988; Tiwari et al., 1990), corroborate the assumption that starch is a potential

substrate for gut-associated fermenters.

Glycogen

Several bacteria and fungi can produce substantial amounts of intracellular glycogen, a
polymer of glucose subunits with alpha-1,4-glycosidic bonds (Table 1; Holme et al., 1956; Iglesias
and Preiss, 1992). Although glycogen is similar to amylopectin it exhibit twice as much alpha-
1,6-branches and no intermolecular bonds (Fraser-Reid et al., 2008). The lack of the
intermolecular bond results in the absence of crystallinity, that enable the high water solubility of
glycogen (Fraser-Reid et al., 2008). That the degradation of glycogen requires the same enzymes
as in the starch hydrolysis reflects the structural similarity of these both non-structural
polysaccharides. In this regard, pullulanases cleave the alpha-1,6-branches, whereas amylases
degrade the chain of alpha-1,4-linked glucose molecules (Djekrif et al., 2016). The resulting
disaccharide maltose is hydrolyzed to two glucose molecules by alpha-glycosidases (Djekrif et
al., 2016). Glycogen can constitute approximately 20% of the dry weight of microbial cells (Table
1; Roach et al., 2012), and is therefore a potential earthworm-ingested substrate that is released
by the activity of the gizzard (Section1.1.2), and might be therefore subsequently hydrolyzed and

fermented by the gut microbiota.

Dextran

Earthworm-ingested polysaccharides could also include microbial dextran, a polymer of
glucose subunits mainly linked by alpha-1,6-glycosidic bonds (Naessens et al., 2005) that has
multiple functions including adhesion, protection, and extracellular energy storage (Khalikova et
al., 2005). Several strains of Leuconostoc mesenteroides (Jeanes et al., 1954), Streptococcus
mutans, Streptococcus sobrinus, and Streptococcus salivarius use dextransucrases to synthesize
dextrans from sucrose (Robyt, 1995). These non-structural polysaccharides are mainly branched
by alpha-1,3-glycosidic linkages. In certain L. mesenteroides strains, these branches are formed
by alpha-1,2- and alpha-1,4-glycosidic linkages (Fraser-Reid et al., 2008).

The efficient degradation of dextran requires diverse dextranases that can be divided, like
the other polysaccharide degrading enzymes, into endo- and exo-enzymes. These dextranases
causing the release of different hydrolysis products, like glucose, isomaltose, or isomaltotriose

(Khalikova et al., 2005). The isomaltose-forming exo-dextranase cleaves alpha-1,6- linkages, but
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also alpha-1,2- and alphal,3- and alpha-1.4-linkages. However, dextranase activities can be also
specific, for example, the alpha-1,2-glucosidase found in Flavobacterium sp. is strictly specific for

alpha-1,2- glycosidic branches (Khalikova et al., 2005).

1.3.2. Proteins

The ingestion of plant and microbial cells is linked to the abrasive action of the gizzard that
ensures the disruption of larger cells (Section 1.2.1) and thus the release of diverse biopolymers
into the earthworm gut. Protein is the primary component of microbial cells and can constitute up
to 50% of microbial biomass on a dry weight basis (Table 2; Babel and Muller, 1985; Lange and
Heijnen, 2001; Delgado et al., 2013).

Table 2. Potentially ingested plant- and microbial-derived biopolymers and the most abundant subunits
from which they are composed. Table excludes polysaccharides (see Table 1).

. Dry Weight? . b Refer-
Biopolymer (%) Subunit Bond enced
Plant-derived
Proteins 25 Amino Acids peptide 1
Lipidse 5 Glycerol, LCFA ester 2
Nucleic Acids > Ribose/Deoxyribose, phosphqdlester— and 5

Nucleobases glycosidic
Lignin 36 Phenylpropane beta-O,4-ether 3,4
Microbial-derived
Proteins 50 Amino Acids peptide 56,7
RNA 20 Ribose, Nucleobases phosphodiester- and 6,7
glycosidic
Lipids® 10 Glycerol, LCFA ester and 6,7
phosphodiester
DNA 3 Deoxyribose, phosphodiester and 6,7
Nucleobases glycosidic

aValues of dry weight reflect the maximum amount of the respective biopolymer that was detected in cell
biomass. The maximum amount of lignin is based on cell wall analysis.

bOnly the most abundant and characteristically bonds were prioritized.
¢Subunits and bonds concerning glycerophospholipids. LCFA, long chain fatty acids.

dTable based on information obtained from: 1, Andrews et al., 2006; 2, Schink, 1999; 3, Campbell and
Sederoff, 1996; 4, Dolgonosov and Gubernatorova, 2010; 5, Lange and Heijnen, 2001; 6, Delgado et al.,
2013; 7, Neidhardt et al., 1996.

Indeed, nearly 2 mM amino acids may occur in the aqueous phase of the earthworm gut
(Horn et al., 2003) reinforcing the likelihood that protein hydrolysis in the gut yields amino acids
that are subject to consumption during gut passage. In this regard and on the assumption that

(a) the cytoplasm of a microbial cell is 80% water and on a dry weight basis contains 50% protein,



18 INTRODUCTION

and (b) the average molecular weight of a representative amino acid in protein is 100, this amount
of protein would theoretically yield 1 M polymeric amino acids in the cytoplasm of a gizzard-
disrupted cell. As such, a microbial cell in this location of the alimentary canal (i.e., in the
immediate vicinity of a ruptured cell) could experience ashort-l i v e d 0t ipdptdes (Figure
10 A).

The detection of protein and proteases in the anterior part of the alimentary canal and the
decrease of protein during the gut passage reinforce the likelihood of protein breakdown to
peptides and single amino acids in the alimentary canal of earthworms (Laverack, 1963; Mishra
and Dash, 1980; Edwards and Fletcher, 1988; Tillinghast et al., 2001). The earthworm-produced
gut mucus also contains proteins that additionally enhances the availability of these components.

Although proteases exhibit a huge diversity in action and structure, they can be classified,
like other biopolymer degrading enzymes, into exo- and endo-acting, two subdivisions depending
on the cleaving position which appears either at the terminal end (exo-) or within (endo-) the
amino acid chain (Rao et al., 1998). Furthermore, proteases can categorized by their functional
group at the active site. For example, serine proteases harbor a serine group in their active site,
whereas metalloproteases are dependent on a metal ion for their activity.
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Figure 10. Exemplary structure and bonds of peptides (A), RNA (B), and glycerophospholipids (C). Panel
A: Amino acid sequence from left to right: Thr-Gly-Asp-Glu-Val-Ala. Based on the amino acid conformations
in Dewick, 2006. Panel B: A, adenine; G, guanine; C, cytosine; U, uracil. Modified from Gonzlez-Ruiz et
al.,, 2011. Panel C: Arachidonic acid and oleic acid as attached long chain fatty acids. Modified from
Timberlake, 2003.

1.3.3. Nucleic Acids

Nucleic acids occur in all living cells and are necessary for the long-term storage of genetic

information, coding, decoding, regulation and expression of genes (Madigan et al., 2015). In

(@)

of
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consideration of the abundance of DNA and RNA in plant and microbial cells, RNA proves as the

more dominant component, constituting up to 20% of microbial biomass on a dry weight basis

(Babel and Muiller, 1985; Delgado et al., 2013), whereas DNA constitute less than 3% (Table 2;
(Neidhardt et al., 1996; Delgado et al., 2013; Schink, 1999). The relative high abundance of RNA

in microbial cells, the disruption of larger microbial cells by the gizzard (Section 1.2.1; Kr i s ttT f e k
al., 1994; Schoénholzer et al., 1999), and the production of extracellular RNases by soil microbes
(Greaves and Wilson, 1970; Mishra et al., 2017) reinforce the likelihood that RNA is subject to
hydrolysis and fermentation during gut passage.

RNA, a biopolymer of an ribose-phosphate backbone and attached purines and pyrimidines
(Figure 10 B), differ from double-stranded DNA in the three following points: (a) RNA is single
stranded, (b) the ribose of the backbone contains a hydroxyl group that is attached to the second
carbon atom, and (c) thymine is replaced by uracil (Lehninger et al., 2008; Madigan et al., 2015).
The fermentation of RNA is dependent on its initial degradation by hydrolytic or phosphorolytic
RNases that yield monophosphorylated or diphosphorylated nucleotides, respectively, which can
be further metabolized and yield ribose (in either a phosphorylated or non-phosphorylated form),
purines, and pyrimidines (Deutscher, 2006).

1.3.4. Additional
1.3.4.1. Lignin

Lignin is an aromatic polymer, located in the primary cell wall and constituting up to 36% of
hardwood (Table 2; Campbell and Sederoff, 1996). It is highly branched and consist of aromatic
phenylpropane subunits that are randomly linked via carbon-carbon and ether bonds (Dolgonosov
and Gubernatorova, 2010). The bond energy of an ether bond is 360 kJ/mol and the microbial
cleavage is therefore a difficult barrier for biodegradation that effects the biological mineralization
(White et al., 1996; Blanksby and Ellison, 2003). In this regard, the microbial degradation of lignin
and aromatic compounds was thought, for a long time, to be strictly aerobic (Evans, 1963; Ornston
and Stanier, 1964), whereby O is required as terminal electron acceptor and for hydroxylation
and ring fission (Sugumaran and Vaidyanathan, 1978; Colberg, 1988). In this regard, aerobic
basidiomycetes (fungi in the division Basidiomycota) are efficient degraders of lignin and
environmentally very important to the overall turnover of plant biomass (Eggert et al., 1997). For
example, the white-rot fungi (cellulose left behind) Dichomitus squalens, Phanerochaete
chrysosporium, Pycnoporus cinnabarinus, and Sporotrichum pulverulentum are able to degrade
lignin and its aromatic constituents by producing laccases, phenol oxidases, and peroxidases
(Ander and Eriksson, 1976; Gold et al., 1989; Périé and Gold, 1991; Eggert et al., 1997; Arora
and Gill, 2000).

Nonetheless, the anaerobic degradation of lignin-derived aromatic compounds was first
described in 1934, when lignin was converted after 600 days to CO, and methane (CH.) (Boruff

and Buswell, 1934). Subsequent studies confirmed that the anaerobic decomposition of
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monoaromatic lignin can yield CO; and CH4, and that the overall decomposition is dependent on
methanogens (Kaiser and Hanselmann, 1982; Colberg, 1988). Additionally, lignin-derived
monoaromatic compounds can also be utilized by nitrate- and sulfate reducers (Widdel, 1980;
Colberg, 1988; Oshima, 2007; Philipp and Schink, 2012). Gut-associated lignin degradation
appears to be dependent on specialized compartmented highly evolved gut ecosystems (e.g.,
from ruminants and termites) (Akin and Benner, 1988; Brune, 2013). In this regard, the primitive
earthworm gut and the relative short gut passage time (Section 1.2.1) most likely complicate the

microbial-derived degradation and utilization of earthworm-ingested lignin.

1.3.4.2. Lipids

Lipids are hydrophobic, water insoluble and extremely diverse (Subramaniam et al., 2011).
Biopolymers are defined as organic macromolecules that are composed of repeating monomers
and produced by living organisms (Stal, 2011). However, lipids are in general esters of fatty acids
(Figure 10 C) and, per the aforementioned definition, not biopolymers (Fahy et al., 2009;
Subramaniam et al., 2011). However, these macromolecules are important for energy storage
as well as cell membrane structure and function (Subramaniam et al., 2011). Lipids are present
in all living cells and can constitute up to 10% of a microorganism (Neidhardt et al., 1996; Delgado
et al.,, 2013; Valenzuela and Valenzuela, 2013). The degradation is ensured by lipases, a
subclass of esterases (Jaeger et al., 1994). The high amounts of ingested soil-derived
microorganism (Torsvik et al., 1990; Whitman et al., 1998) and the detection of lipases in the
earthworm gut (Laverack, 1963) suggest a lipid breakdown during the earthworm gut passage.
The available components of the lipids, for example glycerol of glycerophospholipids, can be
potentially used by the fermentative microbiota.

1.3.4.3. Peptidoglycan

Peptidoglycan, also known as murein, forms the cell wall of almost all bacteria. Although
the amount of peptidoglycan varies between gram negative (up to 10% of the total cell wall) and
gram positive bacteria (up to 70% of the total cell wall) (Schleifer and Kandler, 1972), the structure,
including a saccharide backbone with attached peptides, is identical. The peptidoglycan
backbone consist of beta-1,4-linked N-acetylglucosamine and N-acetylmuramic acid residues and
peptides that are attached via their N terminus and the carboxyl group of the muramic acid
(Schleifer and Kandler, 1972). The linear chains of the two different saccharides and the attached
peptides are cross-linked via inter peptide bridges that ensures the stability of peptidoglycan
(Schleifer and Kandler, 1972; Meroueh et al., 2006). During the bacterial growth and division,
several peptidoglycan-degrading hydrolases are involved in the assembly and disassembly of the
cell wall (Humann and Lenz, 2009). The ingestion of soil bacteria by the earthworm (Section
1.2.2) is linked to the grinding gizzard that introduces disrupted cell walls to the alimentary canal

and the associated gut microbiota.
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1.4. Potential fermentations in the earthworm gut

Fermentation is a microbial redox reaction to gain energy under O-limited conditions, a
process dependent on substrate level phosphorylation (Decker et al., 1970; Buckel, 1999; Muller,
2008). As already stated, fermentation is most likely the dominant microbial process in the anoxic
alimentary canal of the earthworm, leading to the emission of H, and the formation of CO,, fatty
acids and alcohols (Figure 11 and Section 1.2.2; Wist et al., 2009b, 2011). Produced fatty acids,
as in other animals, constitute dietary absorbable substrates for the earthworm (Section 1.2.2)
that illustrates the importance of the electron flow towards fermentation (Figure 11 and Section
1.2.2). Figure 11 summarizes and links the ingestion of plant and microbial biomass to the gut
fermentative processes and microbe-host interactions (Figure 11).
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Figure 11. Hypothetical model illustrating the trophic interactions between the earthworm and ingested
soil microorganisms, that are potentially able to hydrolyze and ferment ingested complex organic matter to
COg2, Hz, ethanol and diverse fatty acids.

1.4.1. Saccharide-derived fermentations

The relatively high amounts of non-polymeric saccharides in the earthworm gut (Wust et
al., 2009b) are not exclusively derived from the hydrolysis of polysaccharides (Section 1.3). In
this regard, plant material can also be rich in non-polymeric saccharides. For example, phloem
sap can contain 200-700 mM sucrose (Nadwodnik and Lohaus, 2008), leaf compartments can
contain a combined glucose and fructose concentration of over 50 mM (Nadwodnik and Lohaus,

2008), and glucose can approximate 2% of the fresh weight of shoots (Kromer and Gamian,
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2000), a value that would yield approximately 100 mM glucose-equivalents in the immediate
vicinity of a disrupted shoot (this approximation is based on a gram of shoot being equivalent to
1 ml).

The fermentation of saccharides involves activation and subsequent oxidation reactions.
For these fermentative processes, microorganism can use (a) the Embden-Meyerhof-Parnas
pathway also known as glycolysis (Figure 12), (b) the phosphoketolase pathway (Figure 13), (c)
the Entner-Doudoroff pathway (Figure 14), or (d) the Bifidobacterium bifidum pathway (Figure 14)
that is a combination of the first and the second pathway (Romano et al., 1979; Buckel, 1999;
Hogg, 2013; Prasanna et al., 2014). All four pathways generate intermediates, including pyruvate,
acetyl-phosphate or acetyl-CoA that subsequently function as terminal acceptor for electrons from
the oxidation step (Figure 12, Figure 13, and Figure 14). The reduction process results in the
production of one (e.g., homolactic acid fermentation [Figure 12 and Table 3]) or diverse
fermentation products (e.g., mixed acid fermentation [Figure 15 and Table 3]). In this regard, the
homolactic acid fermenters ensure energy conservation via the exclusive production of lactate,
whereas mixed acid fermenters produce divers products (e.g., formate, acetate and ethanol)
(Figure 15 and Table 3) (Buckel, 1999; Moat et al., 2002); both processes can start with the
Embden-Meyerhof-Parnas pathway (Figure 12). The propionate fermentation is an example for
another fermentation that is based on the sugar oxidation via the Embden-Meyerhof-Parnas
pathway (Figure 16 and Table 3) (Buckel, 1999; Zhuge et al., 2013).
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Figure 12. Embden-Meyerhof-Parnas pathway linked to the production of lactate by homolactic acid
bacteria. Abbreviations: NAD*, oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide
adenine dinucleotide; ATP, adenosine triphosphate; P, phosphate. Enzymes: 1, Glucokinase; 2,
Isomerase; 3, Phosphofructokinase; 4, Aldolase; 5, Triosephosphate isomerase; 6, Glyceraldehyde-3-
dehydrogenase; 7, Phosphoglycerokinase; 8, Phosphoglyceromutase; 9, Enolase; 10, Pyruvate kinase;
11, Lactate dehydrogenase. Figure modified from Moat et al., 2002; Engelkirk et al., 2011; Hogg, 2013;
Madigan et al., 2015.
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Abbreviations: EDP, Entner-Doudoroff pathway; EMP, Embden-Meyerhof-

Parnas pathway; NAD+, oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide
adenine dinucleotide; ATP, adenosine triphosphate; P, phosphate. Enzymes: 1, 6-Phosphogluconate
dehydrogenase; 2, Ribokinase; 3, Ribose-5-phosphate isomerase; 4, Ribulose-5-phosphate epimerase;
5, Phosphoketolase-2; 6, Acetate kinase; 7, Phosphate acetyltransferace and alcohol dehydrogenase.
Figure based on information obtained from Buckel, 1999; Arskéld et al., 2008; Papagianni, 2012.
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Figure 14. Enter-Doudoroff pathway and B. bifidum pathway. Abbreviations: EMP, Embden-Meyerhof-
Parnas pathway; NAD+, oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine
dinucleotide; ATP, adenosine triphosphate; P, phosphate. Panel A: Enzymes: 1, Glucokinase; 2,
Glucose-6-phosphate dehydrogenase; 3, Lactonase; 4, 6-Phosphogluconate dehydro-genase; 5, 2-
Dehydro-3-deoxy-6-phosphogluconate aldolase. Based on information obtained from Buckel, 1999; Hogg,
2013. Panel B: Enzymes: 1, Glucokinase; 2, Isomerase; 3, Phosphoketolase-1; 4, Acetate kinase; 5,
Transaldolase; 6, Transketolase; 7, Ribose-5-phosphate isomerase; 8, Ribulose-5-phosphate-3
epimerase; 9, Phosphoketolase-2. Based on information obtained from Buckel, 1999; Prasanna et al.,

2014.
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Table 3. Overall stoichiometries of potential saccharide fermentations in the gut of L. terrestris.

. . p &6 N Refer-
Fermentation Equation (kJ/mol)? Model Organism ences
Butyrate Gl uc os Butyratee + H*+2 CO2+2Hz -255 Clostridium pasteurianum 1
Ethanol Gl uc os 2Ethanol +2 CO2 -239 Zymomonas mobilis 2,3
Lactate Gl uc os 2Llactate +2 H* -198 Lactococcus lactis 1,4

Gl u c os Lactate + H* + Ethanol + CO> -211 L. mesenteroides 1,5
Ri b o s e Lactate + Acetate” + 2 H* -210 Lactobacillus pentosus 1,6
Mixed acid Gl uc os Lactater + 0.4 Ethanol + 0.3 Acetate- + 0.02 Formate" + c - :
0.2 Succinatez + 0.5 H2 + 0.5 CO2 + 1.8 H* -336 Escherichia coli !
Gl uc os Acetate+ H* + Ethanol + H2+ CO2 -255 E. coli 8
Xylose + 0.9 H20 0.9 Acetate- + 0.8 Ethanol + 1.6 CO2 + 1.72 H2 . .
+0.1 Formate” + 0.96 H* -181 Bacteroides xylanolyticus 9
Propionate Gl uc os 1.3Propionate + 0.6 Acetate- + 2 H* + 0.6 CO:2 -311 Clostridium propionicum 1
Acetogenesis Xyl os 25 Acetate +2.5H* -355¢ Clostridium thermoaceticum 10
Gl uc os 3Acetate + 3H* -427 ¢ C. thermoaceticum 10
Cellobiose + H2O Y 6 Acetate + 6 H* -611¢d Peptostreptococcus productus 10

aGibbs free energy (pH 7, 25 °C) yield per mol substrate.

bRepresentative model organisms for the respective fermentation.

¢Calculated for this dissertation according to Thauer et al., 1977.

dGibbs free energy of formation for cellobiose was obtained by the sum of the gibbs free energy of formation of two glucose molecules and the gibbs free energy required
for cellobiose hydrolysis (12.5 kJ/mol; Ha et al., 2013).

eTable based on information obtained from: 1, Buckel, 1999; 2, Madigan et al., 2015; 3, Ingram et al., 1999; 4, Ishizaki and Ueda, 1995, 1959; 5, Gunsalus and Gibbs,

1951; 6, Bernstein, 1953; 7, Moat et al., 2002 8, Metzler and Metzler, 2003; 9, Biesterveld et al., 1994; 10; Drake, 1994.
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Figure 15. Mixed acid fermentation and butyrate fermentation. Panel A does not include the formation of
all possible end products (e.g., succinate). Abbreviations: EMP, Embden-Meyerhof-Parnas pathway; CoA,
coenzyme A; NAD", oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine
dinucleotide; ATP, adenosine triphosphate; P, phosphate. Panel A: Pathway observed in Streptococcus.
Enzymes: 1, Pyruvate formate lysase; 2, Phosphoacetyl transferase; 3, Acetaldehyde dehydrogenase;
4, Acetate kinase; 5, Alcohol dehydrogenase. Based on information obtained from Buckel, 1999. Panel
B: Pathway observed in Clostridium butyricum. Enzymes: 1, Pyruvat:.ferredoxin oxidoreduktase; 2,
Thiolase; 3, 3-Hydroxybutyryl-CoA dehydrogenase; 4, Crotonase; 5, Butyryl-CoA dehydrogenase; 6,
Phosphotransbutyrylase; 7, Butyrat kinase; 8, Ferredoxin-dependent hydrogenase. Based on information
obtained from Buckel, 1999; Hackmann and Firkins, 2015.

Whereas common saccharide fermentations start with hexoses, bacteria performing the
phosphoketolase pathway or the pentose phosphate cycle are able to utilize pentoses as
substrate molecule (Rosenberg, 1980; McMillan, 1993; Buckel, 1999; Arskéld et al., 2008; Liu et
al., 2012). The phosphoketolase pathway (Figure 13 and Table 3) was observed, among others,
for heterolactic acid bacteria, of which a specialized subgroup is also able to gain energy via the
B. bifidum pathway by producing acetate and lactate (Figure 14; Buckel, 2001; Prasanna et al.,
2014).

Saccharides and fermentation-derived CO; and H can potentially consumed by acetogens,
a physiologically defined group of anaerobic prokaryotes, that conserves energy via the Wood-
Ljungdahl-Pathway, also known as reductive acetyl-CoA pathway, and produce acetate as sole
product (Figure 17; Ljungdahl and Wood, 1969; Wood et al., 1986; Drake, 1994; Drake et al.,
2008, 2013). The pathway consist of a carbonyl branch and a methyl branch, both ensure the re-
oxidation of reduction equivalents that are obtained from the oxidation of either (a) organic carbon
(e.g., glucose) by organothrophic acetogens, or (b) hydrogen by hydrogen-dependent acetogens
(Figure 17; Drake, 1994; Drake et al., 2013; Schuchmann and Miller, 2014). The electron
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acceptor in both branches is the inorganic gas CO;, and acetogenesis is therefore not a classic
fermentation which uses organic intermediates as terminal electron acceptors. In addition to H;
and CO; or glucose, acetogens can utilize other substrate like xylose, ethanol, formate, and
lactate (Table 3 and Table 6; Drake, 1994; Weghoff et al., 2015; Bertsch et al., 2016). The key
enzyme of the acetogenesis is the CO dehydrogenase/acetyl-CoA synthase. It catalyzes the
reaction of enzyme-bound CO and a tetrahydrofolate (THF)-derived methyl group to acetyl-CoA
(Figure 17; Ljungdahl and Wood, 1969; Wood et al., 1986; Drake, 1994; Drake et al., 2008, 2013;
Schuchmann and Muller, 2014). The energy generation differs between the organotrophic and
hydrogen dependent growth of acetogens. Thus, the organotrophic growth on glucose yield at
least four ATP, whereas the hydrogen-dependent acetogenesis is fully conditional on the
membrane-associated Rnf (Rhodobacter nitrogen fixation)- or Ech (energy converting
hydrogenases)-complex (Figure 17; Schuchmann and Miiller, 2014). Both enzyme complexes
re-oxidize reduced ferredoxin and pump cations into the environment. The resulting proton motive
force is coupled to membrane-bound ATPases which generate ATP by the relocalization of the
external cations (Schuchmann and Miiller, 2014). However, it is noteworthy that acetogens are
capable of diverse dissimilatory processes including fermentation (Drake et al., 2006, 2008).

Propionate Fermentation
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Figure 16. Methylmalonyl pathway observed in Propionibacterium. Abbreviations: EMP, Embden-
Meyerhof-Parnas pathway; CoA, coenzyme A; Fd, oxidized ferredoxin, Fd?, reduced ferredoxin; NAD*,
oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; ATP,
adenosine triphosphate; H*; hydrogen ion; MQ, menaquinone. Enzymes: 1, Pyruvate:ferredoxin oxidase;
2, Phosphoacetyl transferase; 3, Acetate kinase; 4, Transcarboxylase (contains biotin); 5, Malate
dehydrogenase; 6, Fumarase; 7, Ferredoxin: NAD* oxidoreductase (Rnf-complex); 8, NADH:quinone
oxireductase; 9, Fumarat reductase; 10, ATPase; 11, Propionate CoA-transferase; 12, Methylmalonyl-
CoA mutase (vitamin B12 as coenzyme); 13, Methylmalonyl-CoA epimerase. Figure based on information
obtained from Buckel, 1999; Buckel and Thauer, 2012; Zhuge et al., 2013; Guan et al., 2014.
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Figure 17. Acetogenesis observed in Acetobacterium woodii. Reactions in yellow zone are used by both
organotrophic (green zone) and hydrogen-dependent (blue zone) acetogens. Abbreviations: EMP,
Embden-Meyerhof-Parnas pathway; CoA, coenzyme A; CoFeSP, corrinoid-iron/sulfur-protein; THF,
tetrahydrofolate; Fd, oxidized ferredoxin, Fd?, reduced ferredoxin; NAD", oxidized nicotinamide adenine
dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; Na*;
sodium ion. Enzymes: 1, Pyruvate:ferredoxin oxidase; 2, Phosphoacetyl transferase; 3, Acetate kinase;
4, Bifurcating hydrogenase; 5, Formate dehydrogenase; 6, Formyl-THF synthetase; 7, Formyl-THF
cyclohydrolase; 8, Methylene-THF dehydrogenase; 9, Methylene-THF reductase; 10, Methyltransferase;
11, CO dehydrogenase/acetyl-CoA synthase; 12, Ferredoxin:NAD™* oxidoreductase (Rnf-complex); 13,
ATPase. Figure based on information obtained from Ljungdahl and Wood, 1969; Wood et al., 1986; Drake
et al., 2008; Schuchmann and Miiller, 2014.

1.4.2. Amino acid-derived fermentations

Approximately 2 mM amino acids may occur in the aqueous phase of the earthworm gut
(Horn et al., 2003; Section 1.3.2), indicating amino acids, with an average redox state similar to
that of saccharides, as potential subjects to fermentation during the earthworm gut passage. In
this regard, especially members of Clostridiales (e.g., Paraclostridium bifermentans) and
Fusobacteriales (e.g., Fusobacterium nucleatum), occurring in soil, marine and freshwater, and
intestines of animals including earthworms (Wiegel, 2009; James and Whitman, 2011; Wst et
al., 2011; Meier et al., 2018), are able to ferment amino acids (Barker, 1981).

Similar to the high diversity of possible saccharide fermentation pathways, the anaerobic
utilization processes of amino acid are diverse and complex. Thus, at least five different pathways
can be used for the microbial fermentation of glutamate (Buckel, 2001), whereby the
methylaspartate pathway and the hydroxyglutarate pathway (Figure 18) are likely the most
important processes for glutamate fermentation (Buckel, 2001). Both pathways lead to the

production of ammonium, CO,, acetate, butyrate and H,, whereas the methylaspartate pathway
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can be also used to generate propionate instead of butyrate and H, (Figure 18 and Table 4;
Buckel, 2001). C. propionicum is able to ferment alanine via the acrylate pathway, a pathway
also involved in producing propionate from lactate (Schweiger and Buckel, 1984) (Table 6).
Alanine is also a amino acids that can be utilized during the Stickland reaction, a process in which
one amino acid serves as an electron donor and another amino acid serves as an electron
acceptor (Figure 19 and Table 4) (Nisman, 1954; Buckel, 1999). In addition to the amino acid
alanine, cysteine, glycine, leucine, serine, threonine, methionine, phenylalanine, tyrosine, and
tryptophan can be used in both, the oxidative and reductive branch of the Stickland reaction,
whereas isoleucine and valine or proline serve exclusively as electron donors or acceptor,
respectively (Buckel, 1999). Similar to the parallel utilization of glycine and alanine (Figure 19),
the exclusive fermentation of glycine terminates in the production of ammonium, CO,, and acetate
(Table 4; Buckel, 1999). Furthermore and dependent on the organism, threonine can be utilized
by at least three different pathways, yielding different fermentation products. Thus, C.
propionicum produce ammonium, CO,, propionate and butyrate, whereas C. pasteurianum
ferments threonine to ammonium and acetate (Table 4; Elsden and Hilton, 1978; Buckel, 1999).
The fermentation of the branched chain amino acids isoleucine and valine by Spirochaeta
isovalerica lead to the formation of methylbutyrate and isobutyrate, respectively (Mclnerny, 1988).

Glutamate Fermentation
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Figure 18. Glutamate fermentation via hydroxyglutarate pathway. Abbreviations: CoA, coenzyme A; Fd,
oxidized ferredoxin; Fd?%, reduced ferredoxin; NAD*, oxidized nicotinamide adenine dinucleotide; NADH,
reduced nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; Na*; sodium ion; NHa4*,
ammonium. Enzymes: 1, Glutamate dehydrogenase; 2, 2-Hydroxyglutarat dehydrogenase; 3, CoA-
transferase; 4, Hydroxyglutaryl-CoA fehydratase; 5, Glutaconyl decarboxylase; 6, Crotonyl-CoA
hydratase; 7, 3-Hydroxybutyryl-CoA dehydrogenase; 8, Thiolase; 9, Phosphoacetyl transferase; 10,
Acetate kinase; 11, Bcd (Butyryl-CoA dehydrogenase)/Etf-(Electron-transferring flavoprotein) complex; 12;
Ferredoxin hydrogenase, 13, Ferredoxin:NAD* oxidoreductase (Rnf-complex); 14, ATPase; 15,
Phosphotransbutyrylase; 16, Butyrate kinase. Figure based on information obtained from Buckel, 1999;
Herrmann et al., 2008.



Table 4. Overall stoichiometries of potential amino acid fermentations in the gut of L. terrestris.

: . : pGo N Refer-
Amino Acid Equation (ka/mol)® Model Organism enced
Glutamate 5Glu +6H0+2H*Y 6 Acetate + 2 Butyrate' + H2 + 5 CO2 + 5 NH4* -314 Acidaminococcus fermentans 1

3Glu +4H0 Y 5 Acetate” + Propionate” + 2 CO2 + 3 NH4* -187 Selenomonas acidaminophila 2
Aspartate 3Asp +0.9H"+1.8H0Y 2.4 Succinate? + 0.3 Acetate + 1.8 CO2 + 3 NH4* -250¢ Camphylobacter sp. 3
Threonine 3Thr+H20 Y 2 Propionate” + Butyrate” + 2 CO2 + 3 NH4* -321¢ C. propionicum 2

Thr+H20 Y 2 Acetate + H* + NH4* -146¢ C. pasteurianum 2,4
Glycine 4Gly+2H0+H" Y 3Acetate + 2 CO2 + 4 NH4* -217 Eubacterium acidaminophilum 2
Alanine 3Ala+2H0 Y Acetate” + 2 Propionate- + COz + 3 NH4* -135 C. propionicum 1
Stickland Reaction 5
Alanine and Ala+ 2H20 Y Acetate + COz + NH4* + 4 [H] Clostridium sticklandii and
Glycine 2 Gl vy + 2Acetate" +2 NHs* P. bifermentans
Sum: Ala+2Gly+2H0 VY 3 Acetate + 3 NHs* + CO2 -153¢

aGibbs free energy (pH 7, 25 °C) yield per equation.

bRepresentative model organisms for the respective fermentation.

¢Calculated for this dissertation according to Thauer et al., 1977.

dTable based on information obtained from: 1, Buckel and Thauer, 2012; 2, Buckel, 1999; 3, Laanbroek et al., 1978; 4, Elsden and Hilton, 1978; 5, Mclnerny, 1988.
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Figure 19. Fermentation of alanine and glycine by Stickland reaction. Abbreviations: CoA, coenzyme A,
Fd, oxidized ferredoxin; Fd#, reduced ferredoxin; NAD*, oxidized nicotinamide adenine dinucleotide;
NADH, reduced nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; H*; hydrogen ion; NHa*,
ammonium; P, phosphate. Enzymes: 1, Transaminase; 2, Glutamate dehydrogenase; 3, Pyruvate:
ferredoxin oxidase; 4, Phospho-acetyl transferase; 5, Acetate kinase; 6, Glycerin reductase; 7,
Ferredoxin:NAD* oxidoreductase (Rnf-complex). Figure based on information obtained from Andreesen,
1994; Madigan et al., 2015.

1.4.3. Other fermentations

1.4.3.1. Purines and pyrimidines

A efficient hydrolysis of RNA leads to the availability of the backbone saccharide ribose and
attached purines (i.e., adenine and guanine) and pyrimidines (i.e., uracil and cytosine) (1.3.3;
Figure 10 B). Only a specialized subgroup of anaerobic microorganisms (e.g., Clostridium
acidiurici and Clostridium purinolyticum) is able to ferment purines, a process yielding acetate,
CO2, and ammonium, whereby formate is only produces when adenine serves as substrate (Table
5; Gariboldi and Drake, 1984; Buckel, 1999). The ability to ferment RNA-derived pyrimidines is,
until today, only described for Clostridium uracilium, an bacterium converting uracil and cytosine
to alanine, ammonium, and CO; (Table 5; Campbell, 1957; Vogels and Van der Drift, 1976).

1.4.3.2. Glycerol and long chain fatty acids

In oxic and anoxic ecosystems, lipids are first hydrolyzed by lipases that derives the release
of long chain fatty acids and other non-fatty acid compounds, like glycerol (Garton et al., 1958,
1961; Dawson et al., 1974). Non-fatty acid compounds are mainly fermented to short chain fatty
acids (Bryant, 1979; Mclnerney et al., 1979). In this regard, Propionibacteria utilize glycerol to

gain energy by producing propionate (Table 5; Buckel, 1999). In oxygen-limited ecosystems (e.g.,
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intestines), fermentative bacteria do not further degrade the remaining long chain fatty acids
(Mclnerny, 1988). However, in ecosystems with higher retention times (e.g., anoxic sediments)
long and short chain fatty acids are utilized by syntrophic bacteria (e.g., Syntrophomonas wolfei)
to form acetate and H, a process dependent on methanogens (Table 5; Mclnerney et al., 1981;
Mclnerny, 1988; Dong et al., 2009). However, the relatively short gut passage time of L. terrestris
(Section 1.2.1), and the absence of methanogenesis (Meier et al. 2018) suggesting that lipid-
derived long chain fatty acids are not utilized by the gut microbiota. However, long chain fatty
acids can be absorbed as energy source by the gut tissue of the earthworm (Sampedro et al.,
2006). In contrast, the fermentation of available glycerol is not dependent on the occurrence of

methanogens and can be therefore a potential substrate for the earthworm gut microbes.

Table 5. Fermentation of purines, pyrimidines and lipids.2

Substrate and Equation Model Organism®
Purines
Adenine + 8 HO + 3H*Y A c et &drneate + 2 CO2 + 5 NH4* C. acidiurici
Guanine +7H0+4H*Y Ac et+8€Q +5NHs* P. asaccharolyticus
Pyrimidines
Uracil + 2 H20 + 3H* + 2 e Y NH4* + CO2 + beta-Alanine C. uracilium
Lipids
Gl ycerol Y -+Hreopp@® onat e Propionibacterium
£-L CFA &Y ¢ -LCFA +2 Acetate + 2 H* + 2 H2 S. wolfei

bTable based on information obtained from Mclnerney et al., 1981; Buckel, 1999; Dong et al., 2009.
bRepresentative model organisms for the respective fermentation.

1.4.4. Secondary processes in the earthworm gut

Products from primary fermentations can be subjects to anaerobic secondary processes.
In this regard, formate can be converted to H, and CO; by an enzyme complex that (a) contains
a formate dehydrogenases and a hydrogenase, (b) is common in many enteric bacteria, and (c)
is most likely used for the maintenance of the pH (Table 6; Sawers, 1994; McDowall et al., 2014).
Another example for a secondary process is the decarboxylation of succinate to propionate by
Fusobacteriaceae-affiliated species (Table 6; Schink and Pfennig, 1982). Fermentation-derived
ethanol and lactate can be used to gain energy by propionate fermenters (e.g., Pelobacter
propionicus) that produce via acrylate-pathway or methylmalonyl-pathway (Figure 16) propionate
and acetate from ethanol, or propionate and CO: if lactate is the substrate molecule (Figure 16;
Schink et al., 1987; Tholozan et al., 1992). Furthermore, ethanol and acetate can be converted
by Clostridium kluyveri to butyrate (Table 6; Thauer et al., 1968; Buckel, 1999). Fermentation
products (e.g., Hz, CO,, ethanol, lactate, and formate) can also be used by acetogens via the
acetyl-CoA pathway (Table 3 and Table 6; Drake, 1994; Weghoff et al., 2015; Bertsch et al., 2016;
Schuchmann and Mdller, 2016).
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Table 6. Overall stoichiometries of potential secondary processes in the gut of L. terrestris.
Equation &6 ( k P/ mol Model OrganismP Reference®
Formate + H*Y 2 HCO: -3.0 E. coli 1,2
Ethanol + Acetate” Y ButyH@t e -39 C. Kluyveri 3
3 Ethanol+2CO2Y 2 Pr o p+iAoceta t+8 H* + 2 H.0 -126 P. propionicus 4
3 Lactate Y 2 Pr otpAcatateattCO:. + H20 -170 P. propionicus 4
Succinate> +H* Y Pr opi+Q0at e -25¢ Propionigenium modestum 5
Acetogenesis
4H2+2C02Y Ac etr#t+e& H20 -95 C. thermoaceticum 6
2 Ethanol+2CO2Y 3 Ace3Hte -75 Clostridium formicoaceticum 6,7
4 Formate'Y Ac eta€®+2H0 -309¢ C. thermoaceticum 6
2lactate Y 3 Acetate -61 Acetobacterium woodii 8,9

aGibbs free energy (pH 7, 25 °C) yield per equation.

bRepresentative model organisms for the respective fermentation.

¢Calculated for this dissertation according to Thauer et al., 1977.

dTable based on information obtained from: 1, Lim et al., 2012; 2, da Silva et al., 2013; 3, Buckel, 1999; 4, Schink et al., 1987; 5, Schink and Pfennig, 1982; 6, Drake,
1994; 7, Bertsch et al., 2016; 8 Weghoff et al., 2015; 9, Schuchmann and Muller, 2016.
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1.5. Hypotheses and objectives

The lifestyle of earthworms in the underground make them an inconspicuous marcofauna
in soil ecosystems. However, the tendency of these invertebrates to consume their home, i.e.,
soil, roots, litter, and associated microbes has sustainable effects on soil fertility, plant growth,
and the cycling of elements (Section 1.1.2 and Section 1.1.3). The ingestion of diverse plant- and
microbial-derived materials introduces diverse biopolymers (e.g., polysaccharides, protein,
nucleic acids) to the alimentary canal (Section 1.3). Thus, the fermentative gut microbiota is (a)
challenged with complex biomass and (b) potentially capable of degrading associated
biopolymers. This process might (a) increase the earthworm-derived turnover dynamics of soil
organic matter and (b) supply fermentation products as a source of nutrition for the earthworm
(Section 1.2.2). Although several observations indicate that the earthworm gut is rich in anaerobic
microbial activities (Section 1.2.2), how these activities are potentially linked to the utilization of
diverse ingested biopolymers in the gut is, like the nature of the fermentative gut microorganisms,
largely unresolved.

Thus, the hypotheses of the present dissertation were:

l. The fermentative gut microbiota of L. terrestris can hydrolyze diverse plant- and microbial-
derived polysaccharides and utilize saccharides from which they are composed.

(discussed in Section 4.1)

Il. The fermentative gut microbiota of L. terrestris has the capacity to respond anaerobically
to nutrient availability derived from disrupted microbial cells. (discussed in Section 4.2)

M. Protein and RNA, as primary biopolymers of disrupted microbial biomass, trigger

earthworm gut fermentations. (discussed in Section 4.2)

(\VA Amino acids (protein-derived) and ribose (RNA-derived) are subject to fermentation by

contrasting earthworm gut taxa. (discussed in Section 4.2)

V. The responsive and fermentative gut microbiota of L. terrestris is phylogenetically affiliated

to common soil bacteria. (discussed in Section 4.3)

VI. In contrast to the stimulatory effects of microbial- and plant-derived biopolymers,
increasing water content has a minor impact on the gut fermentative microbiota.

(discussed in Section 4.4)

VIl The occurrence of the earthworm symbiont Can. Lumbricincola is effected by the ingested

environmental substrate. (discussed in Section 4.5)
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The objectives of this dissertation were to determine (a) if microbial- and plant-derived
biopolymers, including monomers from which they are composed, enhance fermentation by gut-
associated microbes of the model earthworm L. terrestris, and (b) which microbial taxa are
responsible for the enhanced fermentations. To address these objectives, anoxic gut content or
soil microcosms were supplemented with diverse dietary substrates (e.g., cell lysate, protein,
RNA, cellulose, saccharides, amino acids) to quantitatively and qualitatively evaluate their
fermentative capacities and responsive fermentative taxa. The experimental analysis required a
1:10 dilution of the extracted gut contents for obtaining adequate samples for chemical and
molecular analyses. This potential disturbance of the fermentative gut content system was
evaluated by a comparative analysis of the fermentative activities and associated taxa in diluted
and undiluted gut contents. An additional objective of this dissertation was to examine the
potential effect of different ingested materials on the earthworm symbiont Can. Lumbricincola.
This objective was addressed by analyzing the relative 16S rRNA sequence abundances of Can.

Lumbricincola in gut contents of earthworms maintained on different dietary substrates.
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2. MATERIALS AND METHODS

2.1. Gut content and soil microcosms

2.1.1. Earthworms and soil

L. terrestris individuals from Fischerkdnig Angelgerate (Neustadt/Orla, Germany) were
purchased from ANZO or Fi shermands Worl d
removed from the commercial worm bedding, washed with water, and maintained in a 50 | barrel
filed with loamy soi | from the meadow Trafo Wiese i
Bayreuth, Germany). The worms were kept in the barrel at 20°C for approximately ten days prior
to use. Turf at the top of the soil (which contained soil, roots, grass and leaves) served as
feedstock. The effect of different environmental substrates on the earthworm symbiont Can.
Lumbicincola was evaluated by using two 10 | buckets filled with soil or turf, whereby each bucket
contained approximately 20 earthworms. The earthworms were stored in the buckets as
mentioned above. The gut contents from earthworms maintained on worm bedding were

extracted immediately after purchasing.

2.1.2. Anoxic microcosms

A microcosmc an b e d e fsimplifeed, physical madel of an ecosystem that enables
controlled experiments to be conducted in the laboratoryd ( F a t h The &iBrdc@sins in this
dissertation contained gut contents of L. terrestris or soil (Section 2.1.1). In more detall,
earthworms from the barrel were washed with water and dried with paper towels. Afterwards, the
earthworms were anesthetized on ice with CO, (100%) for 20 min. The extraction of gut content
was conducted in an anoxic chamber (Mecaplex, Grenchen, Switzerland, gas phase: 100%
dinitrogen) as described previously (Wst et al., 2011). In this regard, the squeeze-out procedure
of the gut content was facilitated by cutting 2 mm of the posterior end of the worm by a scissor.
The collected gut content (approximately 0.4 to 0.8 g gut content per worm) was then pooled,
conscientious mixed, and divided into 27 ml sterile glass tubes. If not otherwise indicated, one
gram fresh weight of gut content was supplemented with 1 ml substrate (Section 2.2), and anoxic
sodium phosphate buffer (Section 2.3.3) was added to a total volume of 10 ml for each microcosm
(Figure 20 A). Control treatments contained only gut content and sodium phosphate buffer. For
undiluted gut content microcosms (Section 3.3), 15 ml glass tubes were carefully filled with 1 g
gut content; no sodium phosphate buffer was added. All glass tubes were closed with sterile
rubber stoppers (Glasgeratebau Ochs Laborfachhandel e.K., Bovenden, Germany), crimp sealed,
and then flushed and pressurized (600 mbar) with sterile N2 (100%).

The preparation of soil microcosms was identical to the preparation of gut content

microcosms but instead of one gram gut content, one gram fresh weight of soil was used. The

n

(Bayr

Bay
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incubation of the microcosms was in the dark at room temperature (approximately 21-24°C).
Sampling of gas and liquid phases for gas chromatography (GC), high performance liquid
chromatography (HPLC), and 16S rRNA gene and 16S rRNA analyses was under anoxic
conditions with sterile syringes (BD, Heidelberg, Germany) (Figure 20 B and Section 2.5.2). All
experiments were conducted with triplicated microcosms (three replicates per treatment).
Destructive sampling was used for the analyses of undiluted gut content microcosms. In this
regard, the incubation was stopped on ice and 9 ml ice-cold sodium phosphate buffer was added

to ensure an adequate sampling for HPLC, 16S rRNA gene and 16S rRNA analyses.

_Anoxic B Analysis

Microcosms

%-l } Crimp sealed with Processes:

Rubber Stoppers C02 Fatty Acids
7 ml Gas Phase H2 Ethanol
[ 1:10 lBOh |

1 GC + HPLC Figure 20. Simplified overview
Control: of the experimental setup (A)
9 ml Buffer Taxa: and methods (B) that were used
Treatment: to evaluate the fermentations
8 ml Buffer 16S rRNA geneS/ and associated taxa of earth-
1 ml Substrate 16S rRNA worm gut contents. GC, gas

) : chromatography; HPLC, high

} 1 g Gut Content llumina t)oe;ggﬁsnce liquide chroma-

2.2. Substrates

2.2.1. Plant- and microbial-derived lysates

2.2.1.1. Leaf litter and root lysates

Leaf litter was collected in October at the bottom of beech and maple trees. Fine roots from
turf (Section 2.1.1.) were washed with water and dried with paper towels. 20 g leaves and 30 g
roots were mixed with 200 ml and 120 ml anoxic ice-cold sodium phosphate buffer (Section 2.3.3),
respectively. In approximately 5 g steps and with cooling on ice, leaves and roots were separately
cut and homogenized using a commercial blender (Model 32BLBO0; Waring, Stamford, CT, USA).
Resulting viscous slurries were centrifuged at 4 °C, for 30 min, at 10,000 rpm (J2-HS-centrifuge,
JA20-rotor; Beckmann, IN, USA). Supernatant was sequentially filter-sterilized with 0.45 um and
0.22 um pore size cellulose-acetate filters (Sartorius, Goéttingen, Germany), transferred into sterile

anoxic 100 ml serum vials, and flushed 10 min with sterile argon (Ar, 100%).

2.2.1.2. Yeast and bacterial cell lysates

Saccharomyces cerevisiae Sa-07140 (DSMZ, Braunschweig, Germany) and E. coli K12
(DSMZ) were cultivated at 30°C and 37°C in 4 x 500 ml sterile medium (pH 7; Section 2.3.1 and
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Section 2.3.2), respectively. Cells were harvested after 3 days by centrifugation for 20 min at
7,500 rpm (approximately 10,000 x g [J2-HS-centrifuge, JA10-rotor, Beckmann]). Resulting cell
pellets were washed three times with sodium phosphate buffer (Section 2.3.3). Afterwards,
twenty grams fresh weight (FW) of pelleted cells were suspended in 20 ml sodium phosphate
buffer; 400 ¢l D N a s e -Aldrich( Tadfkirchén0 Gerchany]) wag &lded ma
prevent the agglomeration of genomic DNA after cell lysis. The cell suspension was then inserted
to three consecutive runs of a French press (95,000 to 110,000 kPa [FA-032-40K pressure cell,
SLM Aminco, Urbana, IL, USA]). The ruptured cells were centrifuged for 20 min at 15,000 rpm
(approximately 27,000 x g [J2-HS-centrifuge, JA20-rotor, Beckmann]) and the pellet containing
the cell wall fragments, associated phospholipid membranes, and undisrupted cells was
discarded. The supernatant fluid was centrifuged again and approximately 27 ml of the
supernatant fluid was diluted with 13 ml sodium phosphate buffer. The dilution was filter sterilized
(0.2 em por e -asetate membrare [Shrioriug])saad transferred to sterile anoxic 100
ml serum vials that were crimp sealed with sterile rubber stoppers; the vials were then flushed
with sterile Ar (100%).

2.2.2. Stock suspensions and solutions

2.2.2.1. Polysaccharides

For polysaccharide experiment A, microcrystalline cellulose (Merck, Darmstadt, Germany),
chitin from shrimp shells (Sigma-Aldrich), pectin from citrus fruits (Sigma-Aldrich), maltodextrin
from potato starch (Sigma-Aldrich), and xylan from birchwood (Sigma-Aldrich) were prepared as
stock suspensions. Chitin was ground to powder with a mixer mill prior to use (MM400, Retsch,
Haan, Germany). Dextran from Leuconostoc spp. with the relative molecular mass of
approximatively 70,000 (Sigma-Aldrich) was prepared as a stock solution. For polysaccharide
experiment B, a stock solution of glycogen from bovine liver (Fluka, Schwerte, Germany) and a
stock suspension of starch from wheat (Merck) were utilized. All polysaccharide stock
suspensions or solutions containing 2 mmol/ml of carbon were prepared in 20 ml anoxic sodium
phosphate buffer (Section 2.3.3) and transferred to sterile anoxic 100 ml serum vials that were
crimp sealed with sterile rubber stoppers; the vials were then flushed 10 min with sterile Ar
(100%). Sterility of non-soluble and non-filter-sterilized polysaccharides suspensions were

checked by negative controls, containing 1 ml of suspension and 9 ml of sodium phosphate buffer.

2.2.2.2. Protein and RNA

The 10-fold concentrated stock solutions of protein consist of 22.5 mg/ml; bovine serum
albumin (Merck) and sterile anoxic sodium phosphate buffer (Section 2.3.3) added to the amount
of 10 ml. RNA (from the yeast Cyberlindnera jadinii; Sigma) was less soluble than protein, and

thus less concentrated stock solutions (8.8 mg/ml) were prepared. The pH was adjusted to pH 7
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with 1 M NaOH. Stock solutions of protein and RNA were filter sterilized (0.2 m pore size,
cellulose-acetate membrane [Sartorius]), transferred to sterile anoxic 100-ml serum vials, and
crimp sealed with sterile rubber stoppers. The vials were then flushed with sterile Ar (100%).
According to the manufacturerds specificat
neglected for all calculations. The theoretical chemical formulas were used to calculate the
amount of carbon provided in a given treatment: for protein [CH1.57No.2700.30S0.013]n and for RNA

[Co.5H11.7sN3.7507P]n (based on 50% GC content and deprotonated phosphate).

2.2.2.3. Yeast extract

Stock solutions of yeast extract were prepared by dissolving 0.52 g yeast extract (Carl Roth
GmbH, Karlsruhe, Germany) in 10 ml anoxic sodium phosphate buffer (Section 2.3.3). The
solution was filter sterilized and transferred to sterile 100 ml serum vials that were crimp sealed

with sterile rubber stoppers; the vials were then flushed with sterile Ar (100%).

2.2.2.4. Saccharides, amino acids, transient intermediates, and others

N-acetylglucosamine (AppliChem, Darmstadt, Germany), cellobiose (Sigma-Aldrich,),
glucose (AppliChem), ribose (Sigma-Aldrich), galacturonic acid monohydrate (Sigma-Aldrich),
and xylose (Merck) were prepared as 50 mM stock solutions. All saccharides were dissolved in
20 ml anoxic sodium phosphate buffer, -hcethtd
membrane), and transferred to sterile anoxic 100 ml serum vials that were crimp sealed with
sterile rubber stoppers; the vials were then flushed 10 min with sterile Ar (100%).

Stock solutions of casamino acids (Difco Laboratories, Detroit, Ml), alanine (Merck),
aspartate (Merck), glutamate (Merck), glycine (Sigma-Aldrich), leucine (AppliChem), threonine
(Merck), tyrosine (Merck), valine (Merck), ribose (Sigma-Aldrich), ethanol (VWR Chemicals,
Darmstadt, Germany), lactate (Sigma-Aldrich), formate (Sigma-Aldrich), succinate (Sigma-
Aldrich), glucose (AppliChem), adenine (Carl Roth), uracil (Carl Roth), and glycerol (Grissing,
Filsum, Germany) were prepared with anoxic sodium phosphate buffer (Section 2.3.3 [pH was
adjustedtopH7wi t h Na OH] ) . Solutions were f il tacetate
membrane [Sartorius]) into sterile anoxic 100 ml serum vials that were crimp sealed with sterile

rubber stoppers; the vials were then flushed 10 min with sterile Ar (100%).

2.3. Growth media, buffers, and solutions

The sterilization of growth media, buffers or solutions was ensured by autoclaving
(Sanoclav, Wolf, Geislingen, Germany). Deionized double distilled water (ddH-O) was produced

with a Seral Pro 90 CN ultrapure water purification system (Seral, Ransbach-Baumbach,

i ons,

steri
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Germany). For nucleic acid extraction, ddH,O was filter sterilized ( 0 . 2 2

acetate membrane [Sartorius]) and autoclaved.

2.3.1. Oxic S. cerevisiae growth medium

Yeast extract (Carl Roth)
Tryptic soy broth (Fluka)
Glucose (AppliChem)
ddH.0

2.3.2. Oxic E. coli growth medium

Yeast extract (Carl Roth)
Tryptone (AppliChem)
Glucose (AppliChem)
NaCl (Carl Roth)

ddH.0O

2.3.3. Anoxic sodium phosphate buffer

NaH2PO4-H20 (Merck)
Na;HPO4-2H20 (Merck)
ddH.O

79

109
toll

8¢
8¢
59
59
toll

19g¢g
3449
toll

EmM por e-

(PH 7)

(PH 7)

(PH 7)

The sodium phosphate buffer was boiled for 30 min in a Erlenmeyer flask and continuously

flushed with N,. Afterwards, the buffer was transferred to a 1 | serum flask which was closed with

a rubber stopper and a screw cap and flushed again for 10 min with sterile N2 (100%).

2.3.4. Extraction buffer

The extraction buffer consisted of 200 ml potassium phosphate buffer and 400 ml CTAB/

NaCl solution.

2.3.4.1. Potassium phosphate buffer

K2HPO4 (Merck)
KH2PO4 (Merck)
ddH-.0O

2.3.4.2. CTAB/ NaCl solution

CTAB (Carl Roth)
NaCl (carl Roth)

7849
049

to 200 ml (pH 8)

409
2049

si ze,
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ddH.O to 400 ml

2.3.5. Precipitation buffer

PEG (average Mn 6.000; Sigma-Aldrich) 60 g
NaCl (Carl Roth) 19¢
ddH:20 to 200 ml

2.4. Nucleic acid extraction

Time-dependent shifts in the microbial community were evaluated by 16S rRNA and 16S
rRNA gene analysis (Figure 20 B). The nucleic acid extraction of ice-cooled gut content and soil
samples was conducted as described (Griffiths et al., 2000). In detail, 0.2 ml filter sterilized ddH.O
(Section 2.3), 0.3 g of @ 0.1 mm and 0.3 g of @ 0.5 mm zirconia beads (Carl Roth) were added
to approximately 0.3 g of gut content or soil in a 2 ml screw cup (A. Hartenstein GmbH, Wirzburg,
Germany). After the addition of 0.5 ml extraction buffer (Section 2.3.4) and 0.5 ml phenol
chloroform:isoamyl alcohol (24:25:1; equilibrated and stabilized; AppliChem) the samples were
inserted to two consecutive runs of a FastPrep FP120 bead beater (Thermo Savant, Holbrook,
NY, USA) for 30 s at 5.5 m/s. The samples were centrifuged (5 min, 4°C, 15,000 x g; 1-15K
microcentrifuge, Sartorius) and the supernatant was transferred into a new sterile vessel before
chloroform:isoamyl alcohol (24:1, AppliChem, Darmstadt, Germany) was added. Sample were
again centrifuged (5 min, 4°C, 15,000 x g) and the upper phase was transferred into a new sterile
vessel. Twice as much precipitation buffer were added and the samples were mixed until a clear
solution. After the incubation of the nucleic acids on ice for 2 h, the samples were centrifuged (10
min, 4°C, 18,000 x g) and the supernatant were discarded. The pellets were washed with 0.4 ml
ice-cold RNase-free sterile ethanol (70%, VWR Chemicals) followed by another centrifugation
step (5 min, 4°C, 15,000 x g). The ethanol was removed, pellets were dried at room temperature,
and resuspended in 30 pl DNase/ RNase- free ddHO (Gibco by Life Technologies, Darmstadt,
Germany).

2.4.1. Enzymatic digestion of DNA or RNA

To obtain pure DNA or RNA, the nucleic acid samples were treated for 45 min at room
temperature with 10 eg/ ¢l RNase A (from bo¥Vine pa
U/ el DNase [ (Ther mo Fi sher Scientific, Wal t ham,
digestion of DNA or RNA was stopped by adding 0.7 volume of ice-cold isopropanol (100%, VWR
Chemicals) and 0.1 volume of 5 M NaCl (Green and Sambrook, 2012). The precipitation of DNA
or RNA was at -20°C for at least 12 h. After this incubation, the samples were centrifuged (60
min at 18000 x g, 4°C) and washed three times with 400 pl ice-cold ethanol (RNase free, 70%,
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VWR Chemicals) and repeated centrifugation steps (5 min at 15,000 x g at 4°C). The resulting

pellets were dried at room temperature and resuspended in 30 pl DNase/ RNase-free ddH-0.

2.4.2. Nucleic acid quantification

2.4.2.1. Photospectrometrically analysis

A 260/280 nm absorbance ratio was used to determine the concentration and purity of the
extracted nucleic acids. A ratio of approximately 1.8 is generally accepted as pure DNA, whereas
a ratio of approximately 2.0 reflects pure RNA (Wang and Fujii, 2011; Green and Sambrook,
2012). In this regard, ratios lower than 1.8 or 2.0 indicating contaminations with protein, phenol
or huminic acid that absorbance is at or near to 280 nm (Wang and Fuijii, 2011; Green and
Sambrook, 2012).

2.4.2.2. Fluorescence-based analysis

Additional to the photospectrometrically quantification a fluorescence-based method that is
less sensitive to contaminations was used to determine the RNA concentrations. Therefore, the
fluorescent regent of Quant-iT-RiboGreen (Invitrogen, Carlsbad, CA, USA) was added, as
described in the manufacturer's protocol, to 1 ul of the resuspended RNA samples. The
fluorescence in the samples was quantified with a FLx800 microplate fluorimeter (BioTek, Bad
Friedrichshall, Germany) and the software Gen5 (BioTek, Winooski, VT, USA).

2.4.3. Polymerase chain reaction

Three different polymerase chain reaction (PCR) protocols were used to ensure reliable DNA
and cDNA sampl es. For ekhblanfd) was conducted tadamplify DNA0 | 6 P ¢
fragments and therefore to visualize (a) a successful nucleic acid extraction, (b) a sufficient
enzymatic digestion of DNA in RNA samples, and (c) the efficient reverse transcription of RNA to

complementary DNA (cDNA).

2.4.3.1. Reverse transcription PCR

The SuperScript lll RT kit (Invitrogen, Carlsbad, CA, USA) and the manufacturer's protocol
were used for the reverse transcription of RNA into cDNA. 10 ng to 1 pg of RNA was added to 1
pl of 100 uM random hexamer primers (Microsynth, Balgach, Switzerland) and 1 pl of 10 mM
dNTP mix (Invitrogen, Carlsbad, CA, USA). This reaction mixture was filled up to 14 pl with
RNase/DNase-free ddH»O and incubated for 5 min at 65°C. The reverse transcription PCR was
started after the addition of 4 ul 5 x First-Strand Buffer, 1 pl 0.1 M DTT and 1 pl SuperScript 1V
RT enzyme (200 U/ul). In the PCR cycler (SensoQuest GmbH, Géttingen, Germany) the PCR
started with 5 min at 25°C, followed by 120 min at 50°C, and was stopped with 70 °C for 15 min.
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Table 7. Reagents and cycler protocols of the control PCR (A) and first strand bacterial 16S rRNA PCR (B).

(A) Control PCR

Reaction Mix

Cycler protocol

Reagent Volume Conc. Final conc. Step Temp. Duration  Description Cycles
Master Mix2 wou variable variable 1 95 °C 5 min Initial Denaturation 1
27F Primer 1l 10 uM 0.4 uM 2 95 °C 1 min Denaturation
907R Primer 1 10 uM 0.4 pM 3 50 °C 30s Annealing 25
MgCl: 1 25 mM 1mM 4 72°C 90 min Extension
Template 1u as available as available 5 72 °C 5 min Final Extension 1
ddH20 to 25 pl - - 6 4°C b Storage -

(B) First Step Bacterial 16S rRNA PCR
Reaction Mix Cycler protocol
Reagent® Volume Conc. Final conc. Step Temp. Duration  Description Cycles
KAPA Buffer 5ul 5 X 1x 1 95 °C 3 min Initial Denaturation 1
10 mM KAPA dNTP Mix 0.75 ul 10 uM 0.3 UM each 2 98 °C 20s Denaturation
KAPA DNA Polymerase 0.5ul 1 U/ eL 1U 3 65 °C 30s Annealing 20
Primer 0.75 ul 10 uM 0.3 uM 4 72 °C 30s Extension
Primer 0.75 ul 10 uM 0.3 uM 5 72 °C 5 min Final Extension 1
Template - - 0.5 ng/ul 6 4°C b Storage -
ddH20 to 25 pl - -

aTwo different master mixes were used over the years. The master mix purchased from 5PRIME (Hamburg, Germany) had a final concentration of 1.5 mM,
whereas the master mix purchased from GenOn (Ludwigshafen am Rhein, Germany) had a final concentration of 1.8 mM.
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2.4.3.2. lllumina sequencing: Bacterial 16S rRNA PCR

Bacterial 16S rRNA gene and 16S rRNA amplification were performed by Microsynth AG
(Balgach, Switzerland). Some treatments were pooled and others were analyzed on a per
replicate basis in order to evaluate reproducibility. In this regard, it is noteworthy that due to the
limitations of lllumina sequencing, analyzing all replicates would have decreased the number of
sequences obtained per sample, and obtaining a greater number of sequences for each of the
treatments was therefore favored. First step PCR amplification of the 16S rRNA V3-V4 region
from either cDNA (16S rRNA [RNA]) or genomic DNA (16S rRNA gene) was performed with the
primers Bakt 341F (5 -CCTACGGGNGGCWGCAG- 3) and Bakt 805R (5 T GACTACHV
GGGTATCTAATCC- 3) (Herlemann et al.,, 2011) using a KAPA HiFi HotStart PCR Kit
(KAPABIosystems, Wilmington, USA)perma n u f a ¢ t ustep PGRgprotocal ¢Table 7B). The
same chemicals and thermoprotocols were used fo
product (derived from the first step of thetwo-st ep PCR) per 50 ¢l reacti ol
template, primers Bakt 341F and Bakt 805R were extended with sample-specific multiplex

identifiers, and the number of cycles was 12 instead of 20.

2.4.4. Agarose gel electrophoresis

The visualization of PCR-amplified DNA fragments was performed with agarose gel
electrophoresis. 0.8% standard agarose (AppliChem) gels were prepared by heating up a mixture
of agarose and TAE buffer (a mixture of tris base, acetic acid and EDTA; Millipore, Temecula,
CA, USA) using a microwave. After the complete dissolution of the agarose in the buffer and a
cooling down to approximately 50 °C, ethidium bromide (3,8-diamino-5-ethyl-6-phenyl-
phenenthridium bromide; BioRad, Hercules, CA, USA) at a final concentration of 0.08 mg/ml was
added. The solution was then transferred into a gel electrophoresis chamber (Mini- or Maxi-Sub
cell, BioRad) filled with TAE buffer.

The samples for the gel wells consist of 5 pl PCR product plus 1 pl 6 x Blue Orange loading
dye (Promega, Madison, WI, USA). For fragment size allocation a volume of 2 ul molecular-
weight size marker (MWM 1, Bilatec, Viernheim, Germany) were transferred into at least one of
remained gel wells. The electrophoresis ran for 50 min at 70 V (Power-Pak 3000, BioRad). The
visualization of amplified DNA fragments were ensured with a UV light (302 nm; Transilluminator
UVT-20M, Herolab GmbH, Wiesloch, Germany) and a self-made light-protecting chamber. The
gel with the illuminating DNA bands was captured with a Canon PowerShot G5 camera (Canon,

Krefeld, Germany).
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2.5. Chemical analyses

2.5.1. Dry weight of gut content, dietary materials, and lysates

The dry weights (DW) of earthworm gut content, soil, turf, worm bedding, and cell lysates
were determined by weighing before and after drying at 60°C for 7 days (Horn et al., 2003; Wst
et al., 2011).

Table 8. Dry weights of earthworm gut content, different dietary materials, and lysates.

Number of Dry Weight (%) .

Sample Replicates + Standard Deviation Section
Gut Content 10 45+ 2.2
Soila 10 76+ 4.8 2.1.1and 3.3
Soils 3 87+1.2

2.1.1and 3.5
Turf 3 87+0.8
Worm Bedding 3 3712
S. cerevisiae Lysatea 3 51+£0.1 2.2.1.2and 3.2
E. coli Lysate 3 53x0.1
S. cerevisiae Lysates 3 53%£0.1 2212and3.3.1
Root Lysate 3 1.3+x0.1
Leaf Litter Lysate 3 09+0.1 2.2.1.1and3.1.6

2.5.2. Gases, soluble organic compounds, and pH

Gases and soluble organic compounds were measured by GC or HPLC, respectively (Table
9). Calculated amounts of H, and CO in the gas and liquid phases of microcosms are based on
the ideal gas law and standard solubility tables (Blachnik, 1998; Equation 1-7). For CO2, amounts
of bicarbonate, calculated from dissolved CO., pH, and the dissociation constant, were taken into
consideration. A WTW pH 323 pH-meter (Zeller, Hohenems, Austria) was used to measure pH.
Final amounts of gases and organic compounds were normalized to the fresh weight or dry weight
of gut content or soil. For converting amounts of a product from pumol per g fresh weight to mM
or umol per g dry weight, multiply by 0.1 (e.g., 100 umol per g fresh weight equals 10 mM) or
divide by 0.45 (e.g., 100 umol per g fresh weight equals 222 pmol per g dry weight), respectively.
Presented amounts of gases where cumulative and mostly in pmol/grw. The theoretically
production of gases in the removed liquid phase for sampling were considered and added to the

cumulative amounts.



Table 9. Instrumentation utilized for analyses of soluble organic compounds and gases.

Parameter

Chromatograph

Hewlett Packard 1090 Series Il

Agilent 1200 Series

Hp Hewlett 5890 Packard
Series |l

Schambeck SRI
8610C

Detected compounds

Column

Oven temperature

Detector

Detector temperature

Flow rate

Injections volume

Software

Mobile phase/ Carrier
gas

Organic acids

Rezex ROA-Organic Acids (300 x 7,8
mm; Phenomenex, Torrance, CA,
USA)

60°C

G1362A refractive index detector
(RID)

40°C

0.8 ml/min

20 pl

ChemStation (Agilent Technologies,
Boblingen, Germany)

4 mM HsPOa4

Organic acids

Rezex ROA-Organic Acids
(300 x 7,8 mm; Phenomenex,
Torrance, CA, USA)

60°C

G1362A refractive index
detector (RID)

40°C

0.8 ml/min

50 ul

ChemStation (Agilent
Technologies, Béblingen,
Germany)

4 mM HsPO4

Hydrogen

Molecular sievel3X, 2 m x
1/ 866 (Rest ek,
USA)

60°C

Thermal conductivity detector
(TCD)

175°C

20 ml/min

0.1 ml

EuroChrom Software for
Windows (Ver: Basic Edition
V3. 05, Wissenschaftliche
Geréatebau, Berlin, Germany)

Argon

Carbon dioxide

Hayesep-D 2 m X
(SRI Instruments, Earl St.
Torrance, CA, USA)

80°C

Thermal conductivity
detector (TCD)

175°C

20 ml/min

0.1 ml

Peak simple Software
(Ver: 4.20, SRI
Instruments)

Helium
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Equation 1. Slope intercept form

W 0zZw dl o —
(o}
@ peak area of Hz2 or CO:z in the gas chromatogram; &, slope of the calibration curve; & gas
concentration (%); G point of intersection with craxis (was set to zero). For equation 2, @was divided by

one hundred.

Equation 2. Concentration of COz or Hz in the gas phase (q i Oo- 7.

0 , was calculated using the ideal gas law; 0 , ambient pressure (& @i 0 , pressure in microcosm

(6 @A) 'Y, universal gas constant (83.145 —ZZ); "Y , ambient temperature (QQ & ) Q&

Equation 3. Amount of COz or Hz in the gas phase (v i OO )

£ 0 Zw

®, volume of gas phase in microcosm (& ¢.

Equation 4. Amount of physically dissolved CO; or H, in the liquid phase (* o L. T 0 = )m
¢ 87207
®, volume of liquid phase in microcosm (& ¢; | , Bunsen solubility coefficients of CO2 or Hz in water
(0.74 or 0.02 at 25°C; Blachnik, 1998).
Equation 5. Amount of chemically dissolved CO; in the liquid phase (= .% O0c )
¢ 6z7 zpm

¢ , was considered for the total COz2 that reacts at pH 7 chemically with the liquid phase mostly to
hydrogen bicarbonate; 1 0 (he negative (base 10) logarithm of the acid dissociation constant of
carbonic acid (6.37 at 25°C; Blachnik, 1998).

Equation 6. Amount of CO; or Hz in the liquid phase (= oi 1O )m

Equation 7. Total amount of CO, or Hz in microcosm (» 4 T O ¢c )m



MATERIALS AND METHODS 47

2.5.3. Organic carbon quantification

Organic carbon content of leaf litter lysate, root lysate, turf, worm bedding, and soil were
analyzed by the Keylab Experimental Biogeochemistry (Bayreuth Center of Ecological and
Environmental Research, University of Bayreuth, Germany) (Table 10). Lysates, turf, worm
bedding, and soil samples were dried for 7 days at 65 °C. Turf, worm bedding, and soil samples
were then grounded to powder with a mixer mill (MM200, Retsch, Haan, Germany). 0.6 to 1.2
mg of dried lysate and 1 to 2 mg of dried turf, worm bedding, and soil were transferred in silver
weighing boats (6 x 6 x 12 mm; Elemental Microanalysis, Okehampton, UK). Inorganic carbon
(i.e., carbonates) was eliminated as CO- by the addition of 2 to 3 drops of 8 % (v/v) hydrochloric
acid (Merck) and an overnight incubation, followed by another drying step for at least 2 h at 80°C.
Silver boats with samples were placed in tin boats (6 x 6 x 12 mm; Lab Need, Nidderau,
Germany), folded tightly, and combust with an O inflow in a cobalt-chromium combustion column
at 900 °C in a CHN element analyzer (Flash-EA 112; Thermo Fisher Scientific [formerly
ThermoQuest]). With helium as carrier gas, free O, and H>O were eliminated from the resulting
CO; by a copper reduction column and a water trap containing magnesium perchlorate (Mg[Cla]z,
Thermo Fisher Scientific), respectively. The amount of CO, was detected by a thermal
conductivity detector (TDC).

Table 10. Organic carbon content of different dietary materials and plants lysates.

Number of Organic carbon

Substrate Replicates content (%) Sections
Root Lysate 8 30+1.8
Leaf Litter Lysate 8 24+ 0.6 2211and3.1.6
Soil 4 2.3+0.0
Turf 4 49+0.7 2.1.1and 3.5
Worm Bedding 4 48 + 0.6

2.5.4, Determination of ammonia

The production of ammonium in amino acids-supplemented microcosms was determined
by using a modified protocol (Weatherburn, 1967). In this regard, 50 pl of 2% sodium phenolate
(Merck), 25 pl of 0.005% sodium nitroprusside (Merck), and 25 pl of sodium hypochlorite working
solution were mixed with 100 pl microcosms sample obtained from the respective microcosm in
a 96-well multi test plate (neoLab, Heidelberg, Germany). The sodium hypochlorite working
solution consisted of 25 ml sodium hypochlorite containing 12% CI (Carl Roth) and 1.13 g NaOH
(Carl Roth), and was filled up to 250 ml with ddH»O. The absorbance spectrum was measured
at 630 nm with a pQuant spectrophotometer (BioTek Instruments GmbH, Bad Friedrichshall,

Germany), after a 30 min incubation in the dark at 30 °C.
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2.6. Sequence analyses

2.6.1. Data obtained by lllumina sequencing

Illumina sequencing, and clustering of sequences into operational taxonomic units (OTUS)
was performed by Microsynth. In this regard, the lllumina MiSeq platform and a v2 500 cycles kit
were used to sequence PCR libraries. The paired-end r eads t hat passed

were subjecttode-mu |l t i pl exing and tri mming of adaptor

Analysis software. The quality of the reads was checked with FastQC 0.11.5 (https://www.bio-
informatics.babraham.ac.uk/projects/ fastqc/). The locus specific V3-V4 primers were trimmed
from the reads with Cutadaptvl.14 (Martin, 2011). Paired-end reads were discarded if the primer
could not be trimmed. Trimmed forward and reverse reads of each paired-end read were stitched
in-silico employing a minimum overlap of 15 bases with USEARCH 8.1.1861 (Edgar, 2010; Edgar
and Flyvbjerg, 2015). Stitched sequences were quality filtered allowing a maximum of one
expected error per stitched read; ambiguous bases were discarded (Edgar and Flyvbjerg, 2015).
Remaining reads were clustered at a 97% similarity level (if not otherwise indicated) using
USEARCH to form OTUs. Singletons and chimeras were discarded (Edgar, 2013). OTUs were
aligned against the reference sequences of the Silva v128 database (Pruesse et al., 2007), and
taxonomies were predicted by employing a minimum confidence threshold of 0.6 using
USEARCH.

2.6.2. Diversity analysis

2.6.2.1. Rarefaction analysis

Rarefaction curves represent the diversity as a function of sequencing depth. These curves
were generate to evaluate the richness of the different samples. The analysis based on the
Hurlbert method (Hurlbert, 1971), and the calculations were conducted with aRarefact software
(http://www.uga.edu/strata/software/). Flattening curves indicate a sufficient sampling and that
most of the expected diversity was covered by the sampling effort. Weakly increasing curves
reflect a lower diversity and are caused by either an insufficient sampling or a high prevalence of

stimulated subgroups after the incubation.

2.6.2.2. Alpha and beta diversity

Alpha diversity was analyzed by the calculation of Chao and Shannon indices. Chaol
indices are based on the ratio of expected phylotypes versus detected phylotypes (Equation 8)
and reflect therefore the species richness. In contrast, the Shannon indices are based on both
richness and evenness (Equation 9; Magurran, 2004; Lemos et al., 2011). Typical values are
generally between 1.5 and 3.5, and indices are rarely greater than 4. The Shannon index

increases when both the richness and the evenness of the community increase.
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Equation 8. Chaol index (1|F|+g
oy - Q
U i~
¢Q

0 , overserved phylotypes per sample; "Q, overserved singletons per sample; "Q, overserved

doubletons per sample.

Equation 9. Shannon index (3
0 BAalh :n —

¢ , reads per phylotype; 0, number of all reads per sample.

Two-dimensional non-metric multidimensional scaling (NMDS) was used to illustrate shifts
in the microbial communities during incubation. This beta diversity analysis was based on the
abundance of all detected phylotypes (clustered at a 97% similarity level) and the Bray-Curtis
distance, a method not affected by the frequency of null values. The matrices was calculated and
depicted with the Past 3 software (Hammer et al., 2001). Proximity of points represent the degree
of similarity between the different treatments.

2.6.3. Phylogenetic trees

Phylogenetic trees are based on the maximum parsimony, neighbor joining, or maximum
likelihood algorithm and were generated using the ARB software (Ludwig, 2004). The trees
consist of representative sequences of the most abundant OTUs (phylotypes; clustered at a 97%
similarity level) and closely affiliated reference sequences. Branch length and bootstrap values
(1,000 resamplings) are derived from the maximum parsimony tree, and Thermotoga maritima
(AE000512) was used as outgroup. Accession numbers (Section 2.6.5.) occur at the end of each
branch. Representative sequences of the most abundant or responsive phylotypes were aligned
to public sequences of BLAST (Basic Local Alignment Search Tool; Zhang et al.,, 2000) to

determine the closest cultured microorganism and corresponding sequence identity.

2.6.4. Sequence abundances

The relative sequence abundances of detected phylotypes, including less abundant once

not considered in the results section, are provided in the appendix (Table A1-A11).

2.6.5. Accession numbers

Representative sequences of phylotypes with

at the European Nucleotide Archive (ENA; Table 11).

C
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Table 11. Accession numbers of deposited sequences and associated experiments.

CLoe el e Secton
Yeast Cell Lysate CL PRJEB15377 LT626667-823 3.25
Protein and RNA PR PRJEB15410 LT626824-940 3.25
Yeast Extract E PRJEB25179 LT986012-173 3.3.3
Polysaccharide A Pa PRJEB29296 LR027604-703 3.15
Saccharide S PRJEB29312 LR027704-803 3.15
Polysaccharide B Ps PRJEB29747 LR129845-947 3.15
Amino Acid A PRJEB32428 LR588706-802 3.2.10
Transient Intermediate T PRJEB32429 LT588628-705 3.2.10
Ribose R PRJEB32430 LR588803-886 3.2.10
Dilution D PRJEB32458 LR589684-794 3.4.2
Symbiont oC PRJEB32464 LR589795-898 3.5
2.7. Further calculations and statistics
2.7.1. Theoretical carbon content of yeast extract and microbial-

and plant-derived lysates

The amount of carbon per ml yeast cell lysate and commercial yeast extract was calculated
based on the dry weight (Table 8) and a molar mass of 26.2 g/mol for S. cerevisiae-derived
biomass; according to the chemical formula [CH1.61300.557No.158P0.012S0.003K0.022 M@0.003Ca0.001]n
(Von Stockar and Liu, 1999). The amount of carbon per ml E. coli lysate based also on the dry
weight (Table 8) but on a different chemical formula ([CH1.5900.374No.263P0.0234S0.006]n; VON Stockar
and Liu, 1999) that yielded a molar mass of 24.2 g/mol for E. coli-derived biomass. Both chemical
formulas consider the total microbial biomass including cell walls and membranes rather than the
pure cytoplasmic fraction which was used in this work. The amount of carbon per ml fresh plant
lysate was calculated based on the dry weight (overnight at 80°C) and a molar mass of 30 g/mol;
according to the chemical formula [CH2O],. The amount of salt in the sodium phosphate buffer
(4.3 mg/ml; used for preparations of the lysates [Section 2.2.1]) was taken into account.

2.7.2. Recoveries of carbon and reducing equivalents

For recoveries derived from different substrates, amounts of gases or organic compounds
formed in unsupplemented controls were subtracted from those of supplemented treatments to
obtain net amounts of a certain fermentation product X (NneX). nNeeeX was multiplied with the

number of carbon atoms (n¢) and the number of reducing equivalents (n;) to calculate the amount
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of carbon (ncX; Equation 10) and the amount of reducing equivalents (n.X, , Equation 11)
recovered in the fermentation product X, respectively (Table 12A). n.X was devided by the total
amount of carbon atoms supplemented as substrate (n.S) to obtain final carbon recoveries (RcX;
Equation 12). Final recoveries of reducing equivalents (R:X) were calculated by dividing n.X by
the total amount of reducing equivalents supplemented as substrate (n;S) (Equation 13). n,S was
obtained by the multiplication of ncS with the number of reducing equivalents per carbon atom of
the substrate (n,C, Table 12B) (Equation 14).

Equation 10. Amount of carbon per fermentation product (= %é)
AR ALY
¢ ®, net amounts of a certain fermentation product &; & @, number of carbon atoms recovered in the

fermentation product & (Table 12A).
Equation 11. Amount of reducing equivalents per fermentation product (= ,&)
EQ &t 07e

¢ @, number of electrons obtained by complete oxidation of fermentation product & to CO2 (Table 12A).

Equation 12. Carbon recovery per fermentation product (=| %ﬁ i )

ve EO
w = TTU TT
gy P

£ "Ytotal amount of substrate-derived carbon.

Equation 13. Reducing equivalent recovery per fermentation product ({ ,ji P)

®
ZPp T T

YO —
eY

Equation 14. Total amount of substrate-derived reducing equivalents (= ,-||):
€YY £€02¢Y

¢ 0, reducing equivalents per substrate carbon atom.
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Table 12. Reducing equivalents in fermentation products (A) and supplemented substrates (B).

(A) Fermentation Products?

Product Chemical Formula displaying nc n:X
Hydrogen H2 2
Carbon dioxide CO2 -
Acetate C2oHs0z 8
Butyrate C4H7O2 20
Formate CHOz 2
Isobutyrate C4H7O2 20
Lactate C3Hs0s 12
Methylbutyrate CsHoO2 26
Propionate C3Hs02 14
Succinate C4H404* 14
Ethanol C2HsOH 12
(B) Supplemented Substrates®
Substrate Chemical Formula displaying n¢ n.C
Lysates and Extracts:
Leaf Litter Lysate [CH20]n 4.00
Root Lysate [CH20]n 4.00
S. cerevisiae Lysate® [CH1.61300.557No0.158P0.012S0.003K0.022 Mgo.003Ca0.001]n 4.02
E. Coli Lysatec [CH1.5900.374N0.263P0.0234S0.006]n 4.02
Yeast Extracte [CH1.61300.557No0.158P0.012S0.003K0.022 Mgo.003Ca0.001]n 4.02
Biopolymers:
Cellulose [C12H20010]n 4.00
Chitin [CgH13NOs]n 4.00
Dextran [CsH100s5]n 4.00
Glycogen [C6H1005]n 4.00
Maltodextrin [CsH100s]n 4.00
Pectin [CeHsOe)n 3.33
Protein (BSA) [CH1.57N0.2700.30S0.013]n 4.15
RNA [CH1.237N0.39500.737]n 3.10
Starch [CsH100s5]n 4.00
Xylan [C5H8O4]n 4.00
Saccharides and Nucleobases:
Adenine CsHsNs 2.00
Cellobiose C12H22011 4.00
Galacturonic Acid CeH1007 3.33
Glucose CeH1206 4.00
Glycerol CsHsOs 4.67
N-acetylglucosamine CgH1sNOe 4.00

Ribose

CsH100s 4.00
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Substrate Chemical Formula displaying nc n.C
Uracil C4HaN202 2.50
Xylose CsH100s5 4.00

Amino Acids:

Alanine CsH7NO2 4.00
Aspartate C4H7NO4 3.00
Casamino Acids CH1.94200.481N0.250S0.005 4.20
Glutamate CsHoNO4 3.60
Glycine C2HsNO2 3.00
Threonine C4H9NO3 4.00
Valine CsH11NO2 4.80

anX, number of reduction equivalents recovered in a certain detected fermentation product. Numbers
based on the redox states of the carbon atoms, and the assumption that the compound is completely
oxidized to COa.

bChemical formula of the biopolymers is based on the most abundant backbone subunit. Chemical formula
of the microbial cell lysates obtained from Von Stockar and Liu, 1999. n:C, reduction equivalents per carbon
atom of substrate. Numbers based on the average redox state of the carbon atoms in a respective
substrate, and the assumption that the compound is completely oxidized to COa.

2.7.3. Arithmetic average, standard deviation, and variance

The fermentation product profiles based on a three replicate analysis. Likewise, 16S rRNA
sequence analysis was performed individually for the three replicates, if not otherwise indicated.
Thus, arithmetic average (arithmetic mean) and standard deviation calculations based on the
concentrations of fermentation products or the relative 16S rRNA gene or 16S rRNA abundances
detected in the three replicates (Equation 15-17).

Equation 15. Arithmetic average (e)

B w
3

@

&, number of replicates; "Qvariable number that starts at 1 and run to €; &, concentration of a certain
fermentation product or relative abundance of a certain taxa in a respective replicate.

Equation 16. Standard deviation ({ p

YO

Equation 17. Variance ({ )

YO
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2.7.4. Statistical analyses

2.7.4.1. t-test

The unequal variance t-test was used to identify statistically significant differences in the
replicated fermentation product profiles of either (a) supplemented treatments versus
unsupplemented controls or (b) supplemented gut content treatments versus supplemented soil
treatments. Unless otherwise stated, P values are based on the net amount of products at the
end of the incubation. The unequal variance t-test was also used to evaluate (a) the response of
abundant families or phylotypes and (b) the differences in the alpha diversities obtained from gut

content or soil treatments (Section 2.6.2.2). The analysis were based on three replicates, and a

t-test-derivedPval ue of O0. 05 indicates a statistically

2.7.4.2. Linear discriminant analysis effect size analysis

Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) method was
used to (a) evaluate the significant (Kruskal-Wallis test) response of abundant taxa (i.e., abundant
families and phylotypes) derived from the 16S rRNA gene and 16S rRNA analysis, and (b) rank
significant taxa according to the effect sizes. The LEfSe analysis was based on three replicates,
and a Kruskal-Wallis test-der i ved alpha value of 00. 05
difference.

2.8. Contributions of coworkers

This dissertation was initiated based on preliminary work of my master study, and
experiments were conceptualized by Prof. Dr. Harold L. Drake, Dr. Oliver Schmidt, and myself.
Franziska Bar conducted preliminary experiments on polymers. Jennifer Guhl conducted
practical work for the dilution experiment, microcosms supplemented with starch, glycogen, and
ribose, and the RNA extraction of the symbiont experiment. Maraike Staege conducted practical
work for the amino acid and transient intermediate experiments. Ammonia quantification was
conducted by Julia Schmidt.
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3. RESULTS

3.1. Impact of dietary polysaccharides and saccharides on
the fermentative gut microbiota of L. terrestris

Earthworm-excreted gut mucus is subject to fermentative utilization by gut bacteria (Section
1.2.2). Although a reusage of mucus-derived organic carbon is advantageous for this
invertebrate, a self-perpetuation is impossible. Therefore, the maintenance and growth of
earthworms being ultimately dependent on the incorporation of nutrients from the environment.
In this regard, the gizzard-linked disruption of ingested environmental materials introduces plant-
and microbial-derived polysaccharides to the alimentary canal (Section 1.3), and fermentative gut
microbiota capable of degrading polysaccharides might (a) enhances the earthworm-facilitated
turnover dynamics of soil organic matter and (b) produces fermentation products as a source of
nutrition for the earthworm (Section 1.2.2). However, relatively little is known about the capacity
of fermentative microbes in the earthworm gut to utilize ingested polysaccharides. These
considerations prompted the evaluation of the effects of model polysaccharides, as well as the
saccharides from which they are constructed, on the gut content fermentation and associated
microbiota of L. terrestris.

3.1.1. Effect of polysaccharides on gut content fermentation

Diverse fermentations yield H. and CO2, and the simultaneous anaerobic production of
these gases is an indicator of fermentation (Buckel, 1999). The formation of H, and CO; was
slightly higher in anoxic cellulose-, pectin-, and xylan-supplemented treatments than in the
unsupplemented control treatment (Figure 21 A and Table 13). Although the stimulation by
cellulose was marginal, the production of CO, and H; was statistically significant (Table 14), and
increasing amounts of cellulose triggered small increases in the production of these gases (Figure
21B and Figure 22), indicating a marginal usage of cellulose. The differences between products
formed in the control treatment and structural polysaccharide treatments (e.g., chitin treatment)
were relatively small (Figure 22 A and Table 13), and an apparent increase in a fermentation
product was sometimes not significant (e.g., the apparent increase of acetate production in the
cellulose treatment was not statistically significant [Table 14]). Likewise, no significant difference
was observed between the collective amounts of fermentation products formed in these
biopolymer treatments compared to the unsupplemented control (Figure 22), demonstrating that
gut-associated fermenters were poised to respond weakly to these structural polysaccharides. In
marked contrast to these results, the non-structural energy-storage polysaccharides maltodextrin
and dextran yielded an enhanced production of H, and CO; (Figure 21), with a concomitant

production of fatty acids (e.g., acetate and lactate) and ethanol (Figure 22 A). These observations
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demonstrated that the fermentative gut microbiota of L. terrestris had a high capacity to use non-
structural biopolymers, and this potential was consistent with the strongly stimulated fermentation
in glycogen and starch treatments. In this regard, the production of glycogen- and starch-derived
COg, Hy, acetate, lactate, and ethanol was significant compared to the unsupplemented control
(Figure 22 B; Table 13 and Table 14). In contrast to the negligible amounts of carbon theoretically
recovered in the detected fermentation products derived from the structural polysaccharide
treatments (0.5 to 2.6%), approximately 45%, 15%, 42%, and 28% of maltodextrin-, dextran-,
glycogen-, and starch-derived carbon, respectively, were theoretically recovered in these
treatments (Table 15), indicating that the amount of these supplemental non-structural
polysaccharides was adequate for the observed fermentations. The low recoveries of cellulose-
, pectin-, xylan-, and chitin-derived carbon in fermentation products (Table 15), confirmed that
these polysaccharides had only a minimal impact on fermentation.
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Figure 21. Effect of polysaccharides on the formation of Hz and CO2 in anoxic microcosms of L. terrestris
gut contents. Controls lacked supplemental polysaccharides. Polysaccharides alone did not display any
fermentation activity. Values are the arithmetic average of three replicate analyses, and error bars indicate
the standard deviations. Some standard deviations are smaller than the size of the symbol and therefore
not apparent. FW, fresh weight. Panel A: The amount of polysaccharide-derived carbon added per
microcosm approximated 2 mmol. Panel B: Effect of increasing amounts of cellulose on the formation of
COz2 or Hz. The amount of carbon derived from cellulose added per microcosm approximated 0, 0.2, 0.5,
1.0, and 2.0 mmol. Figure modified and used with permission from Zeibich et al., 2019a.



Table 13. Effect of polysaccharides on the fermentation product profiles of anoxic microcosms of L. terrestris gut contents.2

Treatment

Products (umol/grw)

Time Glucose . Prop- Methyl- Iso-
() (umol/gew) CO2 H> Acetate Succinate Formate ionate Butyrate Ethanol butyrate butyrate Lactate pH
Controla 0 06+0.1 00+00 00+00 31+01 12+01 31+18 00+x00 06+01 0700 0000 09+01 08x01 7.0x0.0
30 0.0+0.0 17+17 08+04 31%+11 3605 45+x46 42+16 24+05 2903 40x12 3709 10x01 7.1+0.0
Cellulose 0 24+01 00+x00 00+00 31+04 11+01 32%+21 00+x00 0501 08+01 0000 0800 0700 7.0x0.0
30 0.0+0.0 22+11 55+10 32+x12 6.0+03 34+52 31+01 28+03 93+08 3404 31+01 11+x01 7.0x00
Chitin 0 0.7+0.0 00+00 00+00 33+03 14%+03 34%+20 00+x00 05+00 0900 0000 0600 06=x00 7.0x0.0
30 0.0+0.0 16+06 18+03 27+44 4304 35+56 32+05 29+03 54+x04 33+x05 31+03 11+01 70x0.0
Pectin 0 0.9+0.2 0.0+x00 00+00 58+10 07+01 40+16 00+00 06+01 09+01 00+x00 03+x00 0601 6.8+0.0
30 0.0+x0.0 31+21 68+x04 40+32 36+02 68+57 3803 00+x00 13x06 42+01 18+x03 1.7+0.1 6.8x0.0
Xylan 0 22+0.2 0.0+x00 00+00 66+x06 13+x02 45+14 00+00 06+00 09+01 00+x00 06+01 07+x00 7.0x0.0
30 0.0+x0.0 19+09 43+01 39+36 4703 42+51 36+03 31+04 6114 39+x04 33+x03 1201 7.0+0.0
Maltodextrin 0 173+ 14 00+00 00+00 31+05 08+00 32%x22 00+x00 0700 00+x00 0000 05+01 08=x01 7.0x0.0
30 77+21 147+24 121+08 80+x43 22+1.0 40+06 24+02 00+00 108+x11 00+00 26%01 128x56 53=%0.0
Dextran 0 38+1.0 0.0+00 00+00 35+02 12+03 36*+24 00+x00 06+00 00+x00 0000 04+01 06x00 7.0+0.0
30 52+0.6 65+92 49+16 67+63 22%16 88+51 32+04 00x00 50+8.0 22+04 34+01 34+x19 66+0.0
Controls 0 0.0+0.0 0.0+x00 00+00 64+01 11+00 21+01 07+00 05+00 00+x00 01+00 00+x00 09+00 7.0x0.0
30 0.0+x0.0 11+27 00+03 14+*05 0401 3604 29+x01 11+02 30+x08 0901 00+x00 10x00 7.0x0.0
Glycogen 0 105+ 84 00+x00 00+x00 69+02 11%+01 30%x01 0700 06+00 1801 0000 00+x0.0 08x00 7.0x0.0
30 175+ 19 136 +86 100+x1.8 80+3.7 23%x0.9 46+02 30+x05 26+x06 89+x80 0200 00x00 10740 56x0.0
Starch 0 18+ 1.0 00+x00 00+x00 7508 11+x01 34+x04 0700 0500 12+01 00+x00 0000 09x01 7.0x00
30 15+53 66+09 54+91 6531 14x+12 18+05 5403 22+03 6435 0302 00x00 6849 6.1%£0.0

aThe amount of polysaccharide-derived carbon added per microcosm approximated 2 mmol. Controls lacked supplemental polysaccharides. Polysaccharides alone did not
display any fermentation activity. Values are the arithmetic average of three replicate analyses (+ standard deviation). FW, fresh weight. Table modified and used with
permission from Zeibich et al., 2019a.
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Figure 22. Collective amounts of fermentation products in polysaccharide-supplemented anoxic
microcosms of L. terrestris gut contents. The amount of polysaccharide-derived carbon added per
microcosm approximated 2 mmol. Polysaccharides alone did not display any fermentation activity.
Abbreviations: Ca and Cs, unsupplemented controls of polysaccharide experiments A and B, respectively;
Cel, cellulose; Ch, chitin; Pe, pectin; Xy, xylan; Md, maltodextrin; Da, dextran; Gl, glycogen; St; starch.
Values are the average of triplicates and represent the net amounts of products at the end of the 30 h
incubation (control values were substracted). Data are provided in Table 13. The asterisks indicate
significant differences between the collective amount of products formed in control and polysaccharide
treat ments (**, P t@estOithQrequal atianges).PFWOfresh wéightl Figure modified
and used with permission from Zeibich et al., 2019a.

Table 14. P values of fermentation products in polysaccharide-supplemented gut content microcosms.?

Product CO;

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 17 22 16 31 19 148 65 11 136 66
Variance 3.0 11 0.3 4.5 0.8 5.8 84 7.5 73 0.8
P value 0.013 0.542 0.001 0.147 0.000 0.000 0.000 0.009
Product Hz

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 0.8 5.5 1.8 6.8 4.3 121 49 0.0 100 54
Variance 0.2 1.0 0.1 0.1 0.0 0.6 25 0.0 3.2 84
P value 0.006 0.036 0.000 0.004 0.000 0.000 0.000 0.009
Product Acetate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 28 29 24 40 32 77 64 7.1 74 57
Variance 124 0.8 17 5.7 11 15 40 0.3 12 6.1

P value 0.881 0.569 0471 0.616 0.010 0.015 0.001 0.001
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Product Succinate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean valueP 2.5 4.9 2.9 2.9 3.5 21 21 -0.7 21 13
Variance 0.2 0.1 0.1 0.0 0.2 1.0 2.1 0.0 0.9 1.3
P value 0.002 0.176  0.195 0.047 0.000 0.001 0.001 0.002
Product Formate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 14 0.2 0.1 2.8 -0.3 0.8 5.1 15 15 14
Variance 7.9 9.7 13 25 14 8.2 43 0.3 0.0 0.8
P value 0.644 0.658 0.699 0.562 0.805 0.436 0.931 0.000
Product Propionate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 4.2 3.1 3.2 3.8 3.6 2.4 3.2 2.3 2.2 4.7
Variance 2.7 0.0 0.2 0.1 0.1 0.0 0.1 0.0 0.2 0.1
P value 0.351 0.393 0.677 0589 0.195 0.393 0.899 0.005
Product Butyrate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 1.8 2.2 2.4 -0.6 25 -0.7 -0.6 0.6 2.0 1.7
Variance 0.4 0.1 0.1 0.0 0.2 0.0 0.0 0.0 0.3 0.1
P value 0.398 0.252 0.021 0.199 0.019 0.020 0.043 0.011
Product Ethanol

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 2.1 8.4 4.5 12 5.1 108 50 3.0 88 63
Variance 0.1 0.5 0.2 0.4 1.8 110 64 0.6 62 12
P value 0.002 0.003 0.000 0.052 0.003 0.009 0.003 0.001
Product Lactate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 0.3 0.4 0.5 11 0.5 127 2.8 0.1 106 67
Variance 0.0 0.0 0.0 0.0 0.0 30 3.7 0.0 16 24
P value 0.051 0.048 0.005 0.041 0.001 0.147 0.000 0.002
Product Isobutyrate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 2.8 2.3 25 14 2.7 2.1 3.0 0.0 0.0 0.0
Variance 0.6 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0
P value 0.375 0.515 0.083 0.760 0.238 0.809 - -
Product Methylbutyrate

Treatment Ca Cel Ch Pe Xy Md Da Cs Gl St
Mean value® 4.0 3.4 3.3 4.2 3.9 0.0 2.2 0.9 0.1 0.2
Variance 1.4 0.2 0.3 0.0 0.2 0.0 0.1 0.0 0.0 0.0
P value 0.502 0.478 0.735 0.928 0.029 0.112 0.002 0.004

ap values (significantatP O 0. 05) we r e t-tesawitlc unégaat varthncds yand are based on the
difference between the net amount of products in control (Ca, Cs) and cellulose (Cel), chitin (Ch), pectin
(Pe), xylan (Xy), maltodextrin (Md), dextran (Da), glycogen (Gl) or starch (St) treatments. To calculate net
amounts, amounts of products at the beginning of incubation were subtracted from those at the end of
incubation. See Table 13 for product profiles. Table modified and used with permission from Zeibich et
al., 2019a.

bMean values (n = 3) are in umol/grw. FW, fresh weight.
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Table 15. Estimated recoveries of carbon and reducing equivalents (i.e., electrons) in structural (A) and
non-structural (B) polysaccharide treatments.2

(A) Structural Polysaccharides

Recoveries (%)

Cellulose Chitin Pectin Xylan

Main Products Carbon RE Carbon RE Carbon RE Carbon RE
CO2 0.3 na - na 0.7 na 0.1 na
H2 na 0.1 na 0.0 na 0.2 na 0.1
Ethanol 0.6 0.9 0.2 0.3 1.0 1.8 0.3 0.5
Succinate 0.5 0.4 0.1 0.1 0.1 0.1 0.2 0.2
Acetate 0.1 0.1 - - 0.6 0.8 0.1 0.1
Lactate 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0
Butyrate 0.1 0.1 0.1 0.2 - - 0.1 0.2
Methylbutyrate - - - - 0.1 0.1 - -

Total : 1.6 1.8 0.5 0.7 2.6 3.1 0.9 1.0

(B) Non-structural Polysaccharides

Recoveries (%)

Maltodextrin Dextran Glycogen Starch

Main Products Carbon RE Carbon RE Carbon RE Carbon RE
CO2 6.5 na 2.4 na 6.3 na 2.8 na
H> na 3.0 na 1.2 na 2.5 na 1.3
Ethanol 11 16 4.8 7.2 8.4 13 6.0 9.0
Succinate 3.8 3.3 3.7 3.2 4.4 3.9 2.7 2.4
Acetate 4.9 4.9 3.6 3.6 6.6 6.6 5.0 5.0
Propionate - - - - - - 0.4 0.4
Formate - - 0.2 0.1 0.0 0.0 0.6 0.3
Lactate 19 19 0.4 0.4 16 16 10 10
Butyrate - - - - 0.3 0.4 0.2 0.3

Total : 45 46 15 16 42 42 28 29

aSee Table 13 for product profiles. Net amounts of products formed in the unsupplemented control were
subtracted from those of supplemented treatments; recoveries are based on the amount of substrate
provided. Values are based on the arithmetic average of three replicate analyses. RE, reducing
equivalents; -, no net increase of the product during the incubation in supplemented treatments relative to
the control treatments; na, not applicable. Table modified and used with permission from Zeibich et al.,

2019a.
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3.1.2. Effect of polysaccharides on gut fermentative bacterial
families

Time-dependent shifts in the microbial community composition were evaluated by 16S
rRNA and 16S rRNA gene analyses. A total of 1,230,292 bacterial 16S rRNA gene and 16S
rRNA sequences were obtained from the polysaccharide treatments, yielding 30 phyla (including
candidate phyla). Based on the relative abundances of the detected 16S rRNA sequences in
polysaccharide experiment A at the end of the incubation, the phylum Proteobacteria was
stimulated by maltodextrin and dextran and the affiliated families Aeromonadaceae and
Enterobacteriaceae displayed an increase in relative abundances in response to these two non-
structural polysaccharides (Figure 23 and Figure 24 A). Indeed, at the end of the incubation, the
relative 16S rRNA gene abundances of both families were significantly greater in maltodextrin
and dextran treatments than in controls (Table 16). With another batch of earthworms maintained
on a different soil, starch and glycogen also stimulated significantly the Aeromonadaceae and
Enterobacteriaceae (Figure 23, Figure 24 B, and Table 16). Rarefaction analyses of both
polysaccharide experiments indicated that the most abundant taxa were targeted (Figure 25).
Furthermore, the number of detected phylotypes, the number of expected phylotypes (Chaol),
and Shannon indices of the maltodextrin treatments at the end of the incubation period were lower
than those of the controls (Figure 25 A and Table 17). This is consistent with the obvious
stimulation of Aeromonadaceae and Enterobacteriaceae in maltodextrin treatment (Table 16).

DNA RNA
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Figure 23. Netincreases in 16S rRNA gene (DNA) and 16S rRNA (RNA) relative abundances of bacterial
families stimulated by supplemental polysaccharides in L. terrestris gut content microcosms. The graph is
l'imited to families that displayed a net increase in
the families are color-coded to the respective phyla (see Figure 24 for the complete 16S rRNA gene and
16S rRNA analyses). Net increases of relative abundances were calculated as follows: (a) the calculation
is based either on mean relative abundances when samples from the three replicates were analyzed
separately (i.e., all RNA and DNA samples of control treatments and RNA samples at 30 h of supplemented
treatments) or on single relative abundances when samples of the three replicates were pooled for
sequence analyses (i.e., DNA samples at 0 h and 30 h and RNA samples at 0 h of supplemented
treatments); (b) mean or single relative abundances at the beginning of incubation were subtracted from
those at the end of incubation for control and supplemented treatments; (c) the resulting time-corrected
relative abundances of control treatments were subtracted from those of supplemented treatments
(negative time-corrected relative abundances of control treatments were ignored). Figure modified and
used with permission from Zeibich et al., 2019a.
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The same trends of lower number of detected phylotypes, expected phylotypes (Chaol), and
Shannon indices in maltodextrin treatment were also observed in starch and glycogen treatments
(Figure 25 B and Table 17). The increase in the relative abundances of Firmicutes-affiliated
families in the unsupplemented control treatment and in polysaccharide experiment A (Figure 24
A), suggesting that these taxa were stimulated by anoxia and involved in the fermentative usage
of organic carbon endogenous to gut content. That Firmicutes-affiliated families were less
responsive in polysaccharide experiment B in which the Fusobacteria were dominant (Figure 24

B), suggesting a species variability of the earthworm-ingested materials, including soil.
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Figure 24. 16S rRNA gene (DNA) and 16S rRNA (RNA) analyses of polysaccharide experiments A (A)
andB(B). The most abundant families (i.e., families
period) are displayed in the color of the respective phylum. Process data are shown in Table 13 and Figure
22. Information on all detected taxa is provided in Table A1 and Table A2. Abbreviations: 0 h and 30 h
indicate the time of sampling in hours; C, unsupplemented control. Panel A: Cel, cellulose; Ch, chitin; Pe,
pectin; Xy, xylan; Md, maltodextrin; Da, dextran. Panel B: Gl, glycogen; St, starch. Grouped bars indicate
that the sequence analysis was performed individually for the three replicates and single bars indicate that
DNA or RNA samples of the three replicates were pooled for the sequence analysis. Figure modified and
used with permission from Zeibich et al., 2019a.

These aforementioned findings demonstrated bacterial shifts in the fermentative community
during the anoxic gut content incubation, and NMDS analysis of all phylotypes (Section 2.6.2.2)
confirmed the microbial gut community alterations in the control and supplemented treatments
during the incubation (Figure 26 A and B). In this regard, the analysis illustrated great bacterial
shifts in the microbial community of non-structural polysaccharides treatments (i.e., maltodextrin,
dextran, glycogen, and starch) and marginal shifts in the microbial community of structural
polysaccharide treatments (i.e., cellulose, chitin, pectin, xylan) compared to the microbial shifts in

the control treatments (Figure 26).
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Table 16. Statistical analyses of main stimulated families in polysaccharide treatments.2
. Standard . LDA Score
Family Treatment Mean Deviation Median (l0g10)°
Aeromonadaceae Controla 1.8 0.5 1.8
Cellulose 3.3 0.3 3.2 450
Pectin 3.9 1.3 3.4 4.60
Maltodextrin 34 2.0 34 5.5@
Dextran 16 5.9 13 5.2
Controls 22 2.3 21
Glycogen 64 9.8 61 5.8@
Starch 64 3.9 66 5.80
Enterobacteriaceae Controla 1.2 0.3 1.0
Pectin 3.2 0.2 0.8 4.5@
Maltodextrin 35 0.4 3.1 5.5
Dextran 12 2.0 37 5.1@
Controls 2.0 0.7 12
Glycogen 5.5 0.1 1.9 4.7@
Starch 6.8 0.6 5.2 482
Fusobacteriaceae Controla 0.7 0.3 0.7
Cellulose 2.3 1.2 1.7 4.4
Mycoplasmataceae Controla 14 7.4 12
Chitin 27 1.8 27 5.4
Clostridiaceae Controla 12 0.8 12
Maltodextrin 14 0.4 14 5.1®
Controls 1.5 0.4 1.5
Glycogen 5.4 1.0 4.9 4.7®)
Starch 4.3 1.4 3.5 4.60)
Bacillaceae Controla 1.7 0.4 1.7
Dextran 3.1 0.3 3.2 4,563

aFamilies with the four highest ranks in the LEfSe analysis were considered. LEfSe analysis, mean value,
standard deviation, and median are based on the relative abundance of 16S rRNA sequences of the three
replicates per treatment at the end of the incubation. Table modified and used with permission from Zeibich

etal., 2019a.

b_DA scores were calculated using LEfSe. Numbers in parentheses display the rank in the LDA analysis
(i.e., higher ranking families exhibited a stronger response to supplement compared to lower ranking ones).
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Figure 25. Rarefaction analyses of bacterial 16S rRNA gene and 16S rRNA sequences obtained from
anoxic L. terrestris gut content microcosms supplemented with polysaccharides. Phylotypes were based

on a 97% sequence similarity cutoff.

maltodextrin; Da, dextran.

Samples of the three replicates of the 16S rRNA gene control
treatment at O h and 30 h, 16S rRNA control treatment at O h, and all 16S rRNA treatments at 30 h were
analyzed separately. Samples of the three replicates were pooled for each of the other treatments at 0 h
or 30 h. Abbreviations: 0 h and 30 h indicate the time of sampling in hours; C, unsupplemented control;
D, 16S rRNA genes; R, 16S rRNA. Numbers assigned to a treatment (e.g., C1) indicate the respective
replicate. Panel A: Polysaccharide experiment A. Cel, cellulose; Ch, chitin; Pe, pectin; Xy, xylan; Md,

modified and used with permission from Zeibich et al., 2019a.

Panel B: Polysaccharide experiment B. GlI, glycogen; St, starch.

Figure
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Table 17. Alpha diversity of the microbial community in control and polysaccharide treatments.?

Sample

Observed

(Sampling Treatment® Number of phylotypes® Chagl p Sha”f.“’“ q
Time) sequences (normalized)’ (normalized) (normalized)
DNA Controla 1 29861 1492 (331) 1860 (331) 5.1(4.4)
(0 h) Controla 2 28283 1470 (331) 1829 (331) 5.2 (4.5)
Controla 3 26454 1453 (330) 1835 (330) 5.1 (4.5)
Cellulose 24721 1407 (324) 1727 (324) 5.1(4.4)
Chitin 27694 1478 (331) 1967 (331) 5.2 (4.5)
Pectin 28475 1434 (321) 1866 (321) 4.6 (4.0)
Xylan 29009 1469 (329) 1864 (329) 5.1 (4.4)
Maltodextrin 28127 1436 (326) 1840 (326) 5.0 (4.3)
Dextran 26368 1420 (323) 1917 (323) 4.9 (4.2)
Controls 1 15345 776 (198) 1046 (241) 4.0 (3.5)
Controls 2 10377 681 (199) 984 (234) 4.1 (3.6)
Controls 3 11331 734 (203) 1019 (236) 4.3 (3.7)
Glycogen 10157 649 (189) 940 (227) 3.9(3.9)
Starch 8786 571 (177) 1037 (217) 3.7 (3.3)
DNA Controla 1 27753 1204 (318) 1686 (318) 4.6 (4.2)
(30 h) Controla 2 27415 1318 (332) 1814 (332) 5.0 (4.5)
Controla 3 23677 1155 (325) 1529 (325) 4.8 (4.4)
Cellulose 30509 1148 (294) 1575 (294) 4.4 (4.0)
Chitin 28612 1227 (317) 1645 (317) 4.7 (4.3)
Pectin 32152 1142 (296) 1526 (296) 4.2 (3.8)
Xylan 25600 1031 (291) 1536 (291) 4.3 (3.9)
Maltodextrin 28151 898 (239) 1291 (239) 2.9 (2.6)
Dextran 25158 1003 (268) 1408 (268) 3.5(.1)
Controls 1 8937 571 (179) 917 (223) 3.5(.1)
Controls 2 9669 624 (192) 995 (237) 3.7 (3.3)
Controls 3 9364 597 (190) 958 (232) 3.7 (3.3)
Glycogen 7102 291 (112) 519 (161) 2.2 (2.0
Starch 9428 238 (77) 387 (126) 1.8 (1.7)
RNA Controla 1 21091 1180 (294) 1598 (294) 3.8(3.2)
(0 h) Controla 2 15912 1081 (286) 1602 (286) 3.8(3.2)
Controla 3 28736 1473 (322) 1805 (322) 4.7 (3.9)
Cellulose 13766 1029 (293) 1522 (293) 4.0 (3.4)
Chitin 21406 1328 (312) 1764 (312) 4.4 (3.7)
Pectin 28446 1076 (239) 1456 (239) 3.0(2.5)
Xylane 1621 498 ( - ) 938( - ) 52(-)
Maltodextrin 10991 855 (277) 1282 (277) 3.7(3.1)
Dextran 16795 925 (259) 1318 (259) 3.4 (2.9
Controls 1 3684 339 (144) 634 (175) 3.1(2.7)
Controls 2 2958 307 (152) 581 (183) 3.1(2.9)
Controlg 3 4255 556 (213) 866 (242) 4.0 (3.4)
Glycogen 5248 492 (182) 846 (223) 3.5(3.0)
Starch 5635 468 (180) 782 (229) 3.3(3.0)
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(SSaa:rr]npr!ﬁng Treatment® Number of pﬁ)?l?)et}%eeiC Chapl d Sha”r.“’” d
Time) sequences (normalized)® (normalized) (normalized)
RNA Controla 1 12112 866 (279) 1396 (279) 4.1 (3.6)
(30 h) Controla 2 17846 1104 (320) 1520 (320) 4.8 (4.3)
Controla 3 11443 980 (316) 1230 (316) 4.9 (4.3)
Cellulose 1 10319 712 (271) 1162 (271) 4.0 (3.7)
Cellulose 2 13955 763 (261) 1186 (261) 3.9 (3.6)
Cellulose 3 12021 752 (271) 1228 (271) 4.2 (3.8)
Chitin 1 10924 772 (276) 1101 (276) 4.1 (3.7)
Chitin 2 14879 938 (294) 1492 (294) 4.2 (3.8)
Chitin 3 10551 827 (286) 1227 (286) 4.2 (3.7)
Pectin 1 31849 992 (231) 1373 (231) 3.9 (3.5)
Pectin 2 12784 732 (257) 1082 (257) 3.7 (3.3)
Pectin 3 21393 1026 (295) 1424 (295) 4.1 (3.6)
Xylan 1 28056 848 (220) 1310 (220) 3.2(2.9)
Xylan 2 28402 1009 (251) 1480 (251) 4.0 (3.6)
Xylan 3 33284 882 (209) 1335 (209) 3.6 (3.4)
Maltodextrin 1 24839 514 (140) 926 (140) 2.4 (2.3)
Maltodextrin 2 20220 417 (118) 767 (118) 2.3(2.2)
Maltodextrin 3 24893 477 (119) 831 (119) 23(2.2)
Dextran 1 17719 878 (268) 1371 (268) 4.0 (3.6)
Dextran 2 22081 878 (283) 1330 (283) 4.2 (3.8)
Dextran 3 10448 702 (251) 1110 (251) 4.0 (3.6)
Controls 1 4433 333 (146) 634 (196) 2.9 (2.6)
Controls 2 5029 428 (176) 743 (217) 3.4 (3.0)
Controls 3 4226 399 (168) 813 (212) 3.3(3.0)
Glycogen 1 6579 219 (83) 395 (132) 2.0 (1.9)
Glycogen 2 7610 238 (85) 659 (133) 2.1(2.0)
Glycogen 3 9627 254 (76) 555 (143) 1.7 (1.6)
Starch 1 8739 270 (87) 543 (170) 1.9(1.8)
Starch 2 7268 236 (81) 459 (137) 1.9(1.8)
Starch 3 7704 274 (89) 541 (156) 2.1(1.9)

aTable modified and used with permission from Zeibich et al., 2019a.

bSamples of the three replicates of the 16S rRNA gene control treatment at 0 h and 30 h, 16S rRNA control
treatment at 0 h, and all 16S rRNA treatments at 30 h were analyzed separately. Numbers assigned to a
treatment (e.g., Controla 1) indicate the respective replicate. Samples of the three replicates were pooled
for each of the other treatments at O h or 30 h.

cPhylotypes were clustered based on a sequence similarity cut-off of 97%.

dFor comparison of amplicon libraries of different sizes, the polysaccharide data sets were normalized to
5,000 sequences (polysaccharide experiment A) or 2,500 sequences (polysaccharide experiment B).

e-, normalization was not possible because of the low number of sequences in this sample.
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Figure 26. NMDS plot of the microbial community composition in polysaccharide treatments. Distance
matrices (Bray-Curtis) are based on the relative abundances of all detected phylotypes in the different
treatments (Table Al and Table A2). Samples of the three replicates of the 16S rRNA gene (DNA) control
treatment at 0 h and 30 h, 16S rRNA (RNA) control treatment at O h, and all 16S rRNA treatments at 30 h
were analyzed separately. Samples of the three replicates were pooled for each of the other treatments at
0 h or 30 h. Proximity of symbols represent the degree of similarity between the different treatments. Figure
modified and used with permission from Zeibich et al., 2019a.
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3.1.3. Effect of non-polymeric saccharides on gut content
fermentation

The aforementioned supplemented polysaccharides stimulated the gut content
fermentations quantitatively different, suggesting the hydrolysis of the structural polysaccharides
as fermentation limiting process. Indeed, saccharides from which most of these supplemented
polysaccharides are composed (i.e., N-acetylglucosamine, cellobiose, glucose, and galacturonic
acid) were consumed immediately and stimulated robust fermentations (Figure 27). The rapid
transient increase of glucose from cellobiose indicated the presence of cellobiase activity,
whereas the enhanced formation of certain products (e.g., H2, formate, and ethanol) without a
notable delay in N-acetylglucosamine, cellobiose, and glucose treatments (Figure 27)
demonstrated that the earthworm gut fermenters were readily to respond immediately to these
glucose-based saccharides.

Formate and succinate were transient in certain treatments (Figure 27) and the relative
amounts of saccharide-dependent products were not uniform. Thus, the fermentation activities
varied quantitatively and qualitatively in the saccharide treatments (Figure 28), suggesting certain
fermentative processes as saccharide-specific. For example, ethanol was an important end
product in treatments with N-acetylglucosamine, cellobiose, glucose, and xylose, but not
produced in the galacturonic acid treatment (Figure 28 and Table 18). Likewise, lactate
accumulated in most of the hexose-based treatments but was less abundant in the xylose
treatment, and H> was negligible in the control treatment but significantly produced in all
supplemented treatments (Figure 28 and Table 18). The substantially higher acetate amounts in
N-acetylglucosamine treatments than in glucose treatments (Figure 28 and Table 18) were most
likely derived by the acetyl group of N-acetylglucosamine that was converted to acetate (Vincent
et al., 2004). Xylose was only slightly fermented, and the collective amount of products formed
in this treatment was not significantly higher compared to that of the control treatment (Figure 28).
This finding plus the weakly stimulation of fermentation by xylan (Figure 21 A) demonstrated that
gut-associated fermenters had only a marginal capacity to hydrolyze xylan and ferment xylose.

The recoveries of carbon and reducing equivalents in fermentation products derived from
supplemented saccharides ranged from 37 to 73% (Table 19), indicating that (a) dissimilation
might have vyielded additional undetected products (e.g., 2,3-butanediol from mixed-acid
fermentation or acetone from solvent-producing clostridia [Buckel, 1999; Chen and Blaschek,
1999]) and/or (b) substrate/products were partially assimilated into biomass or chemically
complexed in gut content. Furthermore, the recovery of carbon and reducing equivalents was
nearly identical in a given treatment, indicating that anaerobic respirations that would cause higher
relative amounts of CO, compared to the recovered reducing equivalents (e.g., denitrification
[Drake and Horn, 2007], the reducing equivalents would be in inorganic nitrogen compounds that

were not examined) were nearly inactive.
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Figure 27. Effect of non-polymeric saccharides on the fermentation product profiles of anoxic microcosms
of L. terrestris gut contents. The concentration of filter-sterilized non-polymeric saccharides approximated
5 mM. Controls lacked supplemental non-polymeric saccharide. Values are the arithmetic average of three
replicate analyses, and error bars indicate the standard deviations. Some standard deviations are smaller
than the size of the symbol and therefore not apparent. Succinate and N-acetylglucosamine had nearly
the same retention time, compromising the accurate measurement of succinate in that treatment; succinate
was therefore not quantified in the N-acetylglucosamine treatment. FW, fresh weight. Figure modified and
used with permission from Zeibich et al., 2019a.
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Figure 28. Collective amounts of fermentation products in non-polymeric saccharide-supplemented anoxic
microcosms of L. terrestris gut contents. The concentration of filter-sterilized non-polymeric saccharides
approximated 5 mM. Abbreviations: A, N-acetylglucosamine; G, glucose; Ce, cellobiose; Ga, galacturonic
acid; X, xylose. Values are the average of triplicate analyses in Figure 27 and represent the net amounts
of products at the end of the 30 h incubation (control values were subtracted). The asterisks indicate
significant differences between the collective amount of products formed in control and non-polymeric
saccharide treatments (*, PO 0. 0B0Q 0 .-Gt with unequal variances). FW, fresh weight. Figure
modified and used with permission from Zeibich et al., 2019a.

Table 18. P values of fermentation products in non-polymeric saccharide treatments.2

Product CO3

Treatment C A Ce G Ga X
Mean value® 30 49 83 55 65 33
Variance 96 54 30 149 3.1 0.6
P value 0.052 0.004 0.052 0.026 0.648
Product H>

Treatment C A Ce G Ga X
Mean valueP® 0.2 27 60 31 17 4.1
Variance 0.1 36 78 47 1.9 0.2
P value 0.016 0.007 0.016 0.002 0.001
Product Acetate

Treatment C A Ce G Ga X
Mean valueP® 41 106 66 54 93 43
Variance 377 120 6.1 2.6 228 14
P value 0.015 0.153 0.358 0.022 0.894
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Product Succinate

Treatment C A Ce G(20h) Gagzon) X
Mean valueP 0.0 ndc 8.5 5.1 2.7 0.0
Variance 0.0 - 0.0 0.0 0.0 0.0
P value - 0.0 0.0 0.002 -
Product Formate

Treatment C A20n) Ce(on) Gon) Gayoon) X
Mean valueP 0.3 18 25 23 20 10
Variance 0.1 0.9 5.9 0.5 0.3 0.4
P value 0.001 0.003 0.0 0.0 0.0
Product Propionate

Treatment C A Ce G Ga X
Mean valueP 8.1 49 1.3 3.6 9.1 6.7
Variance 13 1.4 0.0 0.1 9.7 0.4
P value 0.284 0.081 0.16 0.715 0.591
Product Butyrate

Treatment C A Ce G Ga X
Mean valueP 3.1 7.2 3.7 3.1 3.0 3.2
Variance 0.5 4.3 0.0 0.1 0.6 0.2
P value 0.084 0.341 0.871 0.888 0.909
Product Methylbutyrate

Treatment C A Ce G Ga X
Mean valueP 57 3.3 1.6 2.8 4.3 2.3
Variance 4.2 1.4 0.0 0.0 4.0 0.3
P value 0.178 0.073 0.132 0.433 0.105
Product Isobutyrate

Treatment C A Ce G Ga X
Mean valueP 1.0 1.1 0.3 0.3 0.8 0.1
Variance 0.3 0.3 0.0 0.0 0.1 0.0
P value 0.771 0.159 0.176 0.65 0.112
Product Lactate

Treatment C A Ce G Ga X
Mean valueP 0.5 12 33 14 35 0.7
Variance 0.0 0.7 1.7 0.1 0.0 0.0
P value 0.002 0.001 0 0.003 0.068
Product Ethanol

Treatment C A Ce G Ga X
Mean valueP 0.0 25 60 40 0.0 16
Variance 0.0 3.4 0.1 1.8 0.0 1.2
P value 0.002 0.0 0.0 - 0.002

ap values (significantatP O 0. 05) we r e t-tesawitlc unégaal vardincés yand are based on the
difference between the net amount of products in control (C) and N-acetylglucosamine (A), cellobiose (Ce),
glucose (G), galacturonic acid (Ga) or xylose (X) treatments. To calculate net amounts, amounts of
products at the beginning of incubation were subtracted from those at the end of incubation (unless
otherwise indicated). For transient products (i.e., formate and succinate), the significance of differences of
net amounts between control and supplemented treatments were tested for the time point of the highest
concentration (shown in parentheses). See Figure 27 for product profiles. Table modified and used with
permission from Zeibich et al., 2019a.

bMean values (n = 3) are in pmol/grw. FW, fresh weight.

°nd, not determined. Succinate and N-acetylglucosamine had nearly the same retention time,
compromising the accurate measurement of succinate in that treatment; succinate was therefore not
guantified in the N-acetylglucosamine treatment.



Table 19. Estimated recoveries of carbon and reducing equivalents (i.e., electrons) in non-polymeric saccharide treatments.?

Recoveries (%)

N-acetylglucosamine Cellobiose Glucose Galacturonic acid Xylose

Main
Products Carbon RE Carbon RE Carbon RE Carbon RE Carbon RE
CO2 4.8 na 8.8 na 8.3 na 11 na 2.2 na
H2 na 3.3 na 51 na 5.2 na 3.1 na 14
Acetate 32 32 8.4 8.4 8.8 8.8 32 39 25 25
Ethanol 13 19 20 31 27 40 - - 24 37
Lactate 8.4 8.4 16 16 14 14 2.9 34 0.6 0.6
Succinate nd® ndb 6.2 5.5 4.5 4.0 0.5 0.6 0.4 0.4
Formate 15 0.7 11 0.5 1.8 0.9 1.9 11 7.1 35
Butyrate 4.0 5.0 0.3 0.4 - - - - 0.2 0.2
Propionate - - - - - - 1.0 1.4 - -
Isobutyrate 0.1 0.2 - - - - - - - -

Total: 68 72 62 67 64 73 50 48 37 45

aSee Figure 27 for product profiles. Net amounts of products formed in the unsupplemented control were subtracted from those of supplemented treatments;

recoveries are based on the amount of substrate consumed. Values are based on the arithmetic average of three replicate analyses.

RE, reducing

equivalents; -, no net increase of the product during the incubation relative to the control treatment; na, not applicable. Table modified and used with

permission from Zeibich et al., 2019a.

bnd, not determined. Succinate and N-acetylglucosamine had nearly the same retention time, compromising the accurate measurement of succinate in that
treatment; succinate was therefore not quantified in the N-acetylglucosamine treatment.
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3.1.4. Effect of non-polymeric saccharides on gut fermentative

bacterial families

A total of 1,161,553 bacterial 16S rRNA gene and 16S rRNA sequences were obtained from
the non-polymeric saccharide treatments, yielding 29 phyla (including candidate phyla). The
relative abundances of 16S rRNA gene sequence analysis indicated that Aeromonadaceae,
Enterobacteriaceae, and Fusobacteriaceae were the most stimulated families in glucose, N-
acetylglucosamine, and cellobiose treatments. In contrast, Enterobacteriaceae-affiliated
sequences were most abundant in the galacturonic acid treatment at the end of the anoxic
incubation (Figure 29; Figure 30 and Table 20). Furthermore, microcosms supplemented with
glucose or the glucose-based saccharides N-acetylglucosamine and cellobiose displayed the
strongest increase in relative abundances of Fusobacteriaceae-affiliated 16S rRNA gene
sequences at the end of the incubation (Figure 29, Figure 30 and Table 20). Xylose was less
stimulatory compared to the other non-polymeric saccharides (Figure 29 and Figure 30), a finding
consistent with the relatively low fermentation activity in the xylose treatment (Figure 27 and
Figure 28). The differences in relative sequence abundances of the saccharide-responding taxa
obtained from the 16S rRNA gene versus 16S rRNA-based analyses might have been due to

temporal changes that occurred during the incubation.

DNA RNA
Xylose $4= ¢
At O S =
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C 1 — —
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Net Increase in Relative Abundance (%) Net Increase in Relative Abundance (%)

Proteobacteria Firmicutes Tenericutes Fusobacteria
Aeromonadaceae = Peptostreptococcaceae ==  Mycoplasmataceae == Fusobacteriaceae ==
Enterobacteriaceae = Bacillaceae .

Figure 29. Netincreases in 16S rRNA gene (DNA) and 16S rRNA (RNA) relative abundances of bacterial
families stimulated by supplemental non-polymeric saccharides in L. terrestris gut content microcosms.
The graph is limited to families that displayed a netincreasei n r el ati ve abundance
treatment and the families are color-coded to the respective phyla (see Figure 30 for the complete 16S
gene rRNA and 16S rRNA analyses). Netincreases of relative abundances were calculated as follows: (a)
the calculation is based either on mean relative abundances when samples from the three replicates were
analyzed separately (i.e., all RNA and DNA samples of control treatments and RNA samples at 30 h of
supplemented treatments) or on single relative abundances when samples of the three replicates were
pooled for sequence analyses (i.e., DNA samples at 0 h and 30 h and RNA samples at 0 h of supplemented
treatments); (b) mean or single relative abundances at the beginning of incubation were subtracted from
those at the end of incubation for control and supplemented treatments; (c) the resulting time-corrected
relative abundances of control treatments were subtracted from those of supplemented treatments
(negative time-corrected relative abundances of control treatments were ignored). Figure modified and
used with permission from Zeibich et al., 2019a.
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Figure 30. 16S rRNA (RNA) and 16S rRNA gene (DNA) analyses of the non-polymeric saccharide
experiment. The most abundant families (i.e., famil.i
sampling period) are displayed in the color of the respective phylum. Process data are shown in Figure
27, and information on all detected taxa is provided in Table A3. Abbreviations: C, unsupplemented
control; A, N-acetylglucosamine; Ce, cellobiose; G, glucose; Ga, galacturonic acid; X, xylose. Grouped
bars indicate that the sequence analysis was performed individually for the three replicates and single
bars indicate that DNA or RNA samples of the three replicates were pooled for the sequence analysis.
Figure modified and used with permission from Zeibich et al., 2019a.
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Table 20. Statistical analyses of main stimulated families in non-polymeric saccharide treatments.?

. Standard . LDA
Family Treatment Mean A Median Score
Deviation b
(log10)
Aeromonadaceae Control 0.5 0.3 0.4
N-acetylglucosamine 4.7 1.7 5.6 4.7@
Cellobiose 6.7 1.0 6.7 4.80)
Glucose 4.1 0.1 4.2 4.6@
Xylose 15 0.5 1.2 4.20
Enterobacteriaceae Control 0.5 0.3 0.4
N-acetylglucosamine 3.0 11 25 4.5@)
Cellobiose 3.8 0.9 35 4.60
Glucose 1.4 0.2 15 4.40
Galacturonic acid 7.8 2.5 7.2 4,90
Xylose 2.3 0.2 2.3 4.40)
Fusobacteriaceae Control 1.3 1.2 0.7
Cellobiose 4.6 1.0 5.1 4.7@
Bacillaceae Control 1.0 0.3 1.0
N-acetylglucosamine 5.8 15 6.7 4.8M
Cellobiose 2.4 0.2 2.4 4.44
Glucose 6.0 0.6 6.1 4.80)
Galacturonic acid 3.2 1.4 2.4 452
Xylose 2.3 0.2 2.3 4.4

aFamilies with the four highest ranks in the LEfSe analysis were considered. LEfSe analysis, mean value,
standard deviation, and median are based on the relative abundance of 16S rRNA sequences of the three
replicates per treatment at the end of the incubation. Table modified and used with permission from Zeibich
et al., 2019a.

DA scores were calculated using LEfSe. Numbers in parentheses display the rank in the LDA analysis
(i.e., higher ranking families exhibited a stronger response to supplement compared to lower ranking ones).

The apparent increase of relative 16S rRNA gene and 16S rRNA sequences abundances
of Firmicutes in control as well as the other treatments (Figure 30) corroborated previous findings
that revealed a positive response of Firmicutes-affiliated species to anoxia and endogenous gut
nutrients (Figure 24 A). The strong stimulation of certain Firmicutes-, Proteobacteria-, and
Fusobacteria-affiliated families during the incubation in the non-polymeric saccharide treatments
(Figure 30) was consistent with the lower numbers of detected phylotypes, expected phylotypes
(Chaol), and Shannon indices at the end of the incubation compared to values obtained at the
beginning of the incubation (Table 21). These findings suggested bacterial shifts in the gut
content communities during the incubation. A presumption confirmed by the NMDS analysis
(Section 2.6.2.2) of all phylotypes that displayed a different microbial community at the end of the
incubation in the control treatment compared to non-polymeric saccharide treatments (Figure 31).
The shifts were more pronounced for cellobiose, glucose, and N-acetylglucosamine treatments
(Figure 31), an observation corroborating the potential of certain non-polymeric saccharides to
stimulate fermentative gut content taxa. The rarefaction analyses of non-polymeric saccharide-

supplemented treatments indicated that the most abundant taxa were targeted (Figure 32).
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Table 21. Alpha diversity of the microbial community in control and non-polymeric saccharide treatments.2

Sample Observed

(Sampling Treatment® Number of phylotypes® Chagl Shanr_mn
T sequences . 4 (normalized)® (normalized)?
ime) (normalized)
DNA Control 1 44009 1895 (894) 2375 (1094) 5.1 (4.9)
(0 h) Control 2 44620 1878 (894) 2432 (1083) 5.2 (5.0)
Control 3 44383 1864 (906) 2247 (1101) 5.4 (5.2)
N-acetylglucosamine 37023 1772 (889) 2271 (1095) 5.3(5.1)
Cellobiose 41497 1864 (896) 2321 (1098) 5.2 (5.0)
Glucose 37614 1778 (901) 2210 (1081) 5.3(5.1)
Galacturonic acid 35812 1724 (892) 2135 (1093) 5.3(5.1)
Xylose 45239 1866 (903) 2340 (1112) 5.3(5.1)
DNA Control 1 29368 1241 (661) 1814 (868) 4.3(4.1)
(30 h) Control 2 32909 1443 (756) 1986 (979) 4.7 (4.6)
Control 3 31551 1476 (775) 2012 (987) 4.9 (4.8)
N-acetylglucosamine 33320 1176 (603) 1596 (832) 3.8(3.7)
Cellobiose 27626 1158 (614) 1720 (819) 3.7 (3.6)
Glucose 32524 1265 (652) 1866 (883) 4.1 (4.0)
Galacturonic acid 34699 1236 (627) 1717 (849) 4.0 (3.9)
Xylose 29671 1331 (734) 1800 (931) 4.7 (4.6)
RNA Control 1 14910 1150 (746) 1746 (917) 3.8(3.7)
(0 h) Control 2 16121 1126 (719) 1717 (908) 3.6 (3.5)
Control 3 25041 1477 (850) 2125 (1062) 4.4 (4.2)
N-acetylglucosamine 16279 1150 (744) 1620 (903) 3.8(3.7)
Cellobiose 17851 1205 (741) 1751 (917) 3.8 (3.6)
Glucose 15421 1123 (735) 1607 (902) 3.8 (3.6)
Galacturonic acid 18955 1186 (729) 1733 (916) 3.8 (3.7)
Xylose 24808 1290 (742) 1779 (935) 3.9(3.7)
RNA Control 1 19781 977 (598) 1480 (773) 3.7 (3.6)
(30 h) Control 2 16858 1024 (665) 1531 (820) 3.7 (3.6)
Control 3 21921 1203 (730) 1660 (894) 4.0 (3.9)
N-acetylglucosamine 1 27903 1367 (780) 1836 (978) 4.6 (4.5)
N-acetylglucosamine 2 38425 1334 (679) 1779 (909) 4.0 (3.9)
N-acetylglucosamine 3 21830 922 (530) 1551 (732) 3.5(3.9)
Cellobiose 1 18536 993 (634) 1430 (802) 3.9 (3.8)
Cellobiose 2 20605 1010 (615) 1510 (823) 3.6 (3.5)
Cellobiose 3 23897 1049 (623) 1453 (816) 3.8 (3.7)
Glucose 1 32774 1380 (757) 1789 (972) 4.4 (4.3)
Glucose 2 24656 1193 (707) 1662 (886) 4.2 (4.0)
Glucose 3 28766 1358 (764) 1754 (988) 4.3(4.2)
Galacturonic acid 1 25452 1012 (550) 1586 (773) 3.4 (3.3)
Galacturonic acid 2 19030 1131 (714) 1558 (903) 4.1 (4.0)
Galacturonic acid 3 21253 1159 (708) 1658 (903) 4.2 (4.0)
Xylose 1 23990 1275 (751) 1742 (960) 4.2 (4.1)
Xylose 2 24084 1275 (747) 1653 (924) 4.2 (4.1)
Xylose 3 20541 1136 (709) 1584 (881) 4.0 (3.9)

aTable modified and used with permission from Zeibich et al., 2019a.

bSamples of the three replicates of the 16S rRNA gene control treatment at 0 h and 30 h, 16S rRNA control
treatment at O h, and all 16S rRNA treatments at 30 h were analyzed separately. Numbers assigned to a
treatment (e.g., Control 1) indicate the respective replicate. Samples of the three replicates were pooled
for each of the other treatments at 0 h or 30 h.

°Phylotypes were clustered based on a sequence similarity cut-off of 97%.

dFor comparison of amplicon libraries of different sizes, the data set were normalized to 10,000
sequences.
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Figure 31. NMDS plot of the microbial community compaosition in non-polymeric saccharide treatments.
Distance matrices (Bray-Curtis) are based on the relative abundances of all detected phylotypes in the
different treatments (Table A3). Samples of the three replicates of the 16S rRNA gene (DNA) control
treatment at 0 h and 30 h, 16S rRNA (RNA) control treatment at O h, and all 16S rRNA treatments at 30 h
were analyzed separately. Samples of the three replicates were pooled for each of the other treatments at
0 hor 30 h. Proximity of symbols represent the degree of similarity between the different treatments. Figure
modified and used with permission from Zeibich et al., 2019a.
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Figure 32. Rarefaction analyses of bacterial 16S rRNA gene and 16S rRNA sequences obtained from
anoxic L. terrestris gut content microcosms supplemented with non-polymeric saccharides. Phylotypes
were based on a 97% sequence similarity cutoff. Samples of the three replicates of the 16S rRNA gene
control treatment at 0 h and 30 h, 16S rRNA control treatment at O h, and all 16S rRNA treatments at 30 h
were analyzed separately. Samples of the three replicates were pooled for each of the other treatments at
0 h or 30 h. Abbreviations: 0 h and 30 h indicate the time of sampling in hours; C, unsupplemented control;
D, 16S rRNA genes; R, 16S rRNA. Numbers assigned to a treatment (e.g., C1) indicate the respective
replicate. A, N-acetylglucosamine; Ce, cellobiose; G, glucose; Ga, galacturonic acid; X, xylose. Figure
modified and used with permission from Zeibich et al., 2019a.
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3.1.5. Polysaccharide- and saccharide-responsive phylotypes

The Proteobacteria-affiliated families Aeromonadaceae and Enterobacteriaceae were
significantly stimulated by almost all polysaccharides and saccharides (Table 16 and Table 20).
Likewise, Clostridiaceae and Fusobacteriaceae were families significantly stimulated by several
supplemental polysaccharides and saccharides (Table 16 and Table 20). These trends extended
to eight group phylotypes (GPT; a group phylotype consists of identical or nearly identical
phyl otypes based on nd sifilariy) tmudisplayeddd e uhei gher r e
abundance (at either the 16S rRNA gene or 16S rRNA level) in at least one of the treatments
compared to the control treatment at the end of the incubation (Figure 33).

GPT-1 and GPT-5 (closely related to Aeromonas hydrophila and Buttiauxella gaviniae,
respectively) were significantly stimulated at the end of incubation in all non-structural
polysaccharide treatments and almost all saccharide treatments compared to the
unsupplemented control (Figure 33 and Table 21). GPT-4 (closely related to Yokenella
regensburgei) displayed a significant positive response to maltodextrin, dextran, and galacturonic
acid, whereas 16S rRNA gene abundances of GPT-7 (closely related to Cetobacterium somerae)
were mostly enhanced in saccharide treatments (Figure 33). Furthermore, GPT-2 and GPT-3
(closely related to P. bifermentans and Can. Lumbricincola respectively) as well as GPT-7 were
consistently abundant in almost all treatments including the controls, suggesting that these taxa

utilize non-saccharide-based endogenous gut nutrients.
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Figure 33. 16S rRNA-based overview of the relative abundances of the main stimulated group phylotypes
at the end of the incubation (A) and phylogenetic tree of these stimulated group phylotypes (B). Panel A:

Each group phylotype (GPT) consists of identical Or neeé
similarity. Phylotypes are based on a sequence similarity cut-off of 97% and were considered to be
stimulated when a phylotype in at | east one of the supp

abundance than in the control treatment at the end of incubation. The group phylotypes are derived from
the analyses of 16S rRNA genes (DNA) or 16S rRNA (RNA), and the bars display the relative abundances
of each group phylotype at the end of the incubation. Abbreviations: C, unsupplemented control; Cel,
cellulose; Ch, chitin; Pe, pectin; Xy, xylan; Md, maltodextrin; Da, dextran; A, N-acetylglucosamine; Ce,
cellobiose; G, glucose; Ga, galacturonic acid; X, xylose. Panel B: The phylogenetic tree was calculated
using the neighbor-joining, maximum parsimony, and maximum likelihood methods. Solid circles,
congruent nodes in three trees; empty circles, congruent nodes in maximum parsimony and maximum
likelihood trees. Branch length and bootstrap values (1,000 resamplings) are from the maximum parsimony
tree. The bar indicates 0.1 change per nucleotide. T. maritima (AE000512) was used as outgroup.
Accession numbers occur at the end of each branch. Phylotype descriptors: Pa, phylotypes derived from
polysaccharide experiment A (Figure 22 A); Ps phylotypes derived from polysaccharide experiment B
(Figure 22 B); S, phylotypes derived from the non-polymeric saccharide experiment (Figure 27). Figure
modified and used with permission from Zeibich et al., 2019a.
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Table 22. Statistical analyses of main stimulated phylotypes displayed in Figure 33.2

Group b Standard . LDA Score
Phylotype Phylotype Treatment Mean Deviation Median (log10)°
GPT-1 Pa3 Control 1.7 0.5 1.6
Cellulose 2.8 0.2 2.7 4.403)
Pectin 3.7 1.2 3.2 4,14
Maltodextrin 30 1.7 31 5.5
Dextran 14 5.0 11 5.1@
Ps3 Control 9.0 1.8 8.5
Glycogen 16 3.1 16 5.2@
Starch 14 1.2 14 5.1@
P96 Control 13 0.7 13
Glycogen 48 6.9 45 5.74
Starch 50 2.8 51 5.7
S5 Control 0.5 0.3 0.4
N-acetylglucosamine 4.4 1.6 5.2 4.60
Cellobiose 6.1 1.0 6.1 4.8
Glucose 3.7 0.2 3.8 4.60
Xylose 1.3 0.5 1.1 4.14
GPT-3 Pal Control 8.1 4.7 6.6
Cellulose 15 1.9 16 5.2
Chitin 17 1.4 17 5.20
GPT-4 Pa8 Control 0.9 0.3 0.8
Pectin 1.9 0.3 2.0 4.3
Maltodextrin 26 1.7 27 5.4@
Dextran 4.6 0.3 4.6 4.7
Ps1018 Control 0.0d 0.0 0.0
Starch 0.0d 0.0 0.0 2.6
S19 Control 0.2 0.1 0.1
N-acetylglucosamine 0.9 0.3 0.7 3.9M
Cellobiose 0.7 0.2 0.6 3.9M
Glucose 0.4 0.0 0.4 3.6
Galacturonic Acid 1.9 0.8 1.7 4.34
GPT-5 Pal3 Control 0.3 0.1 0.3
Maltodextrin 9.0 0.4 9.0 5.04
Dextran 7.0 0.6 7.3 4.8
Ps5 Control 2.0 0.1 1.6
Glycogen 4.2 0.4 4.3 4.6
Starch 5.0 0.6 4.9 4.7
S10 Control 0.4 0.1 0.3
N-acetylglucosamine 2.1 0.7 1.9 4.3@
Cellobiose 3.1 0.7 2.9 454
Glucose 1.0 0.2 1.1 4.06)
Galacturonic Acid 5.8 1.7 55 4.80
Xylose 2.0 0.1 2.0 4.3@
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Group b Standard . LDA Score
Phylotype Phylotype Treatment Mean Deviation Median (l0g10)°
GPT-6 Pa6 Control 3.2 0.9 3.7
Maltodextrin 9.0 0.9 9.0 5.0
GPT-7 S4 Control 1.3 1.2 0.7
Cellobiose 4.6 1.0 5.1 4.7@
GPT-8 Pa26 Control 0.0 0.0 0.1
Pectin 0.1 0.1 0.1 3.30
Maltodextrin 2.7 0.1 2.7 4.40)
Dextran 0.1 0.0 0.1 3.110
Psl1l Control 0.1 0.0 0.1
Glycogen 4.7 0.7 45 4.7
Starch 3.7 1.3 3.0 4,54
Sh1 Control 0.1 0.1 0.1
Cellobiose 0.6 0.1 0.6 3.80

20Only phylotypes that were significantly stimulated (based on LEfSe analysis) by a given supplement are
shown. The LEfSe analysis, mean value, standard deviation, and median are based on the relative
abundance of 16S rRNA sequences of the three replicates per treatment at the end of the incubation. Table
modified and used with permission from Zeibich et al., 2019a.

bPa and Ps, phylotypes in polysaccharide treatments; S, phylotypes in non-polymeric saccharide
treatments.

¢LDA scores were calculated using LEfSe. Numbers in parentheses display the rank in the LDA analysis
(i.e., higher ranking phylotypes exhibited a stronger response to supplement compared to lower ranking
ones).

3.1.6. Effect of root and leaf litter lysates on gut content
fermentation

The aforementioned findings demonstrated that structural plant polysaccharides stimulated
the gut content fermentations noticeably weaker than the highly stimulatory energy-storage
polysaccharides starch and maltodextrin as well as glucose, a saccharide common to roots and
leaves; both dietary substrates for L. terrestris (Section 1.4.1). These contrasting findings
prompted the evaluation of roots- and leaf litter-derived fermentations in earthworm gut contents.

Gut content fermentations were strongly increased by supplemented sterile lysates from
disrupted roots or leaf litter (Figure 34 and Table 23), and the resulting fermentation profiles were
similar to those obtained with diverse non-polymeric saccharides (Figure 27 and Figure 28). For
example, formate was repeatedly transient (Figure 34) and ethanol, acetate, and succinate were
the main electron sinks in these lysate treatments (Table 24). The detection of glucose and
xyl ose, as well as uni deqdarn fiegi cammnpofuntdbke i hi ¢t e
chromatogram at the beginning of incubation, was consistent with the documented occurrence of
saccharides in plant material. (Von Fircks and Sennerby-Forsse, 1998; Kromer and Gamian,
2000; Nadwodnik and Lohaus, 2008).
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Figure 34. Effect of leaf litter lysate and root lysate on the fermentation product profiles of anoxic
microcosms of L. terrestris gut contents. The amount of organic carbon derived from litter lysate and root
lysate added per microcosm approximated 1.55 mmol and 1.08 mmol, respectively. Controls lacked
supplemental lysate. Values are the arithmetic average of three replicate analyses, and error bars indicate
the standard deviations. Some standard deviations are smaller than the size of the symbol and therefore
not apparent. FW, fresh weight. Figure modified and used with permission from Zeibich et al., 2019a.
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Table 23. P values of fermentation products in leaf litter lysate (A) and root lysate (B) treatments.?

(A) Leaf Litter Lysate

Products
CO; H> Succinate Lactate Formate(on) Acetate Propionate Ethanol
C LL C LL C LL C LL C LL C LL C LL C LL
Mean valueP 23 69 1.9 41 0.0 11 0.1 1.9 0.6 28 17 65 34 4.8 7.5 39
Variance 1.2 21 0.3 22 0.0 0.5 0.5 0.0 0.1 0.0 19 1.0 0.4 0.6 0.3 2.8
P value 0.000 0.005 0.001 0.003 0.000 0.003 0.069 0.001
(B) Root Lysate
Products
CO: H> Succinate Lactate Formate(on) Acetate Propionate Ethanol
C RL C RL C RL C RL C RL C RL C RL C RL
Mean value® 23 83 1.9 63 0.0 28 0.1 20 0.6 31 17 97 3.4 1.9 7.5 101
Variance 1.2 52 0.3 15 0.0 1.4 0.5 0.1 0.1 3.0 19 11 0.4 0.0 0.3 33
P value 0.000 0.001 0.001 0.000 0.001 0.000 0.055 0.001

ap values (significantatP O 0. 05) we r e t-tesewlitrcunequaltvaridncels gnd are based on the difference between the net amount of products in control (C)
and leaf litter lysate (LL) or root lysate (RL) treatments. To calculate net amounts, amounts of products at the beginning of incubation were subtracted from those at
the end of incubation (unless otherwise indicated). For transient products (i.e., formate), the significance of differences of net amounts between control and
supplemented treatments were tested for the time point of the highest concentration (shown in parentheses). See Figure 34 for product profile. Unsupplemented
control treatments formed traces of butyrate, methylbutyrate, and isobutyrate, whereas supplemented treatments yielded less of these three products. Table modified
and used with permission from Zeibich et al., 2019a.

bMean values (n = 3) are in pmol/grw. FW, fresh weight.
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That the amount of supplemented plant lysates was adequate for the observed
fermentations, was corroborated by the approximately 55% and 18% carbon recovered in the
detected fermentation products derived from root lysate and litter lysate, respectively (Table 24).
The fermentation of lysate-derived glucose and xylose, and the rapid production of formate,
acetate, ethanol, and lactate (Figure 34), demonstrated, as proof of principle that the fermentative

earthworm gut microbiota were poised to respond immediately to utilizable plant-derived nutrients

including saccharides.

Table 24. Estimated recoveries of carbon and reducing equivalents (i.e.,

electrons) in leaf litter lysate and root lysate treatments.2

Recoveries (%)

Main Leaf Litter Lysate Root Lysate
Products Carbon RE Carbon RE
CO2 3.0 na 3.9 na
H2 na 1.3 na 2.0
Acetate 6.1 6.1 10 10
Ethanol 4.0 6.0 12 18
Succinate 3.0 2.7 7.3 6.4
Propionate 0.3 0.3 - -
Lactate 0.3 0.3 3.9 3.9
Formate 0.2 0.1 0.8 0.4
Isobutyrate 0.2 0.2 - -
Total: 18 17 55 59

aSee Figure 34 for product profiles. Net amounts of products formed in the
unsupplemented control were subtracted from those of supplemented
treatments; recoveries are based on the amount of substrate provided.
Values are based on the arithmetic average of three replicate analyses.
RE, reducing equivalents; -, no net increase of the product during the
incubation in supplemented treatments relative to the control treatments;
na, not applicable. Table modified and used with permission from Zeibich

etal., 2019a.
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3.2. Effect of microbial cell lysate, protein, and RNA on the
fermentative microbiota of L. terrestris

The ingestion of dietary material coupled to the abrasive action of the gizzard introduces a
wide range of nutrients into the alimentary canal. For example, protein a primary component of
a disrupted microbial cell (Section1.3.2). In this regard, approximately 2 mM amino acids can
occur in the aqueous phase of the alimentary canal (Horn et al., 2003). This and the decrease of
protein in the gut from anterior to posterior corroborate the likelihood that protein hydrolysis in the
gut yields fermentable amino acids. Thus, the availability of amino acids would be dependent on
protein hydrolysis, and the secretion of earthworm-proteases into the anterior part of the
alimentary canal indicates that the earthworm contributes to this process (Section 1.3.2). RNA is
likewise a main component of a disrupted microbial cell (Section1.3.3). These considerations
indicate that microbes in the earthworm gut are challenged with protein and RNA derived from
gizzard-disrupted cells, and prompted the evaluation of the effects of fresh cell lysate (used to
simulate disrupted microbial cells), protein, and RNA on gut content fermentation and associated
gut content microbiota.

3.2.1. Effect of cell lysate on gut content fermentation

In a preliminary experiment, fresh cell-free lysates of either S. cerevisiae or E. coli enhanced
the production of H, and CO, (Table 25), indicating that a fermentative response to lysate was
independent of the source of lysate. Yeast-derived lysate was selected for more detailed
experiments because (a) larger microbial cells such as fungal cells are assumed to be more
susceptible to rupture by the gizzard than smaller microbial cells (Section 1.2.1) and (b) the
analysis of prokaryotic 16S rRNA genes and 16S rRNA would not be impaired.

Table 25. Effect of cell lysates from S. cerevisiae and E. coli on the formation of CO2 and
H2 in anoxic microcosms of L. terrestris gut contents.2

Gaseous products (umol/gew)

Treatment pH CO2 H>
Replicate 1 2 1 2 1 2
Control 6.8 6.9 19 22 2.2 2.4
E. coli 6.6 6.6 60 55 5.9 9.7
S. cerevisiae 6.6 6.6 64 64 15 16

aThe amount of carbon derived from filter sterilized E. coli lysate (5.3% dry weight) and S.
cerevisiae lysate (5.1% dry weight) added per microcosm approximated 2.0 mmol and 2.2
mmol, respectively. Filter-sterilized lysate alone did not display any fermentation activity.
Control lacked supplemental lysate. Earthworms from were maintained at 15°C, and gut
content microcosms were incubated at 15°C for 44 h. FW, fresh weight. Table modified
and used with permission from Zeibich et al., 2018.
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The rapid anaerobic formation of H,, CO>, and different fatty acids in yeast lysate treatments
was significant compared to the unsupplemented control and indicated that available lysate was
linked to diverse fermentations (Figure 35 and Table 26). In contrast to the other fermentation
products that accumulated, the increase of formate was transient, an observation consistent with

previous findings (Figure 27 and Figure 34).
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Figure 35. Effect of yeast lysate on the fermentation product profiles of anoxic microcosms of L. terrestris
gut contents. The amount of carbon derived from filter-sterilized lysate (6.0% dry weight) added per
microcosm approximated 2.3 mmol. Controls lacked supplemental lysate. Lysate alone did not display any
fermentation activity. Values are the arithmetic average of three replicate analyses, and error bars indicate
the standard deviations. Some standard deviations are smaller than the size of the symbol and therefore
not apparent. FW, fresh weight. Figure modified and used with permission from Zeibich et al., 2018.
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The initial pH approximated 7 and was relatively stable (Figure 35). The theoretical
recoveries of carbon and reducing equivalents in fermentation products indicated that (a)
approximately 55% of the lysate-derived organic carbon was fermented to the detectable products
(Table 27) and (b) the amount of supplemented lysate was adequate for the observed enhanced

fermentation.

Table 26. P values of fermentation products in yeast lysate treatments.2

Products
CO: H2 Succinate Lactate Formate
C L C L C L C L Cc L
Mean value® 30 149 0.9 33 4.1 58 1.3 1.5 6.2 48
Variance 479 1046 0.0 3.8 0.0 142 0.0 0.0 0.9 50
P value 0.001 0.006 0.016 0.103 0.009
Acetate Propionate Butyrate Methylbutyrate Total
C L C L C L C L C L
Mean value® 29 262 7.7 14 2.0 13 10 96 92 673
Variance 31 2656 3.2 0.2 0.1 0.1 1.6 88 336 1441
P value 0.016 0.030 0.000 0.004 0.000

ap values (significantatP O 0. 05) we r e ttesawitlc unégaat varcgincds yand are based on the
difference between the net amount of products in control (C) and yeast lysate (L) treatments at the end of
incubation. See Figure 35 for product profile. Table modified and used with permission from Zeibich et al.,
2018.

bMean values (n = 3) are in umol/grw. FW, fresh weight.

Table 27. Estimated recoveries of carbon and reducing equivalents (e.g.,
electrones) in yeast lysate treatments.2

Recoveries (%)

Main Products Carbon Reducing Equivalents
CO2 5.2 na
H2 na 0.7
Acetate 20 20
Methylbutyrate 18 23
Succinate 9.0 7.8
Propionate 0.8 0.9
Butyrate 1.9 24
Lactate 0.1 0.1

Total: 55 55

aSee Figure 35 for product profile. Net amounts of products formed in the
unsupplemented control were subtracted from those of supplemented
treatments; recoveries are based on the amount of substrate provided.
Values are based on the arithmetic average of three replicate analyses.
Table modified and used with permission from Zeibich et al., 2018.
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3.2.2. Effect of cell lysate on gut fermentative bacterial families

A total of 1,715,804 bacterial 16S rRNA gene and 16S rRNA sequences were obtained,
and rarefaction analyses indicated that the most abundant taxa were targeted (Figure 36). Based
on the relative abundances of the detected sequences in control and lysate treatments at the end
of the incubation, the phylum Firmicutes was notably stimulated by lysate and the affiliated
families Peptostreptococcaceae, Clostridiaceae, and Lachnospiraceae displayed a strong
increase of relative 16S rRNA abundances in lysate treatments compared to the unsupplemented
control (Table 28 and Figure 37). The increases in relative abundances of
Peptostreptococcaceae-, Clostridiaceae-, and Lachnospiraceae- affiliated 16S rRNA sequences
were supported by statistical analyses of the comparative relative abundances of sequences in

control and lysate treatments at the end of the incubation (Table 28).
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Figure 36. Rarefaction analyses of bacterial 16S rRNA gene and 16S rRNA sequences obtained from
control and yeast lysate treatments. Phylotypes were based on a 99% sequence similarity cutoff.
Abbreviations: 0, 6, 10, 12, 20, 30 indicate the time of sampling in hours; C, unsupplemented control; L,
lysate treatment. 16S rRNA gene (DNA) and 16S rRNA (RNA) samples of the three replicates were always
pooled except for 16S rRNA samples at 30 hour. Numbers assigned to a treatment (e.g., C1) indicate the
respective replicate. Figure modified and used with permission from Zeibich et al., 2018.

The phylum Proteobacteria was represented by the families Aeromonadaceae and
Enterobacteriaceae (Figure 37). The relative abundances of these families varied during the
incubation period. Thus, Aeromonadaceae-affiliated 16S rRNA sequences increased initially in
the yeast lysate treatments but decreasing with time and were less abundant at the end of the
incubation. In marked contrast, Enterobacteriaceae-affiliated 16S rRNA sequences increasing

more gradually during the time period and dominated the Proteobacteria-affiliated sequences at
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the end of the incubation. This increases in relative abundances of Aeromonadaceae- and
Enterobacteriaceae- affiliated 16S rRNA sequences were confirmed by statistical analyses of the
comparative relative abundances of sequences in control and lysate treatments at the end of the
incubation (Table 28). The stability of the pH during the incubation (Figure 35) reinforced the
likelihood that nutrient input rather than a change in pH was an important factor for the observed
changes in the community composition of the lysate treatment. Mycoplasmataceae were
represented by a phylotype with 99% similarity to Can. Lumbricincola, and 16S rRNA sequences
of this phylotype had a high relative abundance in unsupplemented controls. Members of the
genus Can. Lumbricincola occur in tissues, gut contents, and casts of earthworms (Nechitaylo,
2009), and affiliated 16S RNA gene and 16S rRNA sequences were also abundant in previous
gut content treatments (Meier et al., 2018; Figure 24 and Figure 30). Consistent with the strong
stimulation of Peptostreptococcaceae, Aeromonadaceae, and Enterobacteriaceae in the lysate
treatment, the number of detected and expected phylotypes as well as Shannon indices were
lower at the end of the incubation period in this treatment compared to those of the
unsupplemented control (Table 29).

Table 28. Statistical analysis of main stimulated families in yeast lysate treatments.?

LDA
Family Treatment Mean Variance Pvalue® Score
(log10)©
Aeromonadaceae Control 0.2 0.0
Lysate 14 0.0 0.010 4.16)
Clostridiaceae Control 1.3 0.0
Lysate 12 2.4 0.007 5.1
Enterobacteriaceae Control 0.3 0.0
Lysate 13 4.9 0.011 5.1@
Lachnospiraceae Control 0.4 0.0
Lysate 9.7 4.8 0.018 5.04
Peptostreptococcaceae Control 10 5.6
Lysate 23 6.1 0.003 5.4
Bkami |l ies were designated (a) abundant when

5% in at least one sampling period and (b) stimulated when the increase in relative
abundance over time was more pronounced in the lysate treatment compared to the
respective unsupplemented control treamtent. Table modified and used with
permission from Zeibich et al., 2018.

bP values (significant at P O 0 . ob &optrol treatment vs. lysate treatment were
calculated from relative abundances at the end of the 30 h incubation by t-test with
unequal variances.

°LDA scores were calculated using LEfSe. Numbers in parentheses display the rank
in the LDA analysis (i.e., higher ranking families exhibited a stronger response to
supplement compared to lower ranking ones).

a

f ami
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L. terrestris gut content microcosms based on the analyses of 16S rRNA (RNA) and 16S rRNA genes
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replicate (the high similarity of the three replicates illustrates the reproducibility of the analyses). Process

data are shown in Figure 35 and information on all detected taxa is provided in Table A4. Figure modified

and used with permission from Zeibich et al., 2018.
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Table 29. Alpha diversity of the microbial community in control and yeast lysate treatments.2

Sampling time: Oh 6h 12h 20 h

Treatment:® DNA RNA C.RNA L.RNA C.RNA L.RNA C.RNA L.RNA
Number of sequences 90591 105034 70681 90615 104319 87844 70036 96059
Observed PTs¢ 7384 6911 6625 5596 6720 4833 5848 4917
(normalized)¢ (6328) (5506) (6326) (4670) (5365) (4112) (5618) (3989)
Chaol 11975 11553 11842 10159 11199 8722 10712 9341
(normalized)¢ (10608) (9751) (11419) (8995) (9460) (7864) (10409) (7911)
Shannon 9.8 7.3 8.2 6.1 7.9 5.8 7.2 6.2
(normalized)¢ (9.7) (7.3) (8.1) (6.0) (7.9 (5.8) (7.2) (6.2)
Sampling time: 30 h

Treatment:® C1.RNA C2.RNA C3.RNA L1.RNA L2.RNA L3.RNA C.DNA L.DNA
Number of sequences 109807 147651 126676 114515 126281 142222 111359 122114
Observed PTs¢ 8086 8411 8150 5509 6825 6332 7323 5745
(normalized)¢ (6179) (5566) (5841) (4083) (4822) (4214) (5573) (4200)
Chaol 14324 14417 13660 10514 12345 11492 12972 9945
(normalized)¢ (11675) (10764) (10822) (8101) (9390) (8483) (10395) (7761)
Shannon 8.3 7.6 7.7 6.6 7.2 6.7 8.3 7.2
(normalized)¢ (8.3) (7.6) (7.6) (6.6) (7.1) (6.7) (8.2) (7.2)

aTable modified and used with permission from Zeibich et al., 2018.

bC and L corresponds to unsupplemented control and cell lysate treatments, respectively. 16S rRNA gene (DNA) or 16S rRNA (RNA) samples of the three
replicates were always polled except for RNA samples at 30 h. Numbers assigned to a treatment (e.g., C1) indicate the respective replicate.

‘Phylotypes (PTs) were clustered based on a sequence similarity cut-off of 99%.

dThe data sets were normalized to 64,864 sequences for comparison of amplicon libraries of different sizes.
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3.2.3. Effect of protein and RNA on gut content fermentation

Protein and RNA are the primary components of microbial cell lysate. Therefore, these two
biopolymers were evaluated for their potential to stimulate fermentations and associated gut
content microbes of earthworms. Gut contents were also challenged with cellulose and xylan to
directly compare the potential specificity of protein- and RNA-linked stimulation.

The anaerobic production of H> and CO; in anoxic gut content was enhanced in all
biopolymer treatments (Figure 38). Likewise, fatty acid production was augmented by all four
biopolymers in gut content treatments (Table 30). However, protein and RNA were considerably
more stimulatory than cellulose and xylan, and yielded dissimilar fermentation profiles. For
example, RNA yielded high amounts of H, and succinate, whereas protein strongly enhanced the
production of methylbutyrate and butyrate (Figure 38 and Table 30). That H, was only marginally
produced in the protein treatment, suggesting the occurrence of Stickland reactions, a non-H-
producing process often engaged when the H, concentrations reach a certain level (Schink and
Stams, 2013).
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Figure 38. Effect of biopolymers on the formation of Hz and CO: in anoxic microcosms of L. terrestris gut
contents. The amount of biopolymer-derived carbon added per microcosm approximated 2.4 mmol.
Controls lacked supplemental biopolymers. Biopolymers alone did not display any fermentation activity.
Values are the arithmetic average of three replicate analyses, and error bars indicate the standard
deviations. Some standard deviations are smaller than the size of the symbol and therefore not apparent.
FW, fresh weight. Figure modified and used with permission from Zeibich et al., 2018.
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Table 30. Fatty acid profiles of anoxic microcosms of L. terrestris gut contents supplemented with different biopolymers.2

Products (umol/gFW)P

Treatment
Time (h) Acetate Succinate Formate Propionate Butyrate Methylbutyrate Lactate

Protein and RNA

Control 0 22+05 0.5+0.0 3.6+04 0.0+0.0 0.0+ 0.0 0.0+ 0.0 06+0.1
30 23+2.8 0.0+0.0 29+0.8 45+0.3 19+0.1 53+0.1 05+0.1

Protein 0 27+0.1 04+0.1 27+03 0.0+ 0.0 09+0.2 0.0+ 0.0 1.2+0.2
30 146 + 5.6* 0.0+0.0 13+9.2 22+ 1.7* 25+ 2.6* 53 +1.3* 58+24

RNA 0 18+1.4 49+0.3 23+0.7 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 49+0.3
30 87 +5.3* 19+ 1.4 39+1.3* 8.0+ 0.9% 32+14 55+1.2 12 £ 0.5*

Cellulose and Xylan

Control 0 1.2+0.1 05+0.1 3.2+0.2 0.0+ 0.0 0.0+ 0.0 0.7+0.3 0.3£0.0
30 25+1.4 1.9+0.2 25+0.8 3.7120.1 0.6+ 0.0 6.8+0.2 0.8+0.1

Cellulose 0 1.8+0.2 04+0.1 0.7+0.3 0.0+0.0 0.0+ 0.0 0.0+ 0.0 0.3%£0.1
30 33+7.0 3.1+0.1* 28129 40+0.2 0.7+ 0.0 7.1+0.3 2.0+ 0.2*

Xylan 0 12+0.7 0.6+ 0.0 1.3+04 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 0.4%0.0
30 45 + 4.4* 2.7+0.1* 3.0+0.1 4.3+0.1* 0.9 + 0.0* 7.2+0.3 1.6+0.1*

aThe amount of biopolymer-derived carbon added per microcosm approximated 2.4 mmol. Controls lacked supplemental biopolymers. Biopolymers alone did
not display any fermentation activity. Values are the arithmetic average of three replicate analyses (+ standard derivation). FW, fresh weight. Table modified
and used with permission from Zeibich et al., 2018.

bThe asterisk (*) indicates significant P values (PO 0. 05) of contr ol VsS. protein, RNA, cel | Rivaloeswere or x vyl
calculated by t-test with unequal variances.
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The rapid increase of fermentation activity in protein and RNA treatments indicated that the
facultative aerobes and anaerobes in gut content were not nutrient saturated and poised to
respond to these biopolymers. Indeed, increasing amounts of protein and RNA yielded increasing
amounts of CO; and Ha, respectively (Table 31), indicating a cause-and-effect relation between
the availability of protein and RNA and the anaerobic production of these gases.

Time-resolved fermentation analysis and statistical analysis of protein treatments displayed
a strongly enhanced and significant production of CO;, acetate, propionate, butyrate, and
methylbutyrate compared to the unsupplemented control treatments (Figure 39 and Table 32).
Furthermore, casamino acids stimulated fermentation similarly to that obtained in the protein
treatment (Table 33). In marked contrast to the fermentation profile of protein treatments, RNA
treatments and associated statistical analysis displayed a significantly enhanced production of
H,, CO,, formate, acetate, and succinate compared to the unsupplemented control treatments
(Figure 39 and Table 32). Acetate and formate were the dominant initial products detected. The
initial pH approximated 7 and was relatively stable (Figure 39), corroborated the likelihood that
nutrient input rather than a change in pH was an important factor for the observed enhanced
fermentations in protein and RNA treatments. Formate was transient in both protein and RNA
treatments. An observation consistent with previous studies and treatments supplemented with
yeast lysate (Figure 27, Figure 34, and Figure 35). The transient accumulation of formate in
protein and RNA treatments, and the transient accumulation of succinate and lactate in protein
treatments, suggest that these products were metabolic intermediates and most likely consumed

by secondary processes.

Table 31. Effect of different amounts of protein and RNA on the
formation of CO2 or Hz, respectively, in anoxic microcosms of L.
terrestris gut contents.?2

Carbon

Treatment (mmol) umol/grw® P Value®
Protein CO:2

0.0 10+ 2.8

0.5 25+ 2.0 0.002

2.0 56+ 5.1 0.000
RNA H2

0.0 0.8+0.1

0.5 87+1.8 0.002

2.0 47 £ 9.3 0.001

aTable modified and used with permission from Zeibich et al., 2018.

bAmounts of CO2z and Hz at the end of incubation (30 h). Values
are the arithmetic average of three replicate analyses (+ standard
deviation). FW, fresh weight.

¢P values were calculated by t-test with different variances and are
based on the difference between the unsupplemented control and
the supplemented treatment. Values are significantatPO 0. 05 .
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Figure 39. Effect of protein or RNA on the fermentation product profiles of anoxic microcosms of L.

terrestris gut contents.

The amount of protein- and RNA-derived carbon approximated 1 mmol per
microcosm. Controls lacked supplemental protein or RNA. Protein or RNA alone did not display any
fermentation activity. Values are the arithmetic average of three replicate analyses, and error bars indicate
the standard deviations. Some standard deviations are smaller than the size of the symbol and therefore
not apparent. FW, fresh weight. Figure modified and used with permission from Zeibich et al., 2018.



Table 32. P values of the fermentation products in protein (A) and RNA (B) treatments.2

(A) Protein treatment

CO; H> Succinate Lactate Formate Acetate Propionate Butyrate Methylbutyrate

C P C P C P C P C P cC P C P C P C P
Mean value® 7.1 38 0.5 3.2 0.0 00 03 04 15 11 15 90 35 19 09 11 3.0 30
Variance 02 35 0.0 0.1 0.0 00 00 00 01 07 02 74 0.1 05 00 0.0 0.0 8.6
P value 0.001 0.001 - 0.502 0.016 0.010 0.000 0.009 0.004
(B) RNA treatment

CO2 H> Succinate Lactate Formate Acetate Propionate Butyrate Methylbutyrate

C R C R C R C R C R C R C R C R C R
Mean value® 71 76 05 48 0.0 13 03 61 28 26 15 59 35 3.7 09 04 3.0 2.1
Variance 02 39 00 9.6 0.0 01 00 00 01 04 0.2 438 0.1 0.0 00 0.0 0.0 0.4
P value 0.001 0.003 0.000 0.000 0.000 0.001 0.775 0.118 0.158
ap values (significantat PO 0. 05)

we r e ttesavite unéqaal varthncdsyand are based on the difference between the net amount of products in

control (C) and protein (P) or RNA (R) treatments at the end of incubation. See Figure 39 for product profile. Table modified and used with permission from
Zeibich et al., 2018.

bMean values (n = 3) are in umol/grw. FW, fresh weight.
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Table 33. Fermentation profiles (A) and estimated recoveries of carbon and reducing equivalents (e.g., electrons) (B) in casamino acids, ribose, adenine,
uracil, or glycerol treatments.2

(A) Fermentation Profile®

Products (umol/grw)

Treatment
Time : . Methyl-
CcoO H
() pH 5 2 Acetate Ethanol Succinate Lactate Formate Propionate Butyrate butyrate
Controla 0 70+£0.0 0.0+£0.0 00+£0.0 24+0.2 0.0x0.0 0.7+£00 10x01 10x01 0.0+£0.0 0.0+£0.0 0.0x0.0
30 7.0+0.0 75+1.0 0.7+x0.1 1604 0.0%x0.0 04+£01 08x0.1 07x01 3.0+0.1 1.3+01 1.7%£01
Casamino 0 70+£0.0 00+0.0 0.0+0.0 25+0.1 0.0x0.0 06+£00 13+x0.0 12+0.2 0.0+£0.0 0.0+x0.0 0.0x0.0
acids® 30 6.9+0.0 33+2.8* 3.8+0.2* 90+3.4* 0.0+00 2607 14+03 32+09* 16+1.1* 87+04* 14+ 15*
Ribose! 0 70+£0.0 00+0.0 0.0x0.0 19+05 0.0x0.0 0.0+£00 0903 09%0.2 0.0+x0.0 0.0+x0.0 0.0+0.0
30 6.8+0.0 12+1.0x 3.9+0.8* 32+3.1* 19+23* 19+04* 13+0.1* 7.8+0.4* 3.1+0.2 15+02 20zx0.2
Adenine® 0 70+£0.0 0.0£0.0 00+00 19+0.2 0.0+0.0 0.7+£0.1 09+0.0 06+0.1 0.0+0.0 0.0+0.0 0.0+0.0
30 70+0.0 51+04* 05+0.2 11+24 09+0.1* 17+03* 0.7+0.0 06+0.1 1.2+0.2* 06+04 15+0.3
Uracild 0O 70+£0.0 00+0.0 0.0+x0.0 1.8+04 0.0x0.0 0.7+0.1 09+01 05%0.2 0.0+0.0 0.0+0.0 0.0+0.0
30 70+00 10+15 08+0.1 17x1.2 - 12+0.1* 12+0.2 12%05 3.0+0.3 1.6+0.1* 2.7+0.2*
Controlg 0 70+£00 00+0.0 0.0x0.0 64+0.1 0.0x0.0 11+00 09+x00 21x01 0.7+0.0 05+0.0 0.0+0.0
30 70+£0.0 11+£2.7 0.1+03 14+05 3.0+£0.8 04+£01 1.0x0.0 - 29+0.1 11+02 09%01
Glycerol® 0 70+£0.0 00+0.0 0.0+x0.0 56+04 0.8zx0.2 11+01 08+£01 23z%0.1 0.7+0.0 06+0.2 0.0+0.0

30 70+0.0 18+3.7 1.0+08 15+*16 43%x05 04+00 1.0x0.0 - 6.6 + 0.8* 12+02 04%0.2




(B) Recoveries (%)

Prop- Methyl-

Treatment CO2 H, Acetate Ethanol Succinate Lactate Formate . Butyrate Total
ionate butyrate

Casamino Carbon 21 na 12 - 0.8 0.0 0.2 3.2 25 5.0 26
acids® Reducing Equivalents na 0.1 12 - 0.6 0.0 0.1 3.6 29 6.2 25
Ribose! Carbon 3.5 na 24 27 2.3 2.0 5.2 0.1 0.6 1.2 66
Reducing Equivalents na 1.2 24 40 2.0 2.0 2.6 0.2 0.8 15 75

Adenine® Carbon 0.0 na 0.0 0.9 2.7 0.0 0.1 0.0 0.0 0.0 3.7
Reducing Equivalents na 0.0 0.0 2.7 4.8 0.0 0.1 0.0 0.0 0.0 7.6

Uracild Carbon 1.2 na 2.2 0.0 1.6 0.6 0.5 0.0 0.6 25 9.1
Reducing Equivalents na 0.1 3.6 0.0 2.2 1.0 0.4 0.0 1.1 5.2 13

Glycerol® Carbon 25 na 16 3.9 0.1 15 - 38 0.5 - 85
Reducing Equivalents na 1.6 14 4.9 0.1 1.2 - 38 0.6 - 60

aTable modified and used with permission from Zeibich et al., 2018.

bControls lacked supplemental substrates. Values are the arithmetic average of three replicate analyses (+ standard derivation). FW, fresh weight. The
asterisk (*) indicates significant P values (significant at P O  0).0Dcbntrol vs. casamino acids, ribose, adenine, uracil, or glycerol treatments at the end of
incubation. P were calculated by t-test with unequal variances.

¢The amount of casamino acid-derived carbon added per microcosm approximated 1.2 mmol,

dThe amount of ribose, adenine, uracil, and glycerol per microcosm approximated 5 mM. 3 mM of ribose were consumed. The consumption of uracil and
glycerol were not determinable due to overlapping retention times with ethanol and formate, respectively. Adenine was not detectable.

eSee A for product profile. Net amounts of products formed in the unsupplemented control were subtracted from those of supplemented treatments; recoveries
are based on the amount of substrate provided. Recoveries in ribose treatments are based on the amount of substrate consumed. Values are based on the
arithmetic average of three replicate analyses. -, no net increase of the product during the 30 h incubation. na, not applicable.
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40% and 24% of protein- and RNA-derived carbon, respectively, and 24% and 23% of protein-
and RNA-derived reduction equivalents, respectively, were theoretically recovered in the detected
fermentation products (Table 34). These theoretical recoveries (a) corroborate the likelihood that
protein and RNA were responsible for the observed diverse fermentations and (b) indicated that
the supplemental amounts of these biopolymers were adequate for the observed fermentation
products. Furthermore, the recovery of carbon and reducing equivalents tended to be identical
in both treatments, indicating that anaerobic respirations were nearly inactive. The marked
production of propionate and methylbutyrate in protein treatments and casamino acid treatments
is consistent with amino acid-derived fermentations (Barker, 1981; Nanninga, 1985; Mclnerny,
1988; Smith and Macfarlane, 1997) (Figure 39 and Table 33). These considerations reinforcing
the likelihood that protein fermentation was due to the hydrolysis of this biopolymer and

subsequently fermentative utilization of available amino acids.

Table 34. Estimated recoveries of carbon and reducing equivalents (e.g., electrons) in protein
and RNA treatments.2

Recoveries (%)

Protein RNA

Main Reducing Reducing
Products Carbon Equivalents Carbon Equivalents
CO:2 3.1 na 6.9 na
H2 na 0.1 na 3.1
Acetate 15 15 8.9 12
Methylbutyrate 14 17 - -
Succinate - - 4.7 5.3
Propionate 4.8 5.4 0.3 0.4
Butyrate 4.0 4.9 - -
Formate - - 11 0.7
Lactate - - 1.7 2.2

Total: 40 42 24 23

(45)° (34)°

aSee Figure 39 for product profiles of protein and RNA treatments. Net amounts of products
formed in the unsupplemented control were subtracted from those of supplemented
treatments; recoveries are based on the amount of substrate provided. Values are based on
the arithmetic average of three replicate analyses. Table modified and used with permission
from Zeibich et al., 2018.

bParenthetical values are the estimated recoveries based on RNA-derived ribose as sole
source of carbon and reducing equivalents.

The hydrolysis of RNA ensure the release of its subunits ribose, purines, and pyrimidines.
Ribose-supplemented treatments displayed enhanced amounts of diverse fermentation products
(Table 33), and the theoretical amounts of recovered carbon and reducing equivalents from

supplemental RNA did not exceed the amounts available from RNA-derived ribose (Table 34
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[parenthetical values]). Furthermore, the RNA-derived production of succinate and formate is
consistent with ribose-linked fermentations (Stanier and Adams, 1944; Altermatt et al., 1955;
Rosenberg, 1980). These findings suggest that the fermentative utilization of RNA-derived ribose
was likely the important driver of the observed and enhanced fermentation in RNA treatments.
Although supplemented adenine (a purine) and uracil (a pyrimidine) yielded no enhanced gut
content fermentation as single substrates (Table 33), it cannot be excluded that purines and
pyrimidines were utilized during RNA fermentation (e.g., assimilation for cell biosynthesis), and
thereby indirectly enhanced ribose-based fermentation.

Ethanol was a major product in ribose treatments, constituting approximately 40% of the
recovered reducing equivalents (Table 33B). In marked contrast, ethanol was not detected in
protein and casamino acid treatments. Ethanol and uracil had overlapping retention times on the
high performance liquid chromatograph column which did not allow accurate determination of
ethanol in the RNA treatment. However, that ethanol was a major product in the ribose treatment
and indicated that ethanol was most likely formed during RNA-based fermentation. Ethanol is
also produced during the earthworm gut content-fermentation of xylose (Figure 25; Meier et al.,
2018) confirming that ethanol is one of the main products formed during pentose fermentations.
Lipids can constitute up to 10% of a microbial cell, and the hydrolysis of glycerophospholipids
would increase the availability of glycerol that can be fermented to propionate (Section 1.3.4.2
and Section 1.4.3.2; Buckel, 1999; Chen et al., 2016). Indeed, glycerol-supplemented treatments
yielded a significant production of propionate compared to the unsupplemented control (Table
33A).

3.2.4. Effect of protein and RNA on gut fermentative bacterial
families

A total of 2,019,822 bacterial 16S rRNA and 16S rRNA gene sequences were obtained,
yielding 26 phyla (including candidate phyla). The rarefaction analyses indicated that the most
abundant taxa of the unsupplemented control treatments, the protein treatments, and the RNA
treatments were effectively targeted (Figure 40). Furthermore, the analysis illustrated, that the
relative abundances of 16S rRNA gene and 16S rRNA sequences were almost identical in all
treatments prior to incubation (Figure 41 [sequences at 0 h]).

Based on the analyzed relative 16S rRNA and 16S rRNA gene sequence abundances,
Actinobacteria, Proteobacteria, Planctomycetes, Tenericutes, and Verrucomicrobia were
abundant in gut content at the beginning of incubation, and the relative abundances of 16S rRNA
sequences demonstrated that these taxa were active throughout the incubation period in
unsupplemented controls (Figure 41). Consistent with previous findings (Figure 28), Firmicutes-
affiliated families displayed a increase in relative abundance in unsupplemented controls (Figure
24).
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Figure 40. Rarefaction analyses of bacterial 16S rRNA (RNA) and 16S rRNA gene (DNA) sequences
obtained from protein and RNA treatments. Phylotypes were based on a 97% sequence similarity cutoff.
Abbreviations: 0, 6, 10, 12, 20, 30 indicate the time of sampling in hours; C, unsupplemented control; P,
protein treatment; R, RNA treatment. For both panels, 16S rRNA gene or 16S rRNA samples of the three
replicates were always pooled except for 16S rRNA samples at 30 hour. Numbers assigned to a treatment
(e.g., C1) indicate the respective replicate. Figure modified and used with permission from Zeibich et al.,
2018.

The marked change in relative abundances of 16S rRNA-based families in the first 10 h of
incubation demonstrated that the bacterial community responded quickly to the availability of
protein and RNA (Figure 41). The molecular analyses indicated that the community-response to
protein was dissimilar to the community-response to RNA. Thus, the Firmicutes were mostly
stimulated by protein, whereas the Proteobacteria were mainly stimulated by RNA (Figure 41). In
this regard, Peptostreptococcaceae-, Clostridiaceae-, and Fusobacteriaceae-affiliated phylotypes
were stimulated by protein, whereas Aeromonadaceae-affiliated phylotypes were stimulated by
RNA (Figure 41). The increases in relative abundances of Aeromonadaceae-, Clostridiaceae-,
Fusobacteriaceae-, and Peptostreptococcaceae-affiliated 16S rRNA sequences were supported
by statistical analyses, based on the quantitative differences of the relative abundances of
sequences in unsupplemented control and protein or RNA treatments at the end of the incubation
(Table  35). Members of the Mycoplasmataceae, Planctomycetaceae, and
Xiphinematobacteraceae displayed a relatively stable abundance in all treatments, suggesting
that the constant high abundance of these families was not dependent on supplemental protein
or RNA. However, the increase in the relative abundances of these families corresponded to a

decrease in the relative abundances of the Mycoplasmataceae and Planctomycetaceae.
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Figure 41. Effect of protein or RNA on the temporal changes of the relative abundances of bacterial phyla
in L. terrestris gut content microcosms based on the analyses of 16S rRNA (RNA) and 16S rRNA genes

(DNA). The most abundant families (i.e

families

period) are displayed in the color of the respective phylum. Abbreviations: C, unsupplemented control; P,
protein treatment; R, RNA treatment. Samples of the three replicates of a treatment were always pooled
for each sampling time point, except for the 16S rRNA samples at the end of the 30 h incubation in which
each bar represents one replicate. Process data are shown in Figure 39, and information on all detected
taxa is provided in Table A5. Figure modified and used with permission from Zeibich et al., 2018.
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Table 35. Statistical analyses of main stimulated families in protein or RNA treatments.2

Family Treatment Mean Variance P Value® LDA Scorce
(log10)
Aeromonadaceae Control 0.2 0.0
RNA 19 5.5 0.005 5.30
Protein 0.4 0.0 0.119 (0.005)
Clostridiaceae Control 1.5 0.2
Protein 13 1.3 0.000 5.1@
RNA 3.3 0.2 0.009 (0.001)
Fusobacteriaceae Control 1.0 0.3
Protein 8.4 4.7 0.029 4.99
RNA 0.2 0.0 0.120 (0.023)
Peptostreptococcaceae Control 4.6 0.5
Protein 23 5.8 0.006 5.40
RNA 2.9 0.4 0.035 (0.005)
BFamilies were designated (a) abundant when a f ami

one sampling period and (b) stimulated when the increase in relative abundance over time was more
pronounced in at least one treatment (protein or RNA) compared to the respective unsupplemented
control. Table modified and used with permission from Zeibich et al., 2018.

bP values (significant at P O 0 .oDcntrol vs. lysate, protein, or RNA treatments were calculated
from relative abundances at the end of the 30 h incubation by t-test with unequal variances
(parenthetical values indicate P values of protein vs. RNA treatments).

¢LDA scores were calculated using LEfSe (protein vs. RNA treatments). Numbers in parentheses
display the rank in the LDA analysis (i.e., higher ranking families exhibited a stronger response to
supplement compared to lower ranking ones).

The number of detected and expected phylotypes decreased during the incubation (Table
36). A trend more pronounced for the protein and RNA treatments compared to the
unsupplemented controls. Furthermore, the Shannon indices decreased in the protein and RNA
treatments whereas those in the controls remained relatively constant with time (Table 36). These
findings reinforced the aforementioned stimulation of subgroups (e.g., Aeromonadaceae in RNA
treatments and Peptostreptococcaceae in protein treatments) of the microbial gut content
community in protein and RNA treatments.

The collective relative abundance of the most responsive taxa of the lysate treatment (a)
constituted approximately 60% of the total abundance of the detected taxa and (b) was greater
than that of either the protein or RNA treatments (Figure 42). However, there was an
approximately three-fourths overlap between the responsive families in lysate treatments and the
responsive families in the protein and RNA treatments (Figure 42). This overlap consist of the
the dominant responsive families in protein and RNA treatments. Thus, Peptostreptococcaceae
(protein), Clostridiaceae (protein), and Aeromonadaceae (RNA) collectively constituted

approximately three-fourths of the responsive families in the lysate treatment (Figure 42).

y



Table 36. Alpha diversity of the microbial community in control, protein and RNA treatments.?

Sampling Time Oh 10 h 20 h

Treatment: CDNA PDNA RDNA CRNA P.RNA R.RNA C.RNA P.RNA R.RNA C.RNA P.RNA R.RNA
'S\';q”;l;ﬁ[:g; 95270 98173 93122 96621 98821 101284 108667 118733 103052 80188 90359 82138
Observed PTsP 5527 5660 5444 5886 5898 6004 6008 5780 5578 5175 4452 4689
(normalized)e (3478)  (3572)  (3404)  (3463) (3517)  (3504) (3572)  (3392)  (3353) (2910) (2522) (2720)
Chaol 7925 8092 7908 9270 9151 0723 9382 0177 8510 8668 7092 7542
(normalized)e (5967)  (5999) (5797) (6431)  (6383)  (6339) (6094)  (5734)  (5744) (6121) (4988) (5481)
Shannon 9.3 9.3 9.3 8.0 8.3 8.3 8.4 7.6 8.2 8.0 6.6 7.6
(normalized)e (9.2) (9.2) (9.2) (7.9) (8.2) (8.2) (8.3) (7.5) (8.1) (790 (65  (7.5)
Sampling Time 30h

Treatment: C1RNA C2RNA C3RNA P1RNA P2RNA P3RNA RIRNA R2RNA R3RNA C.DNA P.DNA R.DNA
';‘;Jqﬂ*;ﬁ[:gg 84481 83599 35563 114393 80012 78166 73608 69987 48891 59211 61820 63663
Observed PTsP 5077 5011 3247 4944 4082 4033 4299 4329 3544 4274 3558 3465
(normalized)e (2866)  (2855)  (1788) (2769) (2237)  (2241)  (2421)  (2355)  (1911)  (2583) (1997) (1909)
Chaol 8266 8117 5378 8014 6927 6730 7128 7330 6063 6557 5838 5739
(normalized)e (5806)  (5742)  (5302) (5075) (4930)  (4713)  (5208)  (5539)  (5242)  (5439) (4707) (4589)
Shannon 7.7 7.9 7.9 6.7 6.7 6.7 75 7.4 7.4 9.3 7.1 6.2
(normalized)e (7.6) (7.8) (7.9) (6.6) (6.6) (6.6) (7.4) (7.3) (7.3) (9.3) (700  (6.2)

aC, P, and R corresponds to unsupplemented control, protein, and RNA treatments, respectively. 16S rRNA gene or 16S rRNA samples of the three replicates
were always pooled except for 16S rRNA samples at 30 h. Numbers assigned to a treatment (e.g., C1) indicate the respective replicate. DNA, 16S rRNA genes;
RNA, 16S rRNA. Table modified and used with permission from Zeibich et al., 2018.

bPhylotypes (PTs) were clustered based on a sequence similarity cut-off of 97%.

‘The data sets were normalized to 33,658 sequences for comparison of amplicon libraries of different sizes.
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Figure 42. Average relative abundances of 16S rRNA sequences of the most responsive families of lysate,
protein, and RNA treatments. Families were considered to be responsive when a family in a given treatment
displayed a minimum increase in relative abundance of 5% above control values in at least one of the
sampling periods. The values for each family are based on the arithmetic average of all abundances
detected at 6, 12, 20 and 30 h for the yeast lysate treatment and at 10, 20, and 30 h for the protein or RNA
treatments. Figure modified and used with permission from Zeibich et al., 2018.

3.2.5. Lysate-, protein-, and RNA-responsive phylotypes

The contrasting trends of stimulated fermentative families in lysate, protein, or RNA
treatments extended to several phylotypes (Figure 43). For example, the phylotypes PR2, PR6,
PR7, and PR12 displayed the strongest response to protein and the relative 16S rRNA
abundances of these four phylotypes were significantly higher in protein treatments than in the
RNA treatments at the end of the incubation (Table 37). Of these four phylotypes, phylotype PR2
(closely related to Romboutsia lituseburensis), was most responsive at both transcript- and gene-
levels (Figure 43). Phylotype PRG6 (related to C. somerae) responded late in the protein treatment
(Figure 43). Phylotypes PR7, PR8, and PR12 (closely related to Clostridium thiosulfatireducens,
Clostridium difficile, and Clostridium tunisiense, respectively) displayed a statistically significant
response to protein, whereas phylotype PR3 (closely related to Aeromonas media and A.
hydrophila) was the dominant phylotype that responded significantly to RNA (Figure 43 and Table
37). The phylotype CL5 (closely related to Terrisporobacter glycolicus) and phylotype CL18
(closely related to Clostridium magnum) responded only to the lysate treatment. Phylotype CL2
(closely related to P. bifermentans) responded rapidly to yeast lysate during the first 6 h of
incubation but subsequently decreased in relative abundance, whereas phylotypes CL8 (closely
related to Clostridium peptidivorans) and CL6 (closely related to the Niameybacter massiliensis)
had a more sustained response to yeast lysate, with maximum relative abundances of 16S rRNA

at the end of the 30 hour incubation (Figure 43).
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Figure 43. 16S rRNA-based phylogenetic tree of responsive phylotypes and affiliated reference sequences. Phylotypes (PT) are based on a sequence similarity cut-
off of 97% and were designated responsive when a phylotype in a given treatment displayed a minimum increase in relative abundance of 2% above control values in
at least one of the sampling periods. The phylotypes are derived from the analysis of either 16S rRNA (RNA) and 16S rRNA genes (DNA). The phylogenetic tree was
calculated using the neighbor-joining, maximum parsimony, and maximum likelihood methods. Solid circles, congruent nodes in three trees. Empty and grey circles at
nodes, congruent nodes in two trees (neighbor-joining congruent with maximum parsimony or maximum parsimony congruent with maximum likelihood). Branch length
and bootstrap values (1,000 resamplings) are from the maximum parsimony tree. The bar indicates 0.1 change per nucleotide. T. maritima (AE000512) was used as
outgroup. Accession numbers occur at the end of each branch. Relative abundances (in %) of phylotypes in the table are shown for each sampling period (i.e., 0, 6,
12, 20 and 30 h for the yeast lysate treatment, and 0, 10, 20, and 30 h for the protein or RNA treatments). Closely related phylotypes (i.e., >97% sequence similarity)
that increased in the yeast lysate (L) treatment and protein (P) or RNA (R) treatments were placed on the same horizontal level. C, unsupplemented control, T, treatment.
Figure modified and used with permission from Zeibich et al., 2018.
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Table 37. Statistical analyses of main stimulated phylotypes displayed in Figure 43.2

(A) Lysate
Standard . LDA Score

Phylotype Treatment Mean Deviation Median (log10)®
CL4 Control 0.1 0.0 0.1

Lysate 6.7 1.0 6.2 4,90
CL5 Control 1.1 0.1 1.1

Lysate 6.5 4.3 6.6 4.94)
CL6 Control 0.0 0.0 0.0

Lysate 7.2 21 7.4 5.0
CL7 Control 0.1 0.0 0.1

Lysate 0.8 0.1 0.8 4,000
CL8 Control 0.0 0.0 0.0

Lysate 4.9 0.7 4.8 4.84
CL10 Control 0.4 0.1 0.3

Lysate 0.9 0.1 0.9 4.10©
CL15 Control 0.0 0.0 0.0

Lysate 1.1 0.2 1.2 4.2
CL18 Control 0.0 0.0 0.0

Lysate 2.0 1.1 1.6 4.40)

(B) Protein and RNA
Standard . LDA Score

Phylotype Treatment Mean Deviation Median (log10)°
PR2 Protein 17 1.9 17 5.3D

RNA 0.9 0.1 0.9
PR6 Protein 8.2 2.1 7.9 5.0@

RNA 0.2 0.0 0.2
PR7 Protein 6.5 0.7 6.3 4,90

RNA 0.3 0.1 0.3
PR8 Protein 3.2 0.5 3.1 474

RNA 1.6 0.4 1.4
PR12 Protein 35 0.2 3.4 4.60)

RNA 0.1 0.0 0.1
PR3 Protein 0.3 0.0 0.3

RNA 15 1.9 14 5.3@
PR33 Protein 0.1 0.0 0.1

RNA 1.2 0.1 1.2 4.2

aOnly phylotypes that were significantly stimulated (based on LEfSe analyses) by a given
supplement are shown. The LEfSe analysis, mean value, standard deviation, and median
are based on the relative abundance of 16S rRNA sequences of the three replicates per
treatment at the end of the incubation. Table modified and used with permission from
Zeibich et al., 2018.

bLDA scores were calculated using LEfSe. Numbers in parentheses display the rank in the
LDA analysis (i.e., higher ranking phylotypes exhibited a stronger response to supplement

compared to lower ranking ones).
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3.2.6. Amino acid-derived fermentation in gut content of L. terrestris

The fermentation of protein in the gut is dependent on diverse proteases that hydrolyze
peptide bonds, yielding monomeric amino acids (Section 1.3.2 and Section 1.4.2), and the marked
stimulation of gut fermentations by protein warranted a more detailed analysis. In a preliminary
study, eight fermentable amino acids (Buckel, 1999) were evaluated for their potential to stimulate
gut content fermentation (Figure 44). In this regard, only glutamate, aspartate, and threonine
yielded an obvious stimulation of fermentation (Figure 44 and Table 38). Based on an equal
amount of available amino acids, casamino acids (a mixture of amino acids) also enhanced the

gut content fermentation but was less stimulatory than glutamate.
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Methylbutyrate
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Lactate
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Figure 44. Collective amounts of fermentation products in amino acid treatments of the
preliminary study. Initial amino acid concentrations approximated 10 mM. Control lacked
supplemental amino acids. Values are the average of duplicate analyses shown in Table 38 and
represent the net amounts of products at the end of the 30 h incubation. Abbreviations: C,
unsupplemented control; CAA, casamino acids; Glu, glutamate; Asp, aspartate; Thr, threonine;
Ala, alanine; Gly, glycine; Leu, leucine; Tyr, tyrosine; Val, valine; FW, fresh weight. Figure
modified and used with permission from Zeibich et al., 2019b.
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Table 38. Effect of amino acids on the fermentation product profiles of anoxic microcosms of L. terrestris gut contents.?

Products (umol/grw)

Time . Prop- Iso- Methyl-
Treatment () CO; H> Acetate  Succinate ionate Formate Lactate Ethanol Butyrate butyrate  butyrate pH
Control 0 0.0/00 0.0/0.0 6.1/6.6 1.4/15 05/06 24/24 08/08 12/11 0.7/0.6 0.0/01 0.0/00 7.0/7.0

30 13/99 0.0/0.0 17717 0.0/00 35/34 06/06 05/05 15/15 14/13 01/01 14/17 71/71

Casamino Acids 0 0.0/0.0 0.0/00 9.3/93 2.0/19 0.0/00 29/31 12/12 07/07 06/0.6 0.1/01 0.0/00 7.0/7.0
30 28/30 05/0.6 52 /52 13/11 11/11 04/03 13/14 15/15 3.8/39 0.3/03 26/25 7.0/7.0

Alanine 0 0.0/00 0.0/00 57/6.0 13/13 06/06 25/27 10/08 10/11 0.7/0.7 0.0/01 0.0/00 71/71
30 54/54 0.0/0.0 18/17 0.4/05 30/26 11/05 06/05 10/10 13/13 0.1/01 0.7/08 71/7.1
Aspartate 0 0.0/00 0.0/0.0 5.4/57 13/1.4 05/05 25/46 09/09 11/10 06/0.6 0.1/00 0.0/00 6.8/6.8
30 25/28 0.0/0.0 22124 15/1.4 28/ 28 0.2/02 09/09 17/16 12/13 03/03 1.7/17 6.9/6.9
Glutamate 0 0.0/00 0.0/0.0 55/53 12/1.1 05/05 26/25 09/09 08/08 0.6/0.7 0.1/01 0.0/00 6.7/6.7
30 25/ 38 50/11 130/140 1.9/2.0 16/1.7 11/11 0.7/05 18/15 9.0/96 00/00 03/04 6.6/6.6
Glycine 0 0.0/00 0.0/0.0 5.7/53 12/1.2 05/05 23/23 09/09 09/09 06/0.6 0.0/01 0.0/00 6.7/6.7
30 79/11 0.0/0.0 21/20 0.2/0.2 34/34 08/02 05/05 09/11 11/10 0.1/01 16/16 6.7/6.7
Leucine 0 0.0/00 00/00 58/8.1 13/1.9 05/06 17/24 08/11 09/13 06/09 0.1/01 0.0/00 71/7.0
30 76/86 0.0/0.0 15/15 0.2/0.2 28/28 08/09 05/05 13/12 10/10 0.1/01 26/26 71/7.1
Threonine 0 0.0/0.0 0.0/0.0 8.0/9.0 18/20 08/11 3.0/30 1.0/10 09/09 09/10 0.1/0.0 0.0/00 70/71
30 26/17 1.2/15 18/18 11/13 32/29 41/11 10/10 15/15 19/19 0.3/02 09/08 7.0/7.0
Tyrosine 0 0.0/00 00/00 65/6.3 16/15 06/05 26/27 10/09 10/1.0 0.9/09 0.1/01 0.0/00 71/71
30 9.0/88 0.2/0.2 19/19 0.0/0.0 30/31 03/03 05/05 23/26 09/1.0 0.1/00 10/10 7.1/71
Valine 0 0.0/00 0.0/00 79/76 1.8/1.6 06/06 25/25 08/08 13/10 09/0.8 0.0/01 0.0/00 7.1/71

30 71/35 0.0/0.0 16/15 0.0/00 29/29 03/03 05/05 08/09 09/08 19/18 00/01 7.1/71

aThe amount of amino acids per microcosm approximated 10 mM. Controls lacked supplemental amino acids. Amounts of products formed in the duplicates are separated
by a slash. FW, fresh weight. Table modified and used with permission from Zeibich et al., 2019b.
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These preliminary findings demonstrated that the stimulation of fermentation was limited to
specific amino acids. Therefore, only the stimulatory amino acids glutamate, aspartate, threonine,
and casamino acids were selected for more detailed studies including taxa analysis. The potential
for Stickland reactions (simultaneous fermentation of two amino acids; Section 1.4.2) in gut
contents was assessed by supplementing glycine and either alanine or valine.

As in the preliminary experiment, the glutamate treatment displayed the strongest response
(Figure 45) and the formation of diverse products without an apparent delay (Figure 46),
illustrating the high capacity of a single amino acid to stimulate gut fermenters. Several pathways
can be utilized for glutamate fermentation, and the associated fermenters produce acetate, COg,
H,, formate, and butyrate (Stams and Hansen, 1984; Buckel, 2001; Section 1.4.2), products that

significantly increased in the glutamate treatment (Figure 45, Figure 46, and Table 39).

300 - Isobutyrate M
Methylbutyrate M
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g 200 - Ethanol W
=2 Propionate M
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> Cco,
5
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Gl Gl
Treatment y y

Figure 45. Collective amounts of fermentation products in amino acid-supplemented anoxic
microcosms of L. terrestris gut contents. Initial concentrations approximated 10 mM for casamino
acids, glutamate, aspartate, threonine, and glycine, and 5 mM for alanine and valine. Control lacked
supplemental amino acids. Values are the average of triplicate analyses in Figure 46 and represent
the net amounts of products at the end of the 30 h incubation. The asterisks indicate significant
differences between the collective amount of products formed in control and amino acid treatments
PO 0.0BO 0x0PO 0* Btestlwith unequal variances; see Table 39 for P values,
mean values, and variances). Abbreviations: C, unsupplemented control; CAA, casamino acids;
Glu, glutamate; Asp, aspartate; Thr, threonine; Ala, alanine; Gly, glycine; Val, valine; FW, fresh
weight. Figure modified and used with permission from Zeibich et al., 2019b.
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Figure 46. Effect of amino acids on the fermentation product profiles of anoxic microcosms of L. terrestris

gut contents.

Initial concentrations approximated 10 mM for casamino acids, glutamate, aspartate,

threonine, and glycine, and 5 mM for alanine and valine. Control lacked supplemental amino acids. Values
are the arithmetic average of three replicate analyses, and error bars indicate the standard deviations.
Some standard deviations are smaller than the size of the symbol and therefore not apparent. FW, fresh
weight. Figure modified and used with permission from Zeibich et al., 2019b.
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Table 39. P values of fermentation products in amino acid treatments.?2

Products CO;

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 14 35 63 66 32 17 20
Variance 4.2 14 142 70 6.6 9.0 55

P value 0.003 0.02 0.009 0.001 0.168 0.034
Products H>

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 0.4 1.1 26 0.0 0 -1.1 -1.0
Variance 0.0 0.0 9.3 0.0 0.2 0.0 0.0

P value 0.023 0.005 0.000 0.264 0.000 0.002
Products Acetate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 11 48 183 32 18 18 14
Variance 0.0 2.4 2.5 1.7 27 1.3 0.4

P value 0.001 0.000 0.001 0.127 0.009 0.010
Products Succinate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP -0.9 -0.9 0.5 34 0.0 -1.1 -1.0
Variance 0.0 0.0 0.0 2.1 0.2 0.0 0.0

P value 0.650 0.004 0.001 0.095 0.002 0.130
Products Formate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 1.1 1.1 17 0.7 1.8 0.4 0.7
Variance 1.0 0.2 0.3 0.8 0.8 0.2 0.1

P value 0.999 0.000 0.640 0.397 0.388 0.596
Products Propionate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean value® 2.3 9.6 0.6 20 37 2.3 2.4
Variance 0.0 0.1 0.0 1.7 78 0.1 0.0

P value 0.000 0.000 0.002 0.021 0.760 0.186
Products Butyrate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 0.1 3.7 8.2 0.3 3.0 0.3 0.2
Variance 0.0 0.1 0.0 0.0 0.0 0.0 0.0

P value 0.001 0.000 0.237 0.000 0.234 0.902
Products Methylbutyrate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 1.8 4.2 0.8 1.9 1.7 1.7 0.3
Variance 0.0 0.0 0.0 0.1 0.0 0.0 0.0

P value 0.000 0.000 0.493 0.385 0.165 0.000
Products Isobutyrate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 0.1 0.2 0.0 0.3 0.3 0.1 3.2
Variance 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P value 0.067 0.057 0.078 0.036 0.549 0.000
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Products Lactate

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP -0.1 0.0 0.5 0.2 0.1 0.0 0.0
Variance 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P value 0.040 0.000 0.025 0.133 0.052 0.023
Products Ethanol

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 1.8 1.3 2.3 2.2 1.8 1.6 2.0
Variance 0.3 0.0 0.0 0.1 0.0 0.0 0.0

P value 0.317 0.243 0.403 0.774 0.627 0.563
Products Total

Treatment C CAA Glu Asp Thr Ala/Gly Val/Gly
Mean valueP 31 103 301 158 101 41 42
Variance 2.9 9.6 219 55 146 13 3.4

P value 0.000 0.001 0.001 0.010 0.027 0.002

ap values (significantat PO 0. 05) we r e ttesawvitlc unégaal varthncésyand are based on the
difference between the net amount of products in control (C) and casamino acid (CAA), glutamate (Glu),
aspartate (Asp), threonine (Thr), alanine and glycine (Ala/Gly), and valine and glycine (Val/Gly) treatments.
To calculate net amounts, amounts of products at the beginning of incubation were subtracted from those
at the end of incubation. See Figure 46 for product profile. Table modified and used with permission from
Zeibich et al., 2019b.

bMean values (n = 3) are in umol/grw. FW, fresh weight.

90% and 92% of glutamate-derived carbon and reducing equivalents, respectively, were
theoretically recovered in the detected fermentation products (Table 40). These recoveries and
the formation of almost the same amount of ammonium compared to the supplemented glutamate
(Table 41) illustrated that nearly all of the supplemented glutamate was utilized. In contrast to the
glutamate treatment, the aspartate treatment yielded high amounts of propionate and succinate,
whereas threonine significantly stimulated the production of propionate and CO; (Figure 45,
Figure 46, and Table 39). Propionate is also one of the main product of threonine fermentation
in the human gut (Smith and Macfarlane, 1997). The comparative amounts of detected
ammonium at the end of the incubation and the theoretical recoveries of carbon and reducing
equivalents (Table 40 and Table 41) demonstrated (a) that the amount of supplemented amino
acid was adequate for the detected products, and (b) that the fermentative gut microbiota is more
efficient to utilize glutamate than aspartate or threonine. The increased amounts of ammonium
in the amino acid treatments (Table 41) suggests that detected in situ amounts of ammonium in
the alimentary canal and cast of earthworms (Parle, 1963a; Drake and Horn, 2007) might at least
be partially caused by the deamination and fermentation of amino acids in the gut.

The co-amino acid treatments (alanine plus glycine or valine plus glycine) displayed only a
marginally stimulation of fermentations (Figure 45 and Figure 46). Furthermore, only 5 to 6% of
the amino acids-derived carbon and reducing equivalent were recovered in the detected
fermentation products (Table 40). However, the collective amounts of fermentation products

formed in the co-amino acid treatments were significantly greater than in the unsupplemented



Table 40. Estimated recoveries of carbon and reducing equivalents (i.e., electrons) in amino acid treatments.2

Recoveries (%)

CaAngiSno Glutamate Aspartate Threonine g@ r::ii?]il (\;/@“C?r?é
Main Products Carbon RE Carbon RE Carbon RE Carbon RE Carbon RE Carbon RE
CO2 4.0 na 10 na 13 na 4.6 na 1.0 na 1.3 na
H2 na 0.1 na 2.8 na - na 0.6 na - na -
Acetate 14 13 69 76 11 14 3.8 3.8 4.1 55 1.7 15
Ethanol - - 0.2 04 0.2 0.4 0.1 0.1 - - 0.1 0.1
Lactate 0.1 0.1 0.4 04 0.3 0.4 0.2 0.2 0.1 0.1 0.1 0.0
Succinate - - 11 1.0 35 41 0.8 0.7 - - - -
Formate - - 3.1 1.7 - - 0.2 0.1 - - - -
Butyrate 2.7 31 6.4 8.8 0.2 0.3 29 3.6 0.2 0.3 - -
Propionate 4.2 4.7 - - 13 21 26 30 0.0 0.1 0.1 0.1
Isobutyrate 0.1 0.1 - - 0.1 0.2 0.1 0.2 - - 2.7 3.1
Methylbutyrate 2.3 2.9 - - 0.2 0.3 - - - - - -
Total 28 25 90 92 73 77 39 39 5.4 6.0 5.9 5.0

aSee Figure 46 for product profiles. Net amounts of products formed in the unsupplemented control were subtracted from those of supplemented treatments; recoveries
are based on the amount of substrate provided. Values are based on the arithmetic average of three replicate analyses. RE, reducing equivalents; -, no net increase of
the product during the incubation in supplemented treatments relative to the control treatments; na, not applicable. Table modified and used with permission from Zeibich

etal., 2019b.
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control, suggesting that gut content microbes had at least a low potential for conducting Stickland
reactions (Figure 45, Figure 46, and Table 39). Furthermore, isobutyrate was significantly
produced in valine/glycine treatments but was only detected at trace levels in all other amino acid
and control treatments (Figure 45 and Figure 46), a finding confirmed by the production of
isobutyrate when valine is utilized (Mclnerny, 1988). Treatments supplemented with casamino
acids yielded CO., acetate, propionate, and methylbutyrate as main fermentation products (Figure
45 and Figure 46). Expect of the leucine treatment in the preliminary experiment, methylbutyrate
was much less produced in all other amino acid treatment (Table 38, Figure 45, and Figure 46),
suggesting that the fermentation of leucine may have been at least partially contributed to the
production of these product in the casamino acid treatments (Table 38, Figure 45, and Figure 46).

73% and 77% of aspartate-derived carbon and reducing equivalents, respectively, were
theoretically recovered in the detected fermentation products, and the theoretically recoveries of
threonine-derived carbon and reducing equivalents in the detected products approximated 39%
and 39%, respectively (Table 40). In comparison, only 28% and 25% of casamino acid-derived
carbon and reducing equivalents, respectively, were recovered in the detected fermentation
products (Table 40). The collective findings indicated the fermenters of gut content were not
capable of fermenting all amino acids equally, a trend consistent with certain amino acids being
less easily fermented by the microbial community of the human colon (Smith and Macfarlane,
1997). However, the enhanced formation of fermentation products in certain treatments (Figure
45 and Figure 46) illustrated that gut fermenters were poised to respond to specific amino acids.

Table 41. Production of ammonium in amino acid-supplemented
anoxic microcosms of L. terrestris gut contents.2

Treatment Time (h) NH4" (mM)
Control 0 0.6+0.5
30 0.0+ 0.0
Casamino Acids 0 0.8+0.3
30 4.7+ 0.6
Glutamate 0 0.9x0.1
30 95+1.0
Aspartate 0 1.0+ 0.0
30 7.8+0.7
Threonine 0 0.6+0.2
30 27+0.2
Alanine/Glycine 0 0.6+0.0
30 1.3+0.3
Valine/Glycine 0 04+0.1
30 1.2+0.3

aThe amount of amino acids per microcosm approximated 10 mM.
Controls lacked supplemental amino acids. Values are the arithmetic
average of three replicate analyses (+ standard deviation). See
Figure 46 for product profile. Table modified and used with permission
from Zeibich et al., 2019b.
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3.2.7. Effect of amino acids on gut fermentative bacterial families

A total of 9,169,869 bacterial 16S rRNA gene and 16S rRNA sequences, associated to 32
phyla (including candidate phyla), were obtained from the amino acid treatments, and the
rarefaction analyses indicated that the most abundant taxa were targeted (Figure 47). Based on
the net increases of the relative 16S rRNA gene and 16S rRNA sequence abundances,
Fusobacteriaceae were mostly stimulated by glutamate, aspartate, and casamino acids.
Furthermore, Aeromonadaceae were stimulated in aspartate treatment, and the relative
abundance of Peptostreptococcaceae-affiliated sequences increased mainly in casamino acid,
threonine, and co-amino acid treatments. Apart from that, Clostridiaceae and Enterobacteriaceae
displayed a significant increase in glutamate treatments compared to the unsupplemented control
(Figure 48, Figure 49, and Table 42). Enterobacteriaceae was also significantly stimulated by
aspartate and threonine (Figure 48, Figure 49, and Table 42). Both co-amino acid treatments
displayed a significant stimulation of Lachnospiraceae compared to the unsupplemented control,
suggesting this family as responsible for the marginal enhanced Stickland reaction (Table 42).

Consistent with the strong stimulation of Enterobacteriaceae, Clostridiaceae, and
Fusobacteriaceae in the glutamate treatment (Figure 48), the number of detected phylotypes, the
number of expected phylotypes (Chaol), and Shannon indices of this treatment were lower than
those of unsupplemented controls (Figure 49). The apparent shift in the fermentative community
during the incubation was (a) corroborated by the NMDS analysis (Section 2.6.2.2) of all the
detected phylotypes (Figure 50), and (b) more obvious in amino acid than in unsupplemented
control treatments. The similarity of the bacterial community composition in the amino acid
treatments at the beginning of incubation (Figure 49 A) and in the triplicate analysis at the end of
incubation (Figure 49 B) demonstrate the reproducibility of the phylogenic analyses that is further
reinforced by the groupings in the NMDS plot (Figure 50).








































































































































































































































































































































































































































































































































































































































































