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Abstract

Biological wastewater treatment is based on the use of microorganisms capable
of intense metabolic activity that results in the removal of a large proportion of
organic and inorganic contaminants. Given copious amounts of energy-dense
organic molecules such as lipids accumulated by the microbial biomass, chemical
energy may be directly harnessed from this for biofuel production. Here, lipid
accumulating organism (LAO)-enriched microbial communities were studied
using a molecular eco-systems biology approach. This involved the development
of necessary methodologies including a new comprehensive biomolecular
extraction method, yielding high-quality DNA, RNA, proteins and metabolites,
as well as bioinformatic approaches for integrating and analysing the derived
high-throughput genomic, transcriptomic, proteomic and metabolomic data. At
the inception of the project, a full-scale wastewater treatment plant (WWTP)
system with a strong presence of LAOs especially during winter months, i.e. the
Schifflange WWTP (Esch-sur-Alzette, Luxembourg), was identified and selected
for further study. 16S rRNA amplicon sequencing highlighted the presence of
ubiquitous lipid accumulating bacteria closely related to Candidatus Microthrix
parvicella which increase in abundance from autumn to winter over other highly
abundant community members belonging to Alkanindiges spp. and Acinetobacter
spp- In order to elucidate compositional, genetic and functional differences
between autumn and winter LAO communities, a comparative integrative omic
analysis was carried out on rationally selected autumn and winter LAO
community samples. The results from metabolomic/lipidomic analyses between
intra- and extracellular compartments support previous models of uptake of
unprocessed long chain fatty acids (LCFAs) from the wastewater environment
and their storage as triacyglycerols within LAQOs. Furthermore, a tailored
computational framework for the integration of multi-omic datasets into
reconstructed community-wide metabolic networks and models was developed.
The resulting networks provide overviews of functional capacity of the sampled
LAO communities by incorporating gene copy numbers, transcript levels and
protein frequency across the two studied environmental conditions. The
identification of genes overexpressed, strongly associated with a specific season
and/or possessing a high clustering coefficient suggests the existence of keystone
genes, analogous to keystone species in species interaction networks. Examples of
such keystone genes in the context of the LAO communities include genes coding
for proteins involved in nitrogen and glycerolipid metabolism. The existence of
such keystone genes opens up exciting possibilities for prediction and control
strategies of microbial communities at the dawn of the field of Eco-Systems
Biology.
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1.1. Biological wastewater treatment: the fate of fat

1.1.1.  Lipids: molecules of immediate bioenergy interest

1.1.1.1. Lipids

The term lipid (from Greek “lipos”, meaning “fat, grease”), defined as an “organic
substance of the fat group” by Gabriel Bertrand in 1923 (Gidez, 1984), constitutes a
broad group of naturally occurring compounds (e.g. oils, fatty acids, glycerides) and
other key biological constituents, such as cholesterols, some vitamins and hormones.

Lipids are broadly defined as hydrophobic, non-polar, or amphilic molecules. They
are ubiquitous in nature and are synthetised or degraded using various biosynthetic
pathways. Lipids are major structural components of cellular membranes, important
signalling molecules and efficient compounds for energy storage. A recent review
classified lipids into eight different families comprising fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, saccharolipids, polyketides, sterol lipids and
prenol lipids (Fahy et al., 2007). Glycerophospholipids, the main components of
biological membranes, consist of hydrophobic tails and a hydrophilic head
(amphiphilic molecule). They allow the self-assembly of lipid bilayer structures such
as vesicles and liposomes in aqueous environments and guarantee cell membrane
integrity. Lipids provide energy buffers when energy intake is not equal to energy
expenditure. The complete oxidation of a gram of fatty acids provides approximately
9 kcal, compared with 4 kcal for the breakdown of a gram of carbohydrates or
proteins (Alvarez & Steinbiichel, 2002). By being anhydrous they exhibit a minor
grade of oxidation and possess a higher calorific value than protein or carbohydrates

(Manilla-Pérez et al., 2010). Glycerolipids, such as triacyglycerides (TAGs), a



CHAPTER 1

glycerol derivative and three long chain fatty acids (LCFAs), are commonly found in
most eukaryotes and in some specific bacterial groups. Each TAG has a glycerol
backbone to which is esterified three fatty acids differing in chain length and number
of unsaturations. TAGs represent particular convenient storage compound for carbon
5 and energy, because of their relative compactness. At ambient temperature, most of
the saturated TAGs occur as solids (fats), while unsaturated TAGs exist as liquids
(oils). The chain length of the main fatty acids in naturally occurring TAGs varies

between 16 and 20 carbon atoms (i.e. LCFAs, Table 1.1).

Table 1.1 Most commonly occurring LCFAs consituting naturally occurring TAGs.

Common name Chemical structure Lipid numbers*
Palmitic acid CH3(CH»)14COOH 16:0
Palmitoleic acid CH3(CH;)sCH=CH(CH;);COOH 16:1
Stearic acid CH3(CH;)16COOH 18:0
Oleic acid CH3(CH»);CH=CH(CH,);COOH 18:1
Linoleic acid CH3(CH;),CH=CHCH,CH=CH(CH,),COOH 18:2
a-Linolenic acid CH;CH,CH=CHCH,CH=CHCH,CH=CH(CH,);COOH 18:3
Arachidic acid CH3(CH»)13COOH 20:0

* The lipid number has the form c:d, where ¢ is the number of carbon atoms in the

fatty acid and d is the number of double bonds in the fatty acid moiety.

1.1.1.2. Lipids: a feedstock for biodiesel production

10 Decreasing reserves of fossil fuels, as well as progressing climate change caused by
the net increase in atmospheric CO; levels due to their combustion, are major drivers
for initiatives to search for alternative source of energy (Singh & Singh, 2010). Fuels
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derived from renewable resources, e.g. biofuel, will form an important part of the

energy mix in years to come (Subramaniam et al., 2010).

Chemically, biodiesel is a mixture of mono-alkyl esters, commonly referred to as fatty
acid methyl esters (FAMEs; Figure 1.1) and can be produced from vegetable oils or
animal fat. The use of plant oils as fuels was first demonstrated at the International
Exhibition in 1900 in Paris, when the inventor of the diesel engine, Rudolph Diesel,
first tested peanut oil in a compression ignition engine (Parawira, 2010). In 1912, at
the Great Britain Technological Institute, Diesel proclaimed that “Usage of plant oil
as fuel for cars may seem insignificant today. But, such oils may become in the course
of time as important as the petroleum and coal tar products of the present time”
(Feofilova et al., 2010). The name biodiesel was introduced in 1992 by the US
National Soy Diesel Development Board, which pioneered the commercialisation of
biodiesel. Since then, biodiesel has attracted worldwide growing interest as a
renewable, biodegradable and non-toxic fuel (Singh et al., 2010). Biodiesel provides a
similar energy density to fossil fuels, is compatible with the existing fuel
infrastructure and can be used in most diesel-based engines in pure form or as a
mixture with standard petroleum diesel (Shi et al., 2011). Additionally, use of
biodiesel as fuel would reduce sulphur and carbon monoxide emissions from vehicles

by 30 and 10 %, respectively (Subramaniam et al., 2010).

Biodiesel production is based on the transesterification and/or esterification of various
lipid sources, in the presence of an alcohol (methanol or ethanol), a homogenous base,
acid or an enzyme catalyst (Siddiquee et al., 2011). Lipid feedstocks for biodiesel
production are, mainly, composed of TAGs and/or free fatty acids (FFAs). TAGs

react with the alcohol to produce FAMEs, in addition to glycerol using the broad
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range of catalysts (Figure 1.1, A). Acid catalysts are being preferentially used to
esterify FFAs to produce biodiesel with water as a by-product (Figure 1.1, B). The
feedstock for biodiesel production is mainly comprised of TAGs with long-chain
carboxylic acids, from Cj, to Cy, which can either be saturated or unsaturated
(Azécar et al., 2010). The esterification of LCFAs results in biodiesel with a higher

cetane number and reduced NOy emissions (Subramaniam et al., 2010).

A (ﬁ ﬁ
CH,— 0— C—R, Ri—C—FR CH,— OH

O
| I Catalyst * 0 |
¢H —0—C—R, + ROH ™/ R,—C—R + CH—o0H

—
| 0 |
I + )
CH,—o0— C—R, T CH,— oH
R;—C—R
B TAG Alcohol FAMEs Glycerol
o)
(0]
[ I
HO— C— R4 R,—C—R
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, —
Ho— C—pR, * ROH = R _C_RrR + HO

+

0 + ‘”3
[ ,
HO— C R, R;—C—R
FFAs Alcohol FAMEs

Figure 1.1 Transesterification of TAGs (A) and FFAs (B) with an alcohol yielding

biodiesel. R1, R2, R3 and R’ represent alkyl groups. Reproduced from Mondala et al.,
20009.

In conventional industrial biodiesel production processes, a mixture of methanol,

vegetable oil (molar ratio 1:6) and NaOH as catalyst is used (Rashid et al., 2008). As

the solubility of these compounds is low, stirring (200 rpm) and high temperature

(60 °C) are typically used to guarantee acceptable kinetic reactions (Azdcar et al.,

2010). After the transesterification reaction, the glycerol (bottom layer) is separated
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from the FAMEs (upper layer) by phase separation, usually, using water. The excess
methanol or water (in case of esterification) in the FAME fraction is then recovered
by distillation and the glycerol may be further refined for future use (Azodcar et al.,
2010). Therefore, the excess of methanol or water can be fully recovered and recycled

back to the start of the process.

Lipases, which are enzymes that hydrolyse lipids, may replace alkaline or acid
catalysts. They should theoretically be more compatible with variations in the quality
of the raw material due to their specificity and should be reusable. Furthermore, the
use of lipases should allow the production of biodiesel in fewer process steps using
less energy and lead to improved product separation and a higher quality of glycerol
in the case of using TAG feedstocks (Fjerbacek et al., 2009). However, commercially
available lipases currently have a low reaction rate, are expensive and lose their
activity within short period of time, if methanol is added in more than equimolar
amounts (Fjerbaek et al., 2009). Consequently, there exists currently a concrete need

for the discovery of novel efficient lipases for biodiesel production.

Over the last 10 years, biodiesel production has increased 92-fold in the USA and the
U.S Energy Information Administration (EIA) has estimated a production of 969.4
million gallons (3.7 billion of liters) in 2012. However, more than 95 % of the world’s
biodiesel is currently produced from edible vegetable oils such as soybean, sunflower
and palm oil (Azdcar et al., 2010) and 70 to 85 % of the overall biodiesel production
cost is associated with the primary raw materials (Siddiquee ef al., 2011). Moreover,
the raw materials for biodiesel production compete for the land available to
agriculture, thereby, reducing food security. Alternative process feedstocks like algae,

waste cooking oil, wastewater sludge and non-edible plant oils such as those from
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Jatropha curcas, Ricinus communis, Azadirachta indica, Millettia pinnata are,
therefore, increasingly being considered for biodiesel production (Siddiquee et al.,

2011).

Microbial biomass, potentially, has important advantages over plant-based biodiesel
feedstocks, because of its rapid generation time related to short microbial cell
doubling times, less demand on space and ease of industrial scale-up (Subramaniam et
al., 2010). Additionally, certain microorganisms belonging to several different
families such as microalgae, bacteria and fungi, possess the ability to accumulate a
large fraction of their dry mass in the form of lipids. Microbes possessing a lipid
content of more than 20 % of their biomass are classified as ‘oleaginous’. Oleaginous
bacteria represent promising raw materials for biodiesel production. Especially since
they exhibit particularly rapid cell growth rates and include certain species of
Mycobacterium spp., Streptomyces spp., Rhodococcus spp. and Norcodia spp.

(Alvarez & Steinbiichel, 2002).

1.1.2.  Biological wastewater treatment

A conventional wastewater treatment plant (WWTP) consists of a combination of
physical, chemical and biological stages to remove organic matter and nutrients from
wastewater. Discharges of excess amounts of organic and inorganic nutrients such as
carbohydrates, fats, nitrogen and phosphorus from populated areas directly into
receiving water bodies may lead to severe perturbations of these aquatic ecosystems.
The organic compounds stimulate the growth of heterotrophic organisms, leading to a
reduction in dissolved oxygen and entailing nitrogen and phosphorus removal. The

need to reduce both nitrogen and phosphorus inputs to freshwater and costal marine
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ecosystems has been widely recognised, in order to protect drinking-water supplies
and reduce eutrophication, including the algal blooms and aquatic “dead zones”
(Conley et al., 2009). From these considerations, the objectives of wastewater
treatment are (i) the reduction of organic bond energy, to a level where it will no
longer sustain heterotrophic growth and, thereby, avoid deoxygenation (i.e. removal
of oxygen) effects, (ii) oxidise ammonia to nitrate to reduce its toxicity and
deoxygenation effects, and (iii) reduce eutrophic substances such as phosphate (Mara
& Horan, 2003). In biological wastewater treatment, two basic categories of
microorganisms are of specific interest: heterotrophic organisms and lithoautotrophic
nitrifying organisms (Paul & Liu, 2012). Heterotrophic organisms utilise organic
compounds within wastewater as electron donors and either oxygen or nitrate as
terminal electron acceptor, depending on their cellular respiration. The advantages of
biological wastewater treatment processes include lower energy and chemical
consumption as well as lower waste production when compared to chemical
processes. In Luxembourg, 109 biological wastewater treatment plants (WWTPs),
handle approximately 95 % of the total wastewater (Administration de la Gestion de

I’Eau, 2013).

1.1.2.1. Constituents of wastewater

The characteristics of wastewater vary depending on their source, primarily on
domestic, agricultural and/or industrial sectors supplying the WWTP. Wastewater
contains a variety of organic and inorganic compounds, either in solution or as
particulate matter, which is of anthropogenic, i.e. household waste liquid, and/or
natural origin. According to Metcalf and Eddy (2003), total suspended solids (TSS) in

municipal wastewater are around 720 mg/1 of which approximately 70 % is organic.
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1.1.2.1.1. Organic constituents of wastewater
The degradation of organic matter in wastewater is measured by the biological oxygen
demand (BOD) and the chemical oxygen demand (COD), both expressed in
milligrams per litre. The BOD is defined as the measure of oxygen necessary to
decompose the organic matter present in wastewater through the action of bacteria
under aerobic condition at 20 °C over 5 days (BODs, Metcalf & Eddy, 2003). The
COD is the most commonly used parameter for determining the organic content of
wastewater. It indicates the amount of oxygen consumed to chemically oxidise
organic compounds to inorganic end products, such as ammonia (Metcalf & Eddy,
2003). In domestic wastewater, the organic matter fraction is comprised of total
protein, carbohydrate and lipids which correspond, approximately, to 28, 18 and 31 %
of COD, respectively (Raunkjer et al., 1994). Additionally, municipal wastewater
typically contains a large number of different synthetic organic molecules such as
pesticides, herbicides, pharmaceuticals and endocrine disrupting chemicals (Kim et

al., 2007).

The lipid fraction present in wastewater can be comprised of oils, greases, waxes, and
fats (Chipasa & Medrzycka, 2006). The main sources for the lipids in raw domestic
wastewater are kitchen wastes (14-36 %) and human excreta (4-23 %; Quéméneur &
Marty, 1994). The major part of lipids in wastewater are present as TAGs and a minor
part as free LCFAs (Dueholm et al., 2001). The fatty acid compositions of TAG and
LCFAs are very similar. Sources of animal- and vegetable-based fats and oils, the
lipid composition of wastewater is dominated by four long chain fatty acids: palmitic
acid (C16:0, Table 1.1), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid
(C18:2), which make up approximately 80 % of the LCFAs in wastewater
(Quéméneur & Marty, 1994).

10
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1.1.2.1.2. Reclamation of chemical energy contained within wastewater
organic molecules
Organic molecules, especially lipids, within wastewater incorporate large amounts of
chemical energy. Unfortunately, this energy is currently not effectively recoverable
from wastewater because current processes promote the oxidation of organic matter to
carbon dioxide. Only a minor fraction of the energy is recoverable after assimilation
of the organic matter into the activated sludge biomass followed by anaerobic
digestion and the burning of the resulting biogas for electricity generation (Metcalf &
Eddy, 2003). Alternative energy recovery approaches involving the generation of
electricity from wastewater oxidation using microbial fuel cell technology have yet to

match anaerobic digestion in terms of energy efficiency (Logan & Rabaey, 2012).

However, Mondala et al. (2009) were able to produce biodiesel (FAMEs) from
primary and secondary wastewater sludge using a standard acid-catalyzed in situ
transesterification reaction. They obtained a maximum yield of 14.5 % FAMEs per
primary sludge dry weight (Mondala ef al., 2009). Based on a 10 % FAMEs yield,
they estimate a production cost of $ 3.23 per gallon (0.88 € per litre) of neat biodiesel
from their process which is comparatively lower than the costs of petroleum diesel
and alternative biodiesels (Mondala et al., 2009). Furthermore, based on a similarly
efficient transesterification process to Mondala et al. (2009), Dufreche et al. (2007)
calculated that the integration of lipid extraction and transesterification processes in
50 % of all existing municipal WWTPs in the United States of America could produce
approximately 1.8 billion gallons (6.8 billion litres) of biodiesel which is roughly
equivalent to 0.5 % of the yearly national petroleum diesel demand. However, the
yield and cost-effectiveness of wastewater biodiesel may still be dramatically

improved using lipid rich biomass as a feedstock and a lipase-catalysed

11
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transesterification approach. Furthermore, the above calculations do not take into
account energy production from the residual non-lipid biomass (Rittmann, 2008).
Overall, large-scale biodiesel production from lipid-rich biomass in wastewater would
have several advantages including carbon neutrality, high energy density, handling
convenience and low cost. Consequently, wastewater biodiesel would circumvent

numerous limitations of other biofuels (Siddiquee et al., 2011; Kwon et al., 2012).

1.1.2.1.3. Inorganic constituents of wastewater
Inorganic constituents play a major role in biological wastewater treatment processes
and include compounds such as nitrogen, phosphorus and trace amounts of sulphur,
zinc, copper and iron (Metcalf & Eddy, 2003). The nitrogen present in wastewater is
partially derived from organic compounds, mainly proteins and urea (or is hydrolysed
from ammonia) compounds. The main source of nitrogen is fertilizer run-off from
agricultural lands which is diffuse and, hence, difficult to control (Beman et al.,
2005). During wastewater treatment, nitrogen-containing compounds can undergo
several chemical/biological reactions through nitrification/denitrification processes
which result in the transformation of ammonium (NH;') into dinitrogen gas (N»).
Phosphorus is present in organic form, orthophosphate (PO’ or polyphosphate.
Most of the phosphorus results from localised anthropogenic sources, i.e. faecal
material, industrial and commercial sources, and synthetic detergents (Seviour et al.,

2003).

1.1.2.2. Wastewater treatment

Traditional wastewater treatment involves three stages, defined as preliminary,

primary and secondary treatments (Sonune & Ghate, 2004). The preliminary

12
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treatment consists of the physical separation of suspended solids from the wastewater
flow using coarse screens and grit removal (Sonune & Ghate, 2004). The objective of
primary treatment is the removal of settleable organic and inorganic solids by
sedimentation as well as grease and oil removal by skimming. The secondary
treatment involves the removal or reduction of organic matter in the wastewater using
aerobic biological treatment processes. Microorganisms metabolising the organic
matter convert non-settleable solids, i.e. biomass to settleable solids, allowing the
suspended organic nutrients to be removed by sedimentation (Tchobanoglous &

Burton, 2003).

1.1.2.2.1. The activated sludge process
The activated sludge wastewater treatment process relies on microorganisms forming
aggregates (flocs) which drive the reduction in nutrient levels. In the activated sludge
process, the main fates of degradable organic compounds are either to be assimilated
into the microbial biomass or to be oxidised and released as carbon dioxide. The
activated sludge process, arguably, represents the most widely used biotechnological
process in the world (Seviour, 2010). It, along with its derivatives, is typically used as
the secondary treatment stage in WWTPs and has the advantage of producing a high

quality effluent for a reasonable operating and maintenance cost.

One hundred years ago, E. Arden and W.T. Lockett first described the conventional
activated sludge process in England (Kraume et al., 2005). After small-scale trials,
Arden and Lockett observed that the aeration of wastewater led to the formation of
flocs. They also discovered that organic contaminants were most efficiently removed
when the flocs were recycled within the system. The critical step of the Ardern-

Lockett setup involves recycling most of the sludge from the end of the treatment
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process. The resulting sludge from the settling process was, thus, referred to as

“activated” (Kraume et al., 2005).

1.1.2.2.2. Process configuration
Since its development, the activated sludge process has undergone and continues to
experience many changes in its operational features and designs to improve its
efficiency. In the past fifty years, many plants have been designed and built to further
allow nitrogen and phosphate removal. The first indication of phosphate removal by
an activated sludge-type system was described by Srinath et al., (1959), after an
accidental failure at aeration of an activated sludge plant. Barnard and co-workers
(Barnard, 1975) recommended then the separation and recycling of the anoxic and
aerobic zones to improve plant performance. They further designed an evolving series
of plant configurations, culminating in a new activated sludge process configuration
for enhanced biological phosphorus removal (EBPR; Seviour ef al., 2003). Nowadays,
most activated sludge wastewater treatment systems, with alternating anaerobic and
aerobic phases, are designed and operate globally for EBPR (Figure 1.2; Seviour et
al., 2003). The main feature of this process is the accumulation of phosphorus in the
sludge, achieved by the enrichment of polyphosphate accumulating organisms (PAOs)
through the alternating anaerobic/aerobic conditions and followed by the removal of

phosphorus rich biomass by gravity filtration or sedimentation (Blackall et al., 2002).
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Harvesting — removal of phosphate in bacterial biomass

Figure 1.2 Typical layout of an activated sludge plant operated for enhanced
biological phosphorus removal. Modified from Blackall et al., 2002.

For particularly high nitrogen concentrated wastewater such as industrial wastewater,
leachate or effluent from anaerobic digesters, several specific nitrogen removal
processes and technologies have been discovered and developed (Paredes et al,

2007).

1.1.2.2.3. The monitoring of wastewater treatment processes
Physical and chemical factors are essential to allow engineers to monitor and assess
the performance of the activated sludge process. Oxidation-reduction potential is the
measurement of the ability of the system to either accept electrons (reduction) or
donate electrons (oxidation) and provides valuable information about the biological
activity of the biomass. It is used as a control parameter and indicator of process
efficiency (Schuyler ef al., 2011). Aeration has two purposes in activated sludge
systems: oxygen supply and mixing. When oxygen limits the growth, filamentous
microorganisms may predominate, causing formation of porous flocs, deteriorated
settling and a poor activated sludge quality. Sufficient amount of oxygen have to be
supplied to the system to allow microbial metabolism of organic matter and the

conversion of ammonium to nitrate (i.e. nitrification). However, excessive aeration
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negatively affects the activated sludge treatment and, therefore, needs to be properly

controlled (Brdjanovic et al., 1998).

The pH of the environment is a key factor for regulating the growth and selection of
microorganisms (Kim et al., 2001). As most of the bacteria cannot tolerate pH levels
below 4 or above 9, an optimal pH in activated sludge is general between 6.5 and 7.5
(Libhaber & Orozco-Jaramillo, 2012). To retain the system at this optimum pH range,

bases are added to the process (Libhaber & Orozco-Jaramillo, 2012).

Wastewater temperature is another critical factor for maintaining efficient wastewater
treatment as the optimal growth and activity of a particular organismal groups are
typically related to a specific temperature ranges. Temperature also has a strong effect
on gas transfer rates and sludge settling characteristics (Rittmann & McCarty, 2001).
The solubility of oxygen in liquids increases as the temperature decreases, suggesting
that less aeration is needed to supply the required amount of oxygen in case of cold
temperature (Rittmann & McCarty, 2001). Seasonal variations of biomass density and
settling ability have been reported in some wastewater treatment systems, although
this is not majorly dependent on the presence of specific microorganisms which cause
bulking events themselves the results of overgrowth by filamentous bacteria (Jones &

Schuler, 2010).

In order to monitor process performance, the on-line monitoring sensors are used to
measure the characteristics of influents and effluents. These measurements are
typically limited to orthophosphate (PO4), ammonium (NHj), nitrate (NO’;) and
dissolved oxygen (DO) concentrations allowing the operator to ensure phosphate and
ammonium removal as well as the control of anaerobic conditions (Metcalf & Eddy,

2003). The control of nitrate concentrations allows anoxic conditions to be optimally
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maintained. The DO is, generally, one of the major parameters which is monitored. It
is commonly suggested that a minimum of 1.5 — 2 mg/l of DO (Metcalf & Eddy,
2003) and optimum temperatures between 25 °C and 35 °C (Rossetti et al., 2005)
should be maintained in order to suppress the growth of filamentous organisms, which

can severely disrupt the performance of activated sludge systems.

1.1.2.3. The microbial ecology of the activated sludge process

The activated sludge process is a microbiological process which relies on the selection
and activity of microorganisms which are able to hydrolyse and then either assimilate
or respire diverse organic substrates and to recycle elements such as nitrogen and
phosphorus (Daims et al., 2006b). Activated sludge comprises different specialised
organisms which occupy distinct niches defined by their substrate usage. For example
in relation to organic biotransformations, specialised glycogen accumulating
organisms (GAOs) accumulate intracellular glycogen stores under anaerobic
conditions and respire these under aerobic conditions (Kong et al., 2006). The fate of
organic molecules within biological wastewater treatment is of immediate scientific
interest due to their pivotal importance as pollutants and as rate-limiting nutrients for
microbial processes related to nitrogen and phosphorus removal. Furthermore, they
are of bioenergy interest as discussed previously (Section 1.1.2.1.2). However, the
fate of organic matter within biological wastewater treatment biomass is rather under-
researched compared to phosphorus and nitrogen transformations (Morgenroth ef al.,
2002). In the activated sludge process, microbial ecology and environmental

biotechnology are inherently tied to one another (Rittmann, 2006).

Organisms found in activated sludge are typically divided into filamentous and non-

filamentous bacteria. Filamentous bacteria are further subdivided into Gram-negative,
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such as o-proteobacteria, B-proteobacteria or y-proteobacteria and Gram-positive
bacteria such as Actinobacteria, Chloroflexi or Planctomycetes (Seviour & Nielsen,
2010). Non-filamentous bacteria include Gram-negative organisms such as

Bacteroidetes or Gram-positive organisms such as Firmicutes (Yu & Zhang, 2012).

Investigating changes in microbial population dynamics in response to operational
conditions and plant performance should be the most meaningful, if not the simplest
way, to monitor activated sludge process performance (Seviour & Nielsen, 2010).
Additionally, wastewater treatment systems, by being a chemically and physically
well-defined system, provide a fertile testing ground to address a range of
fundamental ecological questions (Daims et al., 2006b). In this context, the
application of modern molecular tools to activated sludge biomass has yielded
important insights into general microbial diversity and physiology. An important
example in this context is the discovery of the anaerobic ammonium oxidation
(anammox) process (Mulder ef al., 1995). In the following part, two key aspects of
activated sludge microbiology in relation to the results from the present work are
discussed: nitrogen removal and filamentous bacterial growth associated with sludge

bulking.

1.1.2.3.1. Nitrogen removal
Microbially mediated nitrogen removal from wastewater comprises three main
processes: nitrification, denitrification and anaerobic ammonium oxidation
(anammox) involving three groups of chemo-autolithotrophic bacteria (Schmidt et al.,
2003). In nitrification, aerobic ammonia-oxidising bacteria (AOB) and archaea (AOA)
oxidise ammonium (NH,") to nitrite (NO,") via hydroxylamine (NH,OH; Junier et al.,

2010). The key enzyme involved in this process is ammonia monooxygenase which
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catalyses the first essential oxidation step of ammonia to hydroxylamine (Martens-
Habbena et al., 2009). In the second step of nitrification, nitrite-oxidising bacteria
(NOB) oxidise nitrite to nitrate (NOs’; Sorokin et al, 2012). In the anoxic
denitrification phase, nitrite and nitrate are reduced to gaseous dinitrogen with a
variety of electron donors from organic substances present or added to wastewater. In
the anammox process, ammonia is oxidised to nitrogen by anaerobic AOB with nitrite
as an electron acceptor (Zhu et al., 2008). For nitrification, the main nitrifiers
originally detected in wastewater plants comprised of Nitrosomonas spp. as major
AOB organism and Nitrobacter species as main NOB. However with the development
of cultivation independent methods, the total diversity of nitrifiers has largely
extended to additional key members of AOB such as Nitrosococcus mobilis
(Juretschko et al., 1998) and NOB as Nitrospira spp. (Daims et al., 2001). The NOB
community members, within the Nitrospira genus, revealed ecological differentiation
for different nitrite concentrations (Maixner et al., 2006). The detection of a unique
monooxygenase gene (amoA) on an archaea-associated scaffold from the samples of
the Sargasso Sea (Venter et al., 2004) allowed the detection of AOA occurring in
activated sludge systems and these have been found to play a major role in ammonia

removal (Park et al., 2006).

Bacterial members capable of catalysing anaerobic ammonium oxidation, identified as
a novel member of the phylum Planctomycetes (Strous et al., 1999), occur in large
amounts in activated sludge systems (Schmid et al., 2000). Conventional wastewater
treatment systems using the traditional nitrification-denitrification setup require
abundant energy to create aerobic conditions for bacterial nitrification and to also use
organic carbon (i.e. methanol) to help remove nitrate by bacterial denitrification.

Because the aeration is required only for the initial partial oxidation of ammonia to
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nitrite, the anammox process requires less energy. These advantages have been
exploited for nitrogen removal (Windey et al., 2005). The anammox process is
currently applied as a cost-effective and environmentally friendly system for removal

of nitrogen from wastewater (Kartal et al., 2013).

1.1.2.3.2. Filamentous bacterial growth associated with activated sludge
bulking and foaming problems
In activated sludge systems, selective pressures favour floc-forming organisms. Flocs
are complex heterogeneous structures composed of aggregates of bacteria and other
organisms embedded in a polymeric matrix, often referred to as extracellular
polymeric substances (EPS; Bura et al., 1998). Particulate organic and inorganic
matter may also be absorbed onto such flocs. Most bacteria exist as microcolonies or
microflocs bound to the floc structure, although some occur as filamentous bacteria
(Nielsen et al., 2003). The floc matrix comprises high hydrolytic enzymatic activity
which enhances the degradation of carbohydrates and lipids before assimilation by
bacterial cells (Geesey et al., 2004). Importantly, floc formation is essential to
guarantee good settling proprieties of activated sludge, which is crucial for the
separation of sludge from treated wastewater. It is this property that actually selects

for floc-forming organisms in the activated sludge process.

Bulking and foaming refers to poor settling sludges which themselves contain excess
amounts of filamentous bacteria with a hydrophobic cell surface and which tend to
float to the surface of activated sludge tanks. Importantly, dominance of such
filamentous bacteria will lead to operational difficulties, such as accumulation of
significant amounts of biomass as foam that does not play an active role in the

treatment process and, thereby, leads to a deterioration of the final effluent quality
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(Martins et al., 2004). Molecular phylogenetic surveys have enabled the identification
of several filamentous bacteria in activated sludge systems. These include, for
example, Thiothrix spp. (Wagner et al., 1994), Norcodia spp. (Soddell & Seviour,

1994) and Microthrix spp. (Erhart et al., 1997).

The advent of molecular tools, in combination with fluorescence in situ hybridisation
(FISH) allowed the quantification of previously unknown filamentous bacteria
(Chloroflexi spp.; Bjornsson et al., 2002). However, until recently the presence and
abundance of filamentous organisms did not reveal many correlations with a specific

plant designs or process parameters (Mielczarek et al., 2012).

To investigate further the physiological characteristics, which will determine the
ecology and competitive behaviour of filamentous bacteria, i.e. their ecophysiology,
efforts have been made to focus on addressing the in situ hydrolysis, assimilation and
degradation of organic compounds by different filamentous species. The development
of the microautoradiography and fluorescence in situ hybridization (MAR-FISH)
method, enabled detailing of the ecophysiological characterisation of Thiothrix spp.
(Nielsen et al., 2000), Candidatus Microthrix parvicella (Nielsen et al., 2002),
Meganema peroderoedes (Kragelund et al., 2005) and Candidatus Epiflobacter spp.
(Xia et al., 2008). Despite the existence of a clear relationship between filamentous
organisms and bulking and foaming, the ecological factors responsible for controlling
individual population densities and the reasons for certain filamentous bacteria to

reach excessive abundances remains unclear (Nielsen et al., 2009).
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1.1.3.  The microbiology of lipids accumulating bacteria in

activated sludge

Due to their hydrophobic nature, lipids within wastewater are typically absorbed onto
particles and promote cell adhesion within flocs. However within anaerobic/aerobic
sludge cycling, specialised filamentous lipid accumulating organisms (LAOs), e.g.
‘Candidatus Microthrix parvicella’ (henceforth, referred to as Microthrix parvicella),
export highly efficient extracellular lipases and take up and store resulting LCFAs as
neutral lipids during the anaerobic treatment phases (Nielsen et al., 2002). These
characteristics make such organisms very interesting for potential lipid-based energy-

recovery strategies from wastewater.

1.1.3.1. Candidatus Microthrix parvicella

Microthrix parvicella is a Gram-positive filamentous Actinobacterium (Slijkhuis,
1983) which causes severe problems with foaming and bulking in activated sludge
treatment plants with nutrient removal (Nielsen et al., 2002). Consequently, to devise
control strategies aimed at limiting the proliferation of Microthrix parvicella,
substantial efforts have been directed towards gaining more information about the

identity, physiology and ecology of this filamentous organism in activated sludge.

1.1.3.1.1. Characteristics and isolation
Microthrix parvicella was first isolated in pure culture and characterised by
microscopic examination of bulking activated sludge samples, in 1973 (Van Veen,
1973). Isolation was performed on I-medium, with glucose as carbon source. Van
Veen carefully described the filamentous organism (see Table 1.2 for the main

characteristics of Microthrix parvicella). However, since the early work of Van Veen

22



CHAPTER 1

several difficulties concerning the isolation and the preservation of isolates have

limited extensive physiological investigations (Blackall ef al., 1995).

Table 1.2 Main physiological characteristics of Microthrix parvicella in pure culture.

Characteristics
Morphology Non-branched filaments
Cell length <200 pm
Cell diameter 0.5 pm
Mobility Immobile
Cell wall structure Gram-positive
Respiration Facultative anaerobe
Physical growth Mesophile, Neutrophile

Microthix parvicella is described as a slow growing bacterium with unclear growth

and nutritional requirements. The first tentative to characterise its carbon substrates

5  was reported by Slijkhuis in 1983. In contrast to the first isolation realized by Van
Veen, the isolates obtained by Slijkhuis did not grow on simple substrates such as
glucose, but required oleic acid as a carbon and energy source (Dutch isolate;
Slijkhuis, 1983). Later, additional strains of Microthrix parvicella were cultured using
other complex culture media such as R2A (Seviour et al., 1994; Seviour ef al., 1984),

10 RNI (Rossetti et al., 2005), modified NTM medium (strain DAN1-3; Blackall et al.,
1995), MSV based medium (strains BIO17; Levantesi et al., 2006), or GS medium
(strains EU; Levantesi et al., 2006). However, none of the later obtained Microthrix
parvicella strains actively grow on medium using the Slijkuis formulation. These

results suggest that considerable physiological differences exist among these strains
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and the original “Dutch isolate”. The difference in substrate utilisation may be
explained with respect to the different culture environments. In pure culture, isolates
can grow in a non-competitive environment and can use a range of simple carbon
sources, in contrast to activated sludge plants where substrates are clearly more
complex (Rossetti et al., 2005) and much more specialised carbon utilisation profiles
exist (Nielsen & Vidal, 2010). Table 1.3 details the different media used thus far for

the isolation and cultivation of Microthrix parvicella.
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Table 1.3 Growth media and methods used for the isolation of Microthrix parvicella.

CHAPTER 1

Strains Medium Carbon Nitrogen Sulphur Growth factor Temparture (°C) / pH Ref.
source source source
“Dutch” | Glucose Ammonium Sulphate Vitamin B12 + 17-20/7.0 (Van Veen, 1973)
sulphate thiamine
Slijkhuis H Sludge hydrolysate / / Vitamin complex 25/8.0 (Slijkhuis et al., 1983)
RN1 R2A Protease peptone, Organic Organic sulfur/ Yeast extract 20-22/7.2 (Seviour et al., 1994)
starch, glucose, sulfate
sodium pyruvate
DANI1-3 NTM Succinate + peptone Ammonium + Organic sulphur Vitamin B12 + 20-22/ 8.0 (Blackall et al., 1995)
sulphate thiamine
BIO17 MSV Sodium lactate + Ammonium Thiosulphate Vitamin mixture 20/7.0 (Levantesi et al., 2006)
peptone sulphate
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1.1.3.1.2. Taxonomy

Microthrix parvicella (strain DAN1-3) was first reported as a novel deeply branching
member of the Actinobacteria based on its 16S rRNA gene (Blackall et al., 1995). A
similar phylogenetic position was found for the “Italian isolate RN1” (Rossetti et al.,
1997) as well as for the strains BIO17 and EU (Levantesi et al., 2006). However,
Microthrix parvicella is not a taxonomically valid name (Mcllroy et al., 2013).
Despite many attempts during the last forty years, conflicting data have been obtained
concerning the phenotypic traits and the physiology of Microthrix parvicella, as show
in Tables 1.2 and 1.3, justifying the ‘Candidatus’ status for all Microthrix spp.
isolates (Blackall et al, 1996). Another species, “Candidatus Microthrix calida”
(strains TNO 1-2), has been isolated from an industrial activated sludge sample
(Levantesi et al., 2006). 16S rRNA gene sequence analysis revealed maximal 96.7 %
sequence similarity between both species (Levantesi et al., 2006). Current evidence
based on few studies suggests that “Candidatus Microthrix calida” is not common and
probably plays no role in bulking incidents (Nielsen et al., 2009). Figure 1.3 show
recent published phylogenic tree of publicly available 16S rRNA gene sequence of

Microthrix parvicella.
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Candidatus 'Microthrix parvicella' str. RN1
Candidatus 'Microthrix parvicella' str. Ben43, X89774
Candidatus 'Microthrix parvicella' str. DANI-3, X82546
Candidatus 'Microthrix parvicella' str. EU18, DQ147280
Candidatus 'Microthrix calida' str. TNOI1-1, DQ147281
llumatobacter fluminis, AB360343
Iamia majanohamensis, AB360448
Ferrithrix thermotolerans AY 140237

Ferrimicrobium acidiphilum, AF251436

Acidimicrobium ferrooxidans, U75647

Dietzia maris, X79290

Tsukamurella spumae, Z37150

Mycobacterium phlei, AF480603

Gordonia amarae, X80635

Millisia brevis, AY534742

Rhodococcus erythropolis, X81929

Nocardia asteroides, X80606

Catenulispora acidiphila, CP001700

Streptosporangium roseum, CP001814

Microlunatus phosphovorus, D26169

Tetrasphaera elongata, AB030911

Trichococcus flocculiformis, AJ30661 1

0.10

Figure 1.3 Phylogenetic tree showing publicly available 16S rRNA gene sequences of
Microthrix spp. isolates. Reproduced from Mcllroy et al., 2013.

1.1.3.1.3. Basic metabolism
The pre-requisites for efficient control measures against Microthrix spp. have
motivated in situ studies aimed at the detection and quantification of Microthrix
parvicella and its close relatives. However, inconsistencies, controversy and
sometimes contradictory data regarding important aspects of Microthrix parvicella’s
metabolism, mainly regarding organic substrate catabolism, have been reported
between pure culture studies and culture-independent techniques (Mcllroy et al.,
2013; Noutsopoulos et al., 2012). It is well established that in pure cultures,
Microthrix parvicella is a chemoorganotroph with a slow growth rate, microaerophile
with low temperature tolerance. Pure culture studies have revealed an optimal growth

rate at 22 °C, but very little growth in the temperature range of 25-30 °C. However,
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considerable growth has been observed at 7 °C in both cultures and full-scale plants
(Tables 1.2&1.3; Rossetti et al., 2005). This adaptability of Microthrix parvicella
provides a significant competitive advantage during cold temperatures. Significant
seasonal variations in the abundance of Microthrix parvicella have been reported from
different WWTPs locations, e.g. in Italy (Miana et al.,, 2002), Czech Republic
(Wanner et al., 1998), South Africa (Lacko et al., 1999), The Netherlands (Slijkhuis
& Deinema, 1988), China (Xie et al., 2007) and Denmark (Kristensen et al., 1994).
The preferential growth of Microthrix parvicella at low temperatures has been
suggested to be related to the reduction of lipid solubility in wastewater thereby
preventing their uptake by non-specialised bacteria (Hug et al., 2006). Physiological
characterisations of different strains (Tandoi et al., 1998) as well as recent genome
sequences (Muller et al., 2012) suggest that Microthrix parvicella can reduce nitrate

to nitrite but appears to lack nitrite reductase for further reducing the produced nitrite.

1.1.3.2. Lipid metabolism in Microthrix parvicella

Early pure culture studies on the physiological characteristics of Microthrix parvicella
indicated exclusive utilisation of LCFAs as carbon and energy sources (Slijkhuis et
al., 1984). These characteristics have been confirmed under in situ conditions using
MAR-FISH, demonstrating that LCFAs such as oleic and palmitic acids are taken up
by Microthrix parvicella under anaerobic, anoxic and aerobic conditions (Andreasen
& Nielsen, 1998). Additionally, microautoradiography has shown that oleic acid is
stored mainly as neutral lipids under anaerobic conditions, whereas conversion to
membrane phospholipids occurs almost exclusively under aerobic conditions, thereby
indicating growth (Hesselsoe et al., 2005; Nielsen et al, 2002). Extraction and

identification of the isotopically labelled lipids by gas chromatography (GC) showed
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that the resulting storage compounds were probably TAGs (Rossetti et al., 2005). The
combination of FISH with hydrophobic fluorescent microsphere adhesion cell surface
assays demonstrated that Microthrix parvicella filaments are more hydrophobic than
most other activated sludge bacteria (Nielsen et al, 2010). This cell surface
hydrophobicity can attract lipids, LCFAs and other non-polar substrates thereby
providing a competitive advantage in substrate uptake (Nielsen et al., 2002).
Additional investigations using enzyme-linked fluorescence assays have indicated that
Microthrix parvicella possesses lipase activity on its cell surface (Nielsen et al.,
2002). The presence of these extracellular enzymes enhances its ability to take up
lysis products and LCFAs derived from TAGs bound to the cell surface (Nielsen et
al., 2002). It has been hypothesised that these two characteristics provide Microthrix
parvicella with the ability to out-compete other bacteria (e.g. floc-formers) in the
uptake and storage of lipids in activated sludge systems operating with alternating
anaerobic-aerobic zones (Nielsen ef al., 2002). This hypothesis has been confirmed by
measuring the uptake and storage capacity of oleic acid (C18:1) by Microthrix
parvicella under anoxic conditions compared to typical floc-forming microorganisms
(Noutsopoulos et al., 2012). Additionally, further recent investigations on EBPR
systems showed that Microthrix parvicella is very stable in its substrate uptake profile
(Kindaichi et al., 2013). Figure 1.4 provides a summary of LCFA utilisation by
LAOs, such as Microthrix parvicella, under anaerobic and aerobic conditions in

EBPR systems.
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Figure 1.4 Model of LCFA utilisation by LAOs in alternating anaerobic—aerobic
activated sludge plants. LCFAs are preferentially accumulated by LAOs during
anaerobic conditions whereas during aerobic conditions floc-forming organisms are

able to assimilate these better. Modified from Rossetti ef al., 2005.

A first draft genome sequence of Microthrix parvicella (strain BIO17-1, Muller et al.,
2012) confirmed its ability to process and accumulate excessive amounts of fatty
acids. The genome encodes multiple copies of two key enzymes involved in fatty acid
metabolism: 28 homologues of long-chain fatty acid-acyl coenzyme A (LCFA acyl-
CoA) ligase and 17 homologues of enoyl-CoA hydratase. Additionally, in a second
draft genome sequence of Microthrix parvicella (strain RN1, Mcllroy et al., 2013) at
least 10 putative copies of the wax ester synthase/acyl coenzyme A:diacylglycerol
acyltransferase (WS/DGAT) were identified. This enzyme catalyses the final step of
TAG biosynthesis in Gram-negative bacteria, e.g. in the genus Acinetobacter (strain

ADP1; Stoveken et al., 2005). However, a candidate gene coding for the prior
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reaction, i.e. phosphatidic acid phosphatase (PAP), within the TAG synthesis has yet

to be identified (Mcllroy et al., 2013).

LAOs appear to employ a similar strategy to PAOs and their competitors, i.e. GAO
(Seviour et al., 2000) in taking up and storing organic matter under anaerobic
conditions and, subsequently, using the storage compounds for growth with nitrate or
oxygen as electron acceptors (Nielsen et al., 2002). Recent draft genome sequences of
Microthrix parvicella confirm an active accumulation of polyphosphate (Muller ez al.,
2012). Investigations on EBPR systems have shown that Microthrix parvicella is able
to utilise glycerol only when oleic acid is present as a co-substrate (Kindaichi et al.,
2013). As Microthrix parvicella produces extracellular lipases that can degrade TAGs
into LCFAs and glycerol, it seems plausible that they can consume both types of
substrates; a putative transporter gene for glycerol has been annotated in the RN1
draft genome, but the exact transport mechanism for LCFAs in Gram-positive bacteria

is still unclear (Mcllroy et al., 2013).

1.1.4. Lipid biochemistry

Many organisms synthesise neutral lipids as an integral part of their metabolism and
as energy storage compounds (Alvarez & Steinbiichel, 2002). Particularly, TAGs are
convenient storage compounds for carbon and energy, because they are less oxidised
and posess a higher calorific value than carbohydrates or proteins (Section 1.1.1.1;
Alvarez & Steinbiichel, 2002) . Consequently, lipid accumulation is an advantageous
strategy for survival in natural habitats with fluctuating nutrient availabilities and the
capacity for lipid storage most likely provided a strong selective advantage during

evolution. Occurrence of TAG storage is widespread in many eukaryotes (Zweytick et
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al., 2000). In contrast, most prokaryotes synthetise polymers such as poly-3-
hydroxybutyrate (PHB) or other polyhydroxyalkanoates (PHAs; Wiltermann &
Steinbiichel, 2005). The accumulation of TAG or wax esters (WE) in intracellular

lipid-bodies is a virtue of only a few prokaryotes (Wéltermann & Steinbiichel, 2005).

1.1.4.1. LCFA uptake and fatty acid [3-oxidation

The genetic and biochemical details of LCFA transport were first elucidated in the
Gram-negative bacterium Eschericha coli (Fujita et al., 2007). The hallmark of the
uptake is the coupled transport and activation of exogenous LCFAs (Fujita ef al.,
2007). The transport/acyl-activation mechanism of LCFAs across the cell envelope of
E. coli requires both the outer membrane transport protein FadL (encoded by the fadL
gene) and the membrane-associated acyl-CoA synthase, FadD (encoded by the fadD
gene). The product of transport, long chain acyl-CoA, has a regulatory role and
controls on the DNA binding activity of the transcription factor FadR (encoded by the
fadR gene). This controls the expression of nine genes primarily involved in fatty acid
B-oxidation (Figure 1.5, Fujita et al., 2007). Fatty acid B-oxidation generates acetyl-
CoA, which enters the citric acid cycle or TAG biosynthesis, and NADH as well as

FADH; which are used by the electron transport chain (R6ttig & Steinbiichel, 2013).
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Figure 1.5 Fatty acid uptake and catabolism in Gram-negative bacterium E. coli and
its regulation through the FadR protein. FadL: long chain fatty acid transporter, FadD:
fatty acid CoA ligase, FadR: transcription factor of fatty acid degradation, FadE: acyl-
CoA dehydrogenase, FadH: 2,4-dienoyl-CoA reductase, FadB: enoyl-CoA
hydratase/3-hydroxyacyl-CoA dehydrogenase, FadA: 3-ketoacyl-CoA thiolase, R
represent alkyl groups. Reproduced from Fujita et al., 2007.

1.1.4.2. Neutral lipid storage by LAOs

Lipid accumulation is, generally, a stress response mechanism during times of nutrient

imbalance, particularly when nitrogen sources are scarce in the environment (Dean et
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al., 2010). During these periods, carbon substrates are excessively assimilated by cells
and are converted into storage TAGs. TAG accumulation has been reported for
species mainly belonging to the Actinomycetes, particularly Mycobacterium spp.
(Barksdale & Kim, 1977), Norcardia spp. (Alvarez et al., 1997), Rhodococcus spp.
(Alvarez et al., 1996) and Streptomycetes spp. (Olukoshi & Packter, 1994), where
TAGs can account up to 80 % of the total cellular dry matter (Alvarez et al., 1996).
TAGs are typically stored in spherical lipid bodies, with quantities and diameters
depending on the microbial species, growth stage, and cultivation conditions
(Wiltermann & Steinbiichel, 2005). TAG accumulation has been described to occur in
Acinetobacter spp., but at one order of magnitude lower than the amount of stored
WEs (Kalscheuer & Steinbiichel, 2003). In the Gram-positive bacterium Rhodococcus
opacus PD630, TAGs and waxes are reported to be accumulated as cytoplasmic
inclusions surrounded by a thin boundary layer (Alvarez et al., 1996). Strain PD630
has been considered as an excellent model to study basic aspects of TAG
biosynthesis, accumulation and mobilisation in prokaryotes (Alvarez & Steinbiichel,
2002). TAG biosynthesis in Rhodococci has been proposed to occur via sequential
acyl-CoA-dependent reactions referred to as the “Kennedy pathway”, described in

yeast and plant model systems (Wéaltermann ef al., 2007; Figure 1.6).
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Figure 1.6 TAG synthesis in Acinetobacter baylyi spp. G3P: glycerol-3-phosphate,
PIsB: acyltransferase, LPA: lysophosphatidic acid, PlsC: lysophosphatidate
acyltransferase, PA: phosphatidic acid, PAP: phosphatidic acid phosphatase, DAG:
diacylglycerol, DGAT: diacylglycerol acyltransferase. R1, R2 and R3 represent
different alkyl groups. Reproduced from Wiéltermann et al., 2007.

The Kennedy pathway involves the de novo synthesis of diacylglycerols (DAGs) by
the sequential acylation of glycerol-3-phosphate. The glycerol-3-phosphate
acyltransferase gene (p/sB) catalyzes the first step in DAG synthesis by using a fatty
acyl-CoA as substrate, generating lysophosphatidic acid (LPA). The second step
involves the acylation of the LPA by the lysophosphatidate acyltransferase (gene
plsC) yielding phosphatidic acid. The removal of the phosphate group is catalysed by
phosphatidic acid phosphatase, prior to a final acylation step. In the third acylation
reaction, a fatty acyl-CoA is transferred to the vacant position of DAG, by a

diacylglycerol acyltransferase (DGAT or gene atf), which represents the final step of
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TAG biosynthesis. The third acylation step is a unique enzymatic reaction of TAG
biosynthesis as the two first acylation steps are also used for the synthesis of
membrane phospholipids. Thus, DGAT is considered to be the key gene in TAG

synthesis (Alvarez et al., 2013; Wiltermann et al., 2007).

1.2. A microbial community systems biology

approach

For many years the microbial world has been studied using methods based on the
isolation and cultivation of microorganisms. However, classical culturing techniques
have only succeeded in characterising a small group of species (Amann & Ludwig,
2000). Although these culturable microorgansims only represent a small proportion of
the microorganisms present in all natural environments, they represent the current
basis of the majority of our knowledge about microbial biochemistry (Staley &
Konopka, 1985). Progress in molecular biology has made it possible to explore the
enormous range of microbial diversity in all natural habitats. These molecular studies,
initially based on the sequence of 16S ribosomal RNA genes (Pace, 1997), have
revealed the existence of numerous unknown microbial species (bacteria and archaea)
of which only a small fraction had been obtained in pure culture. Importantly, the
sequencing of 16S rRNA genes has allowed the revelation of phylogenetic
relationships between the different species which have been resolved in this way
leading to the construction of detailed tree of life (Woese et al., 1990). The direct

application of molecular tools such as 16S rRNA sequencing to the study of complex
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microbial communities has resulted in a paradigm shift in our understanding of the
activities of particular microbial groups in their natural habitat (Head et al., 1998).
However, this approach is limited for the in-depth exploration of functional microbial
diversity and, thus, community genomics (metagenomics) aims at gaining access to
the physiology and genetics of these uncultured organisms through direct
characterization of their genomic DNA in situ (Handelsman, 2004). The ability for
comprehensive sequencing of DNA extracted from microbial communities now forms
the foundation for post-genomic approaches which provide detailed functional insight

into entire microbial ecosystem function (Raes & Bork, 2008).

1.2.1. Eco-systems biology

1.2.1.1. Systems biology applied to microbial ecology

Eco-Systems Biology is the scientific discipline devoted to the study of the dynamic
processes and interactions in an ecosystem, consisting of organisms in a particular
habitat and its non-living components, with the explicit aim to model, predict and
control the behaviour of the system as a whole (Muller ef al., 2013). The term was
first coined by Azam and Worden in 2004, in the context of marine ecosystems

analysis (Azam & Worden, 2004).

Systems biology investigates the structure and dynamics of cellular and organismal
function, rather than the characteristics of isolated parts of a cell or organism to
understand their biology at the system level (Kitano, 2002). Thus, biology is

advancing from a reductionist approach, which aims at identifying and describing
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individual cellular processes, to a holistic approach, which aims to investigate cellular

component interactions in their entirety (Sauer et al., 2007).

The systems biology approach, driven by genome sequencing and the generation of
high-throughput functional “omic” data, is revolutionising organismal biology (Joyce
& Palsson, 2006). These advances in turn are transforming microbial ecology from a
descriptive to a quantitative predictive science (McMahon et al., 2007). Through the
combined application of community genomics, transcriptomics, proteomics and
metabolomics, the field of microbial ecology is currently entering the era of systems
biology, which aims to obtain a comprehensive picture of microbial organismal and

functional diversity (Raes & Bork, 2008).

1.2.1.2. Multi-omic measurements

Current rapid advances in microbial ecology are driven by the generation of high-
resolution systems-level molecular data derived from genomic, transcriptomic,
proteomic and metabolomic analyses. The various omic technologies are enabling
important progress in our ability to link microbial communities’ composition and
function. However, no single omic analysis can fully unravel the complexities of
fundamental microbial biology (Zhang et al., 2010). While metagenomic data
provides gene inventories without any proof of their functionality (Réling et al.,
2010), the analysis of community transcripts enables a first assessment of community-
wide functions (Helbling et al., 2012), and community proteomics provides a high-
resolution representation of the actual phenotypic traits of individual community
members (Wilmes & Bond, 2009a). Metagenomic information forms the backbone for
the proper interpretation of transcriptomic and proteomic data leading to population-
level resolution of individual functions. Recent advances in functional annotation of
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metagenomic data and computational processing of inferred metabolic networks
enable linkages to be established between the metagenome and the metabolome
(Larsen et al., 2011). However, such metagenome-based projections have yet to be
validated experimentally by omic analyses in particular metabolomics. Consequently,
ideally metagenomic data have to be supplemented by metatranscriptomic,
metaproteomic and metabolomics analyses to allow meaningful resolution of
community- and population-level roles spanning genetic potential to final phenotype

(Muller et al., 2013).

1.2.1.3. Systematic measurements, data integration, analysis

and modelling

A meta-omic study aims at identifying a panel of microbial organisms, genes,
variants, pathways, or metabolic functions characterising a given microbial
community (Segata et al., 2013). However, to be successful, such an approach needs
to fulfil the promise of systematic measurement in order to facilitate truthful omic
data processing, integration and analysis (Muller et al., 2013). By systematic
measurements is meant the standardised, reproducible and simultaneous measurement
of multiple features from a single sample (Kitano, 2002). Resulting datasets should be
fully integrable and will relate system-wide behaviours (Muller ef al., 2013). As such,
spatially- and temporally-resolved eco-systematic measurements might provide new

insights to improve the understanding of microbial communities (Muller ef al., 2013).
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1.2.2.  Analytical methods for molecular eco-systems biology

1.2.2.1. Metagenomics

In addition to their significant impact on our understanding of human biology and of
other organisms, DNA sequencing technologies have enabled new areas of genomics
including metagenomics. Metagenomics may be defined as the functional and
sequence-based analysis of collective microbial genomes in their natural habitat
(Tringe et al., 2005). In the past decade, the application of metagenomics has
unravelled novel enzymes and organisms which are biomarkers or drivers of
processes relevant to disease, industry and environment (Knight et al., 2012). The
field of metagenomics initially started with the cloning of environmental DNA
followed by functional expression screening (Handelsman et al., 1998). This
functional metagenomic approach allowed, among others, the remarkable discovery of
a unique type of photochemistry in marine bacteria (Beja ef al., 2000). However, the
power of metagenomics to provide a general overview of genetic potential within
microbial communities was demonstrated by two landmark studies in 2004 using
sequencing-based (shotgun) metagenomics. Venter et al, (2004) exposed the
magnitude of microbial organismal and functional diversity in the surface water of the
Sargasso Sea, whereas, Tyson et al. (2004) demonstrated the possibility to reconstruct
genomes of previously uncultured bacteria from a sample with relatively low
microbial community diversity. In past years, metagenomics has been successfully
applied to different microbial habitats such as agricultural soil (Tringe et al., 2005),
the oceans (DeLong ef al., 2006), the human distal gut (Gill et al., 2006) and EBPR
sludge communities (Garcia-Martin et al., 2006). For metagenomic sequencing,

extracted and purified DNA is subjected to library preparation (either single-end or
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paired-end librairies may be synthetised) before being subjected to DNA sequencing
on a variety of platforms (Cho & Blaser, 2012). Advances in metagenomics have been
primarily driven by the substantially reduced cost in next-generation sequencing
(NGS) which has greatly accelerated the development of sequence-based
metagenomics and it is now becoming a standard tool for studies in microbial
ecology. A predominant current NGS technology involves the use of Illumina
sequencing technology (Caporaso et al, 2012). To date, 1,962 metagenomes are
publicly available on the Integrated Microbial Genome with Microbiome sample

(IMG/M; Markowitz et al., 2012) system.

1.2.2.2. Metatranscriptomics

While the discipline of metagenomics allows investigation of the genomic potential of
a particular microbial community, metatranscriptomics allows the analysis of
transcript levels within a microbial community at a certain point of time (Helbling et
al., 2012). Hence, metatranscriptomics is the technique that is typically employed to
obtain gene expression profiles under certain environmental conditions (Warnecke &
Hess, 2009). Initially, numerous microbial gene expression studies involved the use of
microarrays (Bulow et al.,, 2008; Dennis et al., 2003). However, the main
disadvantage of the array-based approach is that target gene sequences and
corresponding high-quality annotations are required before a functional microarray
chip can be manufactured. Thus, the routine use of functional microarrays technology
in the context of microbial ecology is unrealistic since a new array would need to be
designed and fabricated for each individual microbial community sample under study

(Wagner et al., 2007).
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With the advancements of NGS, DNA sequencing methods provide a new method for
metatranscriptomics and this involves retro-transcription of the mRNA pool and
sequencing of the resulting complementary DNA (cDNA) libraries (RNA-Seq; Wang
et al., 2008). Within the first report of an NGS-based metatranscriptomic study,
Leininger and colleagues reported that archaea are the predominant ammonia-
oxidising in soil environments (Leininger et al., 2006). Since then, this approach has
been successfully applied to different microbial communities from varied habitats
such as seawater (Frias-Lopez et al., 2008; Gilbert et al., 2008), human gut microbiota
(Gosalbes et al., 2011), photosynthetic microbial mats (Liu et al., 2011), wastewater
sludge (Yu & Zhang, 2012) and marine sponges (Radax et al., 2012). These studies
demonstrate the efficiency of RNA-Seq to provide affordable access to whole-
metagenome expression profiling and inference of activity of entire microbial
communities (Helbling et al., 2012). As for metagenomic sequencing, [llumina-based
sequencing is currently being used for the majority of metatranscriptomic

investigations (Leimena et al., 2013).

1.2.2.3. Metaproteomics

Despite the extensive catalogue of metagenomic information that can be in silico
translated into a list of all possible potential protein products, details about overall
community function still require the generation of qualitative and quantitative protein
abundance data. Metaproteomics (or community proteomics) has been defined as the
study of proteins expressed at a given time within a given microbial ecosystem
(Wilmes & Bond, 2004). Community proteomics plays a keystone role in functional
microbial community analysis as it provides a representation of the immediate

catalytic potential within mixed microbial assemblages. Microbial metaproteomics
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has been applied in diverse microbial habitats such as soil (Benndorf et al., 2007),
ocean (Sowell et al., 2009), acid mine drainage (Ram et al., 2005), wastewater sludge
(Wilmes et al., 2008), human gut (Verberkmoes et al., 2009b) and freshwater (Ng et

al., 2010).

After protein extraction, denaturation and reduction, a metaproteomic investigation
may involve multiple experimental approaches and measurement platforms. To
reduce sample complexity, microbial community proteomics either use gel-based
separation or gel-independent liquid chromatography (LC)-based separation, each
relying on subsequent mass spectrometric (MS) analysis for the generation of peptide
mass fingerprint data (VerBerkmoes et al., 2009a). Each separation approach has its
own limitations for comprehensive protein identifications and the integration of both
methods is recognised as the more powerful for enlarge protein identification
spectrum (Hettich et al., 2013). The last analytical step in community proteomics
consists of in silico matching of mass spectra to predicted amino acid sequences of
annotated protein coding gene sequences derived from metagenomic or isolate

genome data for protein identification.

1.2.2.4. Metabolomics

Metabolomics is defined as the comprehensive analysis of the complete set of all
metabolites present in and around growing cells at a given time point (Fiehn, 2002).
Since metabolites represent the molecular end point of gene expression and cell
activity, metabolomics offers a holistic approach for understanding the phenotype of
an organism and, thereby, occupies a central role in systems biology approaches.
Unlike genomics, transcriptomics and proteomics in the field of functional genomic
approaches, metabolomics more closely reflects the activity of cells at a functional
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level (Garcia et al., 2008). There is considerable interest in applying metabolomic
methodologies to ecological questions, such as metabolic responses to physiological
stress, metabolic profiling for ecological risk assessment, environmental monitoring
or studying the interactions of gut microbes with the human host (Bundy ef al., 2009).
Metabolomic measurements require multiple-step methods including, quenching of
metabolism, metabolite extraction, derivatisation, metabolite detection by mass
spectrometry (MS) and data analysis (Reaves & Rabinowitz, 2011). The application
of metabolomics to microbial ecosystems is still in its infancy and the ability to
identify and quantify the entire set of intracellular and extracellular metabolites in a
natural habitat is challenging (Tang, 2011). In contrast to DNA, RNA and proteins,
products generated by metabolic reactions are highly variable in their chemical
structure and properties, which contribute to the complexity and resulting analytical
challenges for obtaining comprehensive metabolomic overviews. To date, in
microbial community metabolomics experiments, only a low fraction of detected
metabolites can be identified (Tang, 2011). However, continuing improvements in
analytical tools, availability of microbial genomic sequences advances in omics data
integration and the development of new databases as well as new bioinformatics
standards and models are rendering the application of metabolomics to microbial

communities meaningful.

Owing to the varied physiochemical properties and concentrations of metabolites
present in natural microbial communities, there is no method that can separate, detect
and identify all known metabolites (Garcia et al., 2008). MS is a popular tool, more
sensitive than NMR (nuclear magnetic resonance), for the deep detection of
metabolites (Viant & Sommer, 2013). MS requires chromatographic separation,

typically gas chromatography (GC) and liquid chromatography (LC) to reduce the
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complexity of the metabolite mixtures. Particularly, GC coupled to MS (GC-MYS), is
the most commonly used technique in metabolomics, including for environmental
metabolomics (Viant & Sommer, 2013). The main advantages of GC-based separation
techniques compared to other techniques include the high separation efficiency (i.e.
ability to distinguish isomeric compounds with specific columns), robustness and low
cost of the analysis (Mashego ef al., 2007). Additionally, the GC-based method yields
extensive reproducibility, due to the standardised use of electron impact (EI) for mass
spectrometry, which enables trustful metabolite identifications (Garcia et al., 2008). A
major drawback of the GC-based separation technique is that metabolites are required
to be volatile in nature to be separated. Hence, the derivatisation of metabolites is
necessary to increase their volatility prior to analysis and, thereby, restricts the
analysis of metabolites smaller than 500 Da (Witting ef al., 2012). Other drawbacks
include that thermolabile compounds can easily be degraded when exposed to the
high temperatures in a GC oven and that metabolites can have diverse affinities with
derivatising agents, which can lead to inaccurate quantification, unless standards and
data correction strategies are used to remove biases. Consequently, LC is an
interesting alternative to GC as LC exhibits the ability to cover a much greater
number of metabolites, without prior derivatisation (i.e. not limited to volatile
metabolites; Viant & Sommer, 2013). However, LC coupled to MS (LC-MS) has not
yet reached a similar level of consistency across instrument types compared to GC-
MS and, thus, currently lacks comprehensive databases for metabolite identifications.
Nonetheless, targeted LC-MS analysis is the technique of choice for reliable
quantification of known, pre-selected metabolites, e.g. lipids (Viant & Sommer,

2013).
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1.3. Thesis objective and synopsis of chapters

The overall aim of the present PhD thesis was to obtain unprecedented insights
through a molecular Eco-Systems Biology approach into lipid transformations within
lipid accumulating organisms (LAOs) located at the air-water interface of anoxic
activated sludge wastewater treatment tanks, in view of potentially enriching such

communities and harnessing accumulated lipids for biofuel production in the future.

An initial survey was carried out and aimed at the identification of a biological
WWTP, which showed the prevalence of LAOs throughout the year. Temporally
resolved microbial community profiles and proteomic analyses revealed the existence
of a seasonal shift related to dominance of specific LAOs and the corresponding
community-wide LAO phenotype (Chapter 2). Winter communities also show a
marked enrichment in Microthrix parvicella whereas autumn communities are

dominated by organisms closely related to Alkanindiges spp. and Acinetobacter spp.

In order to elucidate mechanistic details of lipid uptake and accumulation by LAOs,
part of this thesis involved the development of the required Eco-Systems Biology
methodological framework. To account for the inherent heterogeneity of mixed
microbial communities and to facilitate meaningful high-resolution molecular data
integration, analysis and modelling, a workflow was designed which allowed the
isolation of individual biomolecular fractions, comprising DNA, RNA, proteins and
metabolites from single, undivided samples (Chapter 3). This represents an important
prerequisite for carrying out systematic molecular measurements involving genomics,

transcriptomics, proteomics and metabolomics of microbial consortia.
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The generation of systematic molecular data using the developed framework allowed
the reconstruction of community-level metabolic networks and models onto which
gene copy numbers, transcript levels and protein frequency were mapped.
Comparative network-level analyses between an LAO-enriched microbial community
sampled in winter and one sampled in autumn revealed genes involved in ammonium
oxidation and glycerolipid metabolism to play keystone roles in conferring

community-wide phenotypes (Chapter 4).
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CHAPTER 2: INITIAL CHARACTERISATION OF
LIPID ACCUMULATING MICROBIAL
COMMUNITIES IN A BIOLOGICAL
WASTEWATER TREATMENT PLANT
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2.1. Introduction

Within anaerobic/aerobic sludge cycling, lipid-accumulating organisms (LAOs),
export highly efficient extracellular lipases, and take up and store resulting long chain
fatty acids (LCFAs) as neutral lipids during the anaerobic phase (Section 1.1.3.2;
Nielsen al., 2002). Many prokaryotes are able to accumulate large amounts of
lipophilic compounds as inclusion bodies in the cytoplasm (Section 1.1.4). Members
of most genera synthesize storage polymers such as polyhydroxybutyrates (PHB) or
other polyhydroxyalkanoate (PHA), whereas accumulation of triacyglycerides (TAG)
and wax esters (WE) in intracellular lipid-bodies is a property of only a few
prokaryotes (Wiéltermann & Steinbiichel, 2005). PHA are polyesters of various
hydroxyalkanoates monomers typically synthesised when essential nutrients such as
nitrogen or phosphorus are available only in limiting concentrations in the presence of
excess carbon sources (Wiltermann & Steinbiichel, 2005). Accumulation of storage
lipids, serving as endogenous carbon and energy sources during starvation periods,
might be a potential adaptation mechanism for coping with nutrient limitations, which
is a frequent stress factor challenging bacteria in their natural habitats (Kalscheuer et

al., 2007).

In activated sludge, the bacterial biomass has to cope with rapidly changing feast and
famine conditions. Populations best able to deal with these will be those able to
rapidly assimilate substrates when available and store them intracellularly as carbon
and energy stores (Seviour et al., 2008). In domestic wastewater, lipids represent
31 % of COD (Raunkjer et al., 1994) and are dominated by specific LCFAs
(Quéméneur & Marty, 1994). Furthermore, extracellular lipases, which catalyse initial

lipid hydrolysis, appear to be predominant in specific organisms present in activated
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sludge (e.g. Microthrix parvicella; Nielsen et al., 2002). However, essential aspects of
LAO-driven processes regarding lipid hydrolysis, assimilation and conversion still

remain unclear (Mcllroy et al., 2013).

The description of the processes involved in conferring the community-wide lipid
accumulating phenotype is a fundamental aspect for potentially harnessing these
microbial communities for the recuperation of lipids from wastewater and production
of biodiesel from the resulting lipid-rich feedstocks. However, in order to understand
LAO-enriched microbial communities in intricate detail, it is essential to study them
directly in their native enrichment using the whole panoply of high-resolution
molecular techniques now available in molecular microbial ecology (Section 1.2).
Consequently, an appropriate full-scale WWTP system, which presented the required
characteristics to elucidate the details of the fate of lipids within LAO biomass had to

be selected.

This chapter presents a comprehensive analysis aimed at the identification of a
suitable full-scale WWTP with ample LAO biomass to allow their detailed study.

For the first part of this chapter, detailed analyses of LAO-enriched microbial
communities were carried out using microscopic, chemical and molecular biology
methodologies which were applied to microbial biomass sampled from the air-water
interface of an anoxic activated sludge tank.

For the second part of this chapter, a spatially and temporally resolved deep
16S rRNA gene sequencing survey and a proteomic investigation were conducted to
identify possible early linkages between LAO-enriched microbial communities

composition and biochemical traits linked to lipid accumulation.
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2.2. Materials and methods

2.2.1. Identification of a suitable biological WWTP

At the inception of this project, biological wastewater treatment plant (WWTP)
operators in Luxembourg were contacted by telephone in order to enquire about
foaming and bulking issues in their respective systems. Foaming and bulking
problems are typically associated with high levels of lipid accumulating bacteria
within the activated sludge biomass. From this initial survey, it became apparent that
transitory foaming and bulking events occur at the WWTP located in Schifflange
(Esch-sur-Alzette, Luxembourg; 49°30'48.29"N; 6°1'4.53"E, Figure 2.1). The
Schifflange biological WWTP is equipped with a set of online multi parameter

probes.
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Figure 2.1 The Schifflange biological wastewater treatment plant. (A) Satellite image
of the plant. (B) Aerial view of the individual treatment tanks. The aerobic and anoxic
tanks are highlighted in red and blue, respectively. Scale bars are equivalent to (A)
50 m and (B) 5 m. The asterix indicates the anoxic tank from which the LAO biomass

subject of the present study was sampled.

2.2.2.  Sampling and sample processing

Sampling Floating LAO biomass was sampled from the air-water interface of the
anoxic activated sludge tank at the Schifflange biological WWTP. For each sampling
date, four distinct “islets” (defined herein as biological replicates; Figure 2.2) were
sampled using a levy cane of 500 ml. Samples were collected in 50 ml sterile Falcon
tubes and then immediately snap-frozen by immersion in liquid nitrogen on site and
subsequently stored at -80 °C. Additionally, for each sampling date, a representative

fresh LAO biomass sample was used for microscopy analysis.
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Figure 2.2 Photograph of LAO-enriched microbial communities located at the air-
water interface of the anoxic tank (Figure 2.1, B) of the Schifflange WWTP.
Individual islets (biological replicates, spatially resolved samples) are highlighted by
black circles and a magnified area is provided to illustrate delineation of such islets

(indicated by arrows).

In order to initially characterise the LAO-enriched microbial communities from the
Schifflange WWTP by microscopic and phylogenetic analyses, 3 replicates of 300 mg
of LAO-enriched microbial communities (defined herein as technical replicates) from
a single biological replicate sample (islet), taken on 27 May 2010, were used. For the
comparative phylogenetic and proteomics analyses, 200 mg of LAO-enriched
microbial communities were obtained from 4 different islets (biological replicates)
from 4 different dates, leading to an overall sample set of 16. These samples were
taken on 4 October 2010 (date 1; D1), 25 October 2010 (date 2; D2), 25 January 2011
(date 3; D3) and 23 February 2011 (date 4; D4). This selection was chosen for having
a seasonally distinct sample set reflecting a representative water temperature gradient
(Table 2.1). Wastewater temperatures were measured within the anoxic tank at the
time of sampling, using a portable HQ40d multi-parameter measurement device
(Hach).
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Table 2.1 Air and wastewater temperatures at the time of sampling at the Schifflange

WWTP among the four selected sampling dates.

Dates Abbreviation Air Wastewater
temperature (°C) temperature (°C)
4 October 2010 Dl 15 20.7
25 October 2010 D2 4 18.9
25 January 2011 D3 0 14.5
23 February 2011 D4 -6 13.9

Biomass fixation For each sampling date a representative fresh LAO sample was fixed
in paraformaldehyde (PFA) and preserved at -20 °C (Bond et al., 1999). The LAO
sample was first centrifuged at 14,000 g for 2 min at 4 °C and the pellet was then
resuspended in 250 pl of phosphate buffered saline 1x (PBS, pH 7.2) by vortexing.
The 1x PBS solution was prepared with 8 g of NaCl, 200 mg of KCIl, 1.44 g of
Na,HPO4 and 240 mg of PO4 dissolved within 800 ml of distilled water. The solution
was then pH adjusted and sterilised by autoclaving. One volume of the solution was
then mixed with three volumes of PFA solution (4 % w/v; Bond et al., 1999) and
incubated at 4 °C for 3h. The PFA solution was prepared with 2 g of PFA and one
drop of 2 M NaOH diluted into 33 ml of deionised water by heating and mixing at
60 °C under the hood for 2 min. The solution was then diluted into 16.5 ml of 3x PBS
(pH 7.2) and conserve at 4 °C. The fixed cells were pelleted by centrifugation at
14,000 g for 2 min at 4 °C and washed three times with 250 ul of 1x PBS (pH 7.2)

with intermediary centrifugation of 14,000 g for 2 min at 4 °C. The final pellet was re-
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suspended in 1 volume of 1x PBS (pH 7.2) and one volume of ice-cold pure ethanol

and conserved at -20 °C.

2.2.3. Epifluorescence microscopy

SYBR Green staining For cell visualisation, samples were stained with SYBR Green |
1/10,000 (v/v; Molecular Probes, Invitrogen) in anhydrous Dimethylsulfoxid solution
(500 pul DMSO; Molecular Probes, Invitrogen) according to Patel and co-workers
(2007). 1 ml of fixed LAO biomass suspension was transferred within a 2 ml reaction
tube, 10 pl of a SYBR Green I solution was added to the suspension and mixed by
vortexing. The SYBR Green I solution was prepared with 50 pl of SYBR Green I
diluted into 450 pl of 1x Tris/EDTA buffer (TE, pH 7.4). The TE buffer was prepared
with 10 ml of 1M Tris-HCI and 2 ml of 0.5 M EDTA (pH 8.0) mixed with 988 ml of
deionised water. The solution was then pH adjusted and sterilised by autoclaving.
100 pl of stained sample was then diluted into 9.9 ml of 1x PBS buffer. 100 pl of the
diluted sample was first filtered onto a 0.8 um pore size, 25 mm diameter AA mixed-
ester membrane filter (Millipore) using vacuum filtration. The resulting filtrate was
then filtered onto a 0.02 um pore size, 25 mm diameter Anodisc AlO; filter
(Whatman) by an additional vacuum filtration run. The filter was then air-dried in the
dark and cut in 1 cm” pieces. Two drops of mounted and observed oil were added on
the filter piece. The membrane was then observed under 1,000X magnification with a

Leica DMR Fluorescence Microscope coupled to a DFC500 camera (Leica).

Nile Blue A staining The samples were stained with Nile blue A (Sigma-Adrich)
according to the protocol by Ostle & Holt (1982). 5 ul of PFA fixed LAO suspension

was heat-fixed onto a microscopic slide and stained using an aqueous solution of 1 %
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Nile Blue A in a water bath set to 55 °C for 10 min. This solution was prepared by
mixing 1 g of Nile Blue A in 100 ml of deionised water. The microscope slide was
washed with an 8 % acetic acid (v/v) solution at 55 °C for 10 min. The slide was then
further rinsed with deionised water. A drop of water was added between the glass
cover slips. The preparation was then observed at 1,000X magnification with a Leica
DMR Fluorescence Microscope coupled to a DFC500 camera (Leica) at 460 nm with

F543-CY3 filters.

Fluorescence in situ hybridisation (FISH) For cell permeabilisation, 1 ul of 1/10
diluted fixed LAOs suspension was spread onto a microscope slide. 3 ul of
mutanolysin solution was added to the smear on slide and air-dried during 30 min.
The mutanolysin solution (5,000 U/ml) was prepared with 1 mg of mutanolysin
dissolved in 1 ml of 1x PBS (pH 7.2). The slide was washed twice in 50 ml of
deionised water and finally in absolute ethanol. Hybridisation was performed in a
hybridation chamber at 46 °C for 2 h using hybridisation buffer prepared with 40 ul of
IM Tris-HCI (pH 8.0), 2 ul of 10 % sodium dodecyl sulfate (SDS), 360 pl of 5 M
NaCl, 700 pl of formamide diluted into 898 ul of deionised water (Bond & Rees,
1999). One volume of probe working solution (50 ng/ul) was added to four volumes
of hybridisation buffer. The different oligonucleotide probes, used in an equimolar
mixture (Table 2.2), were labelled with either fluorescein isothiocyanate (FITC) or
indocarbocyanine (CY3). A piece of blotting paper was inserted into a 50 ml
polyethylene tube and soaked with 1.8 ml of hybridisation buffer. 10 ul of
hybridisation solution was added to each bacterial smear and the slide was placed into
a 50 ml polyethylene tube (hybridisation chamber; in horizontal position). Following
the slide was then immersed in wash buffer and incubated at 48 °C for 15 min. The

washing solution was prepared by mixing 50 pl of 10 % SDS, 1 ml of 1M Tris-HCI
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(pH 8.0), 700 pl of 5 M NaCl completed with deionised water to a quantity sufficient
for 50 ml of solution and pre-heated in water bath at 48 °C. The hybridised slide was
counter stained with DAPI mountant solution (1pg/ml), rinsed with deionised water,
air-dried and was then observed at 1,000X magnification using a Leica DMR

5  Fluorescence Microscope coupled to a DFC500 camera (Leica).

Table 2.2 Oligonucleotide probes used for fluorescence in sifu hybridisation.

Probe Sequence 5°-3’ Specificity Labeling
EUB338I1-1II" I-GCTGCCTCCCGTAGGAGT Bacteria FITC,
I-GCAGCCACCCGTAGGTGT CY3
HI-GCTGCCACCCGTAGGTGT
MPA60° GGATGGCCGCGTTCGACT Microthrix parvicella CY3

Microthrix calida

* Daims et al., 1999
® Erhart et al., 1997

2.2.4. Long chain fatty acid analysis

Long chain fatty acid analyses were carried out on 500 mg of frozen LAO biomass

and 500 pl of wastewater.

Metabolite extractions For metabolite extractions, a method based on the combination
of the selective extraction of polar metabolites by the use of methanol as polar solvent
10 combined with the selective extraction of non-polar metabolites using
hexane/isopropanol solution (2/1; v/v) as non-polar solvent was chosen. The frozen
LAO sample was thawed on ice for 10 min. The cells were then pelleted by
centrifugation at 4,500 rpm during 2 min at 4 °C. The resulting pellet was

resuspended in 500 pl of 1x PBS (pH 7.2). Three sonication runs of 10 sec were
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followed by a brief incubation on ice. 1 ml of pre-heated methanol (65 °C) was added
to the lysate as well as to the effluent wastewater, the solutions were then
homogenised by vortexing for 30 sec following a incubation at 65 °C for 3 min. The
suspensions were centrifuged at 15,000 rpm for 5 min at 4 °C and the supernatants
were then transferred into a new reaction tube. 500 pl of pre-heated isopropanol
(65 °C) was then added to the supernatants and homogenised by a quick vortexing
following by an incubation at 65 °C for 3 min. The suspensions were centrifuged at
15,000 rpm for 5 min at 4 °C and 750 pl of supernatant was transferred into a new
reaction tube. The two supernatants of each suspension were then combined within
the same reaction tube and dried using a speed-vacuum at 60 °C. The samples were
resuspended into 1 ml of hexane using light sonication and heating in a sonication
water bath for 30 min. 50 pl of sample were removed and transferred into GC vial.
For derivatisation 100 pl of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) were

added and the vials were heated at 50 °C for 30 min.

Gas chromatography—mass spectrometry (GC-MS) analysis and metabolite
identification GC for derivatised samples was performed using an Agilent 6890 GC
equipped with a 30 m Restek Rxi-SMS capillary column. The GC was connected to an
Agilent 5973 Mass Selective Detector (MSD) operating under electron impact
ionisation at 70 eV. The MS source was held at 230 °C and the quadrupole at 150 °C.
The detector was operated in scan mode and 1 pl of derivatised sample was injected at
250 °C. Helium was used as carrier gas at a flow rate of 1.2 ml/min. The GC oven
temperature was held at 80 °C for 2 min and increased to 320 °C at 8 °C/min. The
total ion chromatograms were manually interpreted and the main metabolites
identified based on retention time, mass spectra and use of the National Institute of

Standards and Technology (NIST) mass spectral library.
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2.2.5. Biomolecular extractions

DNA extraction for the sequencing of 16S rRNA by amplification and cloning DNA
extraction was carried out using the PowerSoil DNA isolation kit (MO BIO
Laboratories). Briefly, the protocol consist of cell lysis carried out by bead-beating the
sample in a dedicated bead beating tube and lysis buffer, at 30 Hz for 5 min in a
Retsch Mixer Mill MM 400 followed by removal by precipitation of diverse PCR
inhibitors according to the manufacturer’s instructions. Total DNA was captured on a
silica membrane incorporated into a chromatographic spin column, washed and then
eluted in the dedicated buffer. After extraction, 100 ul of eluted DNA were purified
using the PowerClean DNA clean-up kit (MO BIO Laboratories) according to the
manufacturer’s instructions. For quality control, the isolated genomic DNA was
separated by electrophoresis on a 1 % agarose gel containing 4 %o ethidium bromide
(PlusOne Ethidium Bromide, GE Healthcare). For size estimation, the MassRuler
DNA ladder mix (Fermentas) was loaded onto the gels. Agarose gels were visualised

on an InGenius gel imaging and analysis system (Syngene).

DNA extraction for the sequencing of the 16S rRNA genes by pyrosequencing and
protein extraction DNA and proteins extractions were performed on four biological
replicates on each of the four sampling dates using a modified NorgenBiotek All-in-
One Purification kit-based biomacromolecular isolation method (NA; Section 3.2.5).
For each of the 16 DNA fractions, quality and quantity parameters were obtained
using a NanoDrop ND-1000 spectrophotometer and separation on a 1 % agarose gel.

Protein fractions were further analysed as described below (Section 2.2.8).
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2.2.6. Amplification, cloning and sequencing of 16S
rRNA genes

PCR amplification for cloning 16S rRNA genes were directly amplified from purified
DNA extracts using universal bacterial primer pairs (Backer et al., 2003), in an
equimolar mixture of seven 27f primers and a single 1492r primer (Table 2.3). PCR
reactions for cloning were prepared following the cloning protocol instructions
(QIAGEN PCR Cloning plus kit; Qiagen). After an initial 30 sec denaturation step at
95 °C, the DNA was amplified during 30 cycles of 20 sec at 95 °C, 15 sec at 44 °C
and 1 min at 72 °C. The last cycle was followed by a final 5 min elongation step at
72 °C. Amplified 16S rRNA gene sequences were separated by electrophoresis on a
1 % agarose gel containing 0.5 %o ethidium bromide (Sigma). GeneRuler 100 bp Plus
DNA ladder mix (Thermo Scientific) was loaded onto the gels for size estimation.

Gels were visualised on an InGenius gel imaging and analysis system (Syngene).

Table 2.3 Oligonucleotide primers used for 16S rRNA amplification by PCR.

Primers Sequence 5°-3° Tm (°C)
27t YM1 -AGAGTTTGATCATGGCTCAG 54
YM2 -AGAGTTTGATTATGGCTCAG 50
YM3 -AGAGTTTGATCCTGGCTCAG 55
YM4 -AGAGTTTGATTCTGGCTCAG 53
Bif -AGGGTTCGATTCTGGCTCAG 60
Bor -AGAGTTTGATCCTGGCTTAG 52
Chl —~AGAATTTGATCTTGGTTCAG 50
1492r* TACCTTGTTACGACTT 39

*Baker et al., 2003
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Cloning For cloning of 16S rRNA amplicons, the QIAGEN PCR Cloning plus kit
(Qiagen) were used. According to the manufacturer’s instructions, an 8:1 molar ratio
of amplified DNA and pDrive cloning vector for ligation was used. Briefly, 1 pl of
pDrive cloning vector (50 ng/ul) was mixed with 2 pl of PCR product (27.34 ng/ul),
2 ul of nuclease-free water and 5 pl of dedicated ligation master mix before
incubation at 4 °C for 30 min. For transformation, QIAGEN EZ competent cells
(Qiagen) were used, according to the manufacturer’s instructions. 2 pl of ligation
mixture was added into one tube of dedicated competent cells and incubated at 4 °C
for 5 min. The tube was the incubated at 42 °C for 30 sec before incubation on ice for
2 min. 250 pl of SOC medium was added to the reaction tube and 100, 80, 60, 40 and
20 pl of the mixture were directly plated onto five LB agar plates containing
ampicillin, isopropyl B-D-1-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-Gal). All media were prepared according to the
manufacturer’s instructions. The plates were incubated at 37 °C during 16 h. A second
incubation at for 4 °C during 2 h was performed to enhance blue colour development

and, thereby, facilitate differentiation between blue and white colonies.

Plasmid preparation Confirmed transformed white colonies were transferred into
5ml of LB/Ampicillin medium with a toothpick, the mixture tube was shaken at
350 rpm and incubated at 37 °C overnight. LB/Ampicillin medium was prepared
according to the manufacturer’s instructions. The culture was centrifuged at 12,000 g
during 1 min. The cell pellet was resuspended in 100 ul of Glucose-Tris-EDTA buffer
(GTE) and vortexed gently. 200 ul of NaOH/SDS lysis solution was added and the
tube was mixed by inversion (6-8 times). 150 ul of 5 M potassium acetate solution
(pH 4.8) was immediately added and the sample was centrifuged at 13,000 g during

I min. The supernatant was transferred into a new 2 ml reaction tube and nucleic
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acids were precipitated with 0.5 ml of 80 % isopropanol by incubation on ice for
10 min following a centrifugation at 13,000 g for 1 min. The pellet was resuspended
in 400 pl of TE buffer. The presence of the insertion of 16S rRNA sequence within
the vector in transformed cells was confirmed by PCR using M13 primers and gel

electrophoresis according to the manufacturer’s instructions.

Sequencing The sequencing of the resulting PCR products consisted of first
specifically amplifying the forward or the reverse side of the 16S rRNA strands. The
sequencing reactions were carried out using the BigDye Terminator cycle sequencing
kit (Invitrogen). Briefly, 2 pl of the previous PCR product mixture (from confirmation
transformant step) was added to the PCR sequencing mixture prepared with 2 pl of
the big dye mixture, 2 pl of sequencing buffer 5x concentrated, 0.2 ul of M13 forward
or reverse primers (20 uM; Invitrogen) diluted in 13.8 ul of nuclease free water. After
an initial 1 min denaturation step at 96 °C, samples were amplified using 25 cycles of
10 sec at 96 °C, 5 sec at 50 °C and 4 min at 60 °C. The PCR sequencing product was
purified by the addition of 80 pl ethanol/sodium acetate solution. This solution was
prepared by mixing 3 pl of 3 M sodium acetate and 59 pl of pure ethanol with 18 pl
of deionised water. The reaction was then left at room temperature for 15 min before
being pelleted by centrifugation at 12,000 g at 4 °C for 20 min. The pellet was then
re-dissolved in a 70 % ethanol solution before being pelleted again at 12,000 g at 4 °C
for 5 min. The ethanol-washing step was repeated two times before a final high-speed
centrifugation was carried out at 14,000 g during 30 min. The DNA pellet was then
re-dissolve within 20 pl of formamide by vortexing. The resulting DNA solution was
injected into the Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems)
for sequencing by capillary electrophoresis according to the manufacturer’s

instructions.
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16S rRNA sequencs analyses The resulting 58 full 16S rRNA sequences were aligned
using the Seqmatch function (BLAST alignment) of the Ribosomal Database Project
(RDP; Cole et al., 2009) and assigned to different levels of taxonomic resolution
ranging from genus to phylum with a confidence threshold of 80 %. Phylogenetic

trees were generated using the RDP (Cole et al., 2009) release 9, update 28.

2.2.7. Pyrosequencing of 16S rRNA genes

PCR amplification 16S rRNA genes were amplified using the primers Bakt 341F and
Bakt 805R (Table 2.4) designed for 454 sequencing. These primers were specifically
designed for the amplification of 400 bp spanning hypervariable regions from V3 and
V4 of the 16S rRNA gene (Herlemann et al., 2011). 16 primer pairs were designed as
fusion primers targeting 16S rRNA including 454 adaptors, key and multiplex
identifiers (Eurofins MWG Operon). PCR reactions were prepared following the
FastStart high fidelity (Roche) protocol instructions, using the methodology described
previously by Herlemann and colleagues (Herlemann et al., 2011). The amplicon size
and quality were evaluated using the DNA 1000 LabChip kit and 2100 Bioanalyzer

(Agilent Technology).

Table 2.4 Oligonucleotide primers used for 16S rRNA region V3V4 amplification by
PCR.

Primers Sequence 5°-3° Tm (°C)
Bakt 341F° CCTACGGGNGGCWGCAG 55
Bakt 805R® GACTACHVGGGTATCTAATCC 53

“Herlemann et al., 2011
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Library construction and purification A single library was generated containing
amplicons from the 16 individual samples with 16 different multiplex identifiers. 5 pul
of each 16S rRNA amplicon set were pooled together resulting in a final volume of
80 pul. The amplicon library was purified twice by using two different technologies.
Firstly, small fragments (<200 bp) were removed by using QIAquick columns
(Qiagen). The purified library was eluted in 30 pl of MilliQ water. Afterwards, the
eluted library was size selected (>250 bp) by using the solid phase reversible
immobilisation paramagnetic bead based technology (AMPure XP beads, Beckman
Coulter) with a bead/DNA ratio of 1/1 (v/v). The final purified amplicon library was
eluted in 20 pl of MilliQ water. All purification steps were carried out according to
the manufacturer’s instructions. The integrity and the size of the libraries were
determined using the DNA 1000 LabChip kit and the 2100 Bioanalyzer (Agilent
Technologies). Library quantification was carried out according to the Roche 454
instructions by using the Quant-IT PicoGreen double-stranded DNA assay kit

(Invitrogen).

16S rRNA amplicon sequencing Sequencing was carried out on a Roche 454 GS
Junior platform. Before pyrosequencing, an emulsion PCR (emPCR) was performed,
where DNA fragments derived from the library of enriched target regions were
amplified on small beads. The emPCR was carried out according to the
manufacturer’s instructions by using the GS Junior Titanium emPCR kit (lib-A;
Roche). After emPCR, the emulsion was stopped and beads enriched, as well as the
sequencing primers annealed. The sequencing was performed according the
manufacturer’s instructions by using the GS Junior Titanium Sequencing kit (Roche)

and the GS Junior Titanium PicoTiterPlate kit (Roche).
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Bioinformatic data analysis Data were analysed using the Mothur community analysis
pipeline (Schloss et al., 2009), with an average linkage and distance cutoff of 0.03
(97 % of sequence identity). For this analysis, the generated .sff file was used,
containing the flowgram from the 454 pyrosequencing platform and the sample
barcode sequences. The use of this open-source software package involved four
sequential steps. The first step consisted of the preparation and denoising of sequences
as well as extraction of the V3-V4 region from 16S rRNA sequences. In this step,
low-quality sequences were removed and the frequencies of sequencing and PCR
errors reduced. Following the partition of the flowgram data by samples (based on the
barcodes), the sequences were trimmed to a specified length range and the flowgram
were denoised using the PyroNoise algorithm (Quince et al., 2009). The target region
was then specifically located, verified and extracted using the V-Xtractor algorithm
(Hartmann et al., 2010), specific for bacterial, archaeal and fungal small subunit
rRNA gene regions V3-V4. Then, PCR errors were removed using the Seqnoise

algorithm (http://code.google.com/p/ampliconnoise/). Finally, PCR chimeras were

removed using the UCHIME algorithm (Edgar et al., 2011) and each sequence file
was rendered non-redundant. The second step of the pipeline consisted of clustering
sequences into operational taxonomic units (OTUs). OTU binning was completed
using a hierarchical clustering algorithm implemented within Mothur. The third step
involved assignment of the taxonomic information to sequences and OTUs. Unique
fasta sequences were aligning to the Greengenes reference database (DeSantis ef al.,
2006) using a naive Bayesian classifier. Then, taxonomic information was assigned to
the individual OTU with 80 % of consensus. The analysis was carried out on
randomly subsampled OTUs such that each file contained the same number of

sequences (1,405). The last step of the use of the Mothur pipeline included some basic
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metrics of community structure (o- and p-diversity), using different statistical
measurements, such as Shannon diversity and Bray-Curtis indices, analysis of
molecular variance (AMOVA) as well as different visualisation approaches for the
ordination of results for example through heat maps or principal coordinate analysis
(PCoA). The plots were generated using Excel or the R software (R version 2.13.2,
http://www.r-project.org/) for the principal coordinate analysis (PCoA; pcoa function)

using the ape package.

2.2.8. Proteomic de novo peptide sequencing

Protein extraction Protein extraction was performed on four biological replicates on
each of the four sampling dates, using the Norgen All-in-one based

biomacromolecular isolation method (NA), as described previously (Section 2.2.5).

SDS-PAGE 5 pl of each of the 16 individual protein fractions were subjected to 1D
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad
Laboratories) in conjunction with staining in LavaPurple protein stain
(Fluorotechnics). Precision Plus Protein Stained and Unstained Standard Ladder (Bio-
Rad Laboratories) were loaded onto the gels for molecular mass estimation. Gels were

visualised using a Typhoon 9400 Variable Mode Imager (GE Healthcare).

MALDI-ToF/ToF analysis A highly dominant protein gel band was cut out and placed
into a 1.5 ml Eppendorf tube. Gel reduction was carried out in a mixture of 100 mM
of NH4CO; (Sigma) and 10 mM of DTT (Sigma) in Thermomixer (Eppendorf) at
56 °C, 500 rpm during 30 min. Alkylation was carried out in a mixture of 100 mM
NH4CO;3 and 55 mM iodoacetamide (IAA, Sigma) at room temperature for 20 min.

Gel destaining was carried out in 50 mM NH4CO3 and 50 % methanol (BioSolve) in a
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Thermomixer at 37 °C, 500 rpm during 20 min. The protein band was then digested
using 80 ng oftrypsin (Trypsin Gold, Promega) diluted in 50 mM NH4COs3 solution
and incubated at 4 °C for 30 min followed by an overnight incubation in a
Thermomixer at 37 °C. After two wash steps in 50 % v/v acetonitrile (ACN,
BioSolve) / 0.1 % v/v trifluoroacetic acid (TFA, Sigma) solution at 37 °C for 10 min,
the isolated peptides were dried in a Speedvac (Heto Lab). The peptides were then
again resuspended in ACN/TFA (50 % / 0.1 %) and loaded onto a Matrix-Assisted
Laser Desorption Ionization (MALDI) target plate. Peptide tandem mass spectra were
acquired on a MALDI-Time of Flight (ToF/ToF), 4800 Proteomics Analyzer (Applied

Biosystems).

De novo peptide sequencing Peptide sequences were determined manually by
converting the mass differences of consecutive ions in obtained tandem mass spectra
to corresponding amino acid sequences. The resulting peptide sequences were then
BLAST-searched (Altschul et al., 1997) using default parameters against the NCBInr

database.
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2.3. Results and discussions

2.3.1. Initial characterisation of LAO communities

From the initial survey of local biological wastewater treatment plants, it was apparent
that transitory foaming and bulking events occur at the WWTP located in Schifflange
(Esch-sur-Alzette, Luxembourg; 49°30'48.29"N; 6°1'4.53"E, Figure 2.1). The
Schifflange biological WWTP is an activated sludge plant with alternating
anaerobic/aerobic treatment phases operated for phosphorus and nitrogen removal.
Informations obtained from the plant operators from the Syndicat Intercommunal a
Vocation Ecologique (SIVEC) highlighted the propensity of excess floating biomass
on the surface of anoxic tank in winter compared to spring, summer and autumn.
Since this WWTP is in close proximity to our laboratory, is of a relatively important
size for Luxembourg and routinely carries out multi-parameter online measurements
of essential physico-chemical characteristics (Table 2.5, Figure 2.3; Section

1.1.2.2.3), biomass obtained from this plant was used for the following analyses.

70



CHAPTER 2

Table 2.5 Overview of the main characteristics of the Schifflange wastewater
treatment plant. Measures obtained from the SIVEC (WWTP of Schifflange).

* Average values measured in 2012, using multi-parameter online probes.

Schifflange WWTP
Population equivalent (habitants) 82,834
Rate of flow of WWTP (m*/day) 19,704
COD (mg/)* Influent 652.94
Effluent 33.94
BODs (mg/1)* Influent 225.45
Effluent 2.47
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Figure 2.3 Variation of essential physico-chemical parameters at the Schifflange
wastewater treatment plant from 1 October 2010 to 28 February 2011. (A) Dissolved
oxygen. (B) Water temperature, arrows indicate sampling time points (Section 2.2.2).
(C) Nitrate, orthophosphate and ammonium. (D) pH measurements. Values obtained
from the SIVEC (WWTP of Schifflange) and recorded using multi-parameter online

probes.
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2.3.1.1. Microscopic analyses

The presence of filamentous organisms in floating sludge sampled from the anoxic
treatment tank of the Schifflange WWTP was confirmed by SYBR Green I staining
followed by epifluorescence microscopy (Figure 2.4, A). The presence of these
filamentous organisms has previously been described in activated sludge by several
research groups (e.g., Bradford ef al., 1996; Snaidr et al., 2002; Nielsen et al., 2009;
Section 1.1.2.3.2). Filamentous bacteria constitute the backbone of the individual
“islets” identifiable with the naked eye at the surface of wastewater treatment tanks
(Figure 2.2). Their excessive growth can have pronounced effects on biomass settling
and foaming, causing serious operational problems for biological wastewater
treatment operations (Mielczarek et al., 2012). According to a recent survey focussed
on filamentous bacteria, these were identified in 25 EBPR plants over a period of
4 years (Nielsen et al., 2010). Typically, such filamentous bacterial groups are
dominated by Microthrix parvicella as well as different other organisms belonging to
the phylum Chloroflexi, Haliscomenobacter hydrossis belonging to Bacteroidetes,
Curvibacter spp. belonging to the Betaproteobacteria and some filaments belonging

to the phylum TM?7 and few others (Nielsen et al., 2010).
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Figure 2.4 Micrographs of the LAO-enriched microbial community sampled from the
anoxic tank of the Schifflange biological WWTP following SYBR Green I (A) and

Nile Blue A (B) staining. Pane B, the arrows highlight intracellular lipid inclusion.

Scale bars are equivalent to 10 um.

The capacity of the sampled biomass to incorporate intracellular lipids (e.g. poly-3-
hydroxybutyrate, PHB) was evaluated by epifluorescence microscopic observation
after Nile blue A staining (Ostle & Holt, 1982). Interestingly, most of the filamentous
bacteria exhibit considerable lipid inclusions, (Figure 2.4, B). Most of the stained
lipids are present as lipid inclusions within the filamentous organisms or sorbed to the
filamentous cell membrane surface. Several filamentous bacteria species show the
capacity to accumulate lipid structures, for example Microthrix parvicella (Nielsen et
al., 2002), Meganema perideroedes (Kragelund et al., 2005) as well as several
members of the Mycolata group such as Gordonia spp. or Skermania spp. (Kragelund
et al., 2007). The Nile Blue A staining does however not allow differentiation
between PHA and lipids. The carbon sources used for PHA synthesis are short chain
fatty acids (SCFAs; including acetate, propionate and butyrate and/or glucose). Given
the inability to differentiate between PHA and lipids by microscopic analysis, a long

chain fatty acid analysis of the floating LAO biomass have been conduct.
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2.3.1.2. Long chain fatty acid analysis

An important consideration for using an LAO-based lipid reclamation strategy is the
unprocessed uptake and storage of LCFAs from wastewater. In order to assess
potential differences in the LCFA fractions contained within the wastewater and in the
LAO biomass, non-polar metabolites were extracted from extra- (i.e. reflecting the
wastewater) and intracellular (i.e. reflecting the LAOs biomass) compartments and
analysed using GC coupled to MS (GC-MS; Section 2.2.4). LCFAs dominate the non-
polar metabolite fraction of wastewater (Figure 2.5, A) and LAO biomass (Figure
2.5, B). Palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1) and linoleic
acid (C18:2; Section 1.1.1.1) are the dominant intra- and extracellular LCFAs.
Considering previous GC-MS data, these measurements confirm the predominance of
LCFAs in a range from C16:0 to C18:0 in domestic sewage sludge (Jard¢ et al., 2005)

as well as in municipal wastewater (Al-Halbouni ef al., 2009).

As reported, the enrichment of specific LCFAs in wastewater was demonstrated
through this preliminary long chain fatty acids survey and highlighted again the
presence of specific LAOs capable of high LCFA accumulation within the floating
biomass recovered from the anoxic tank of the Schifflange biological WWTP.
Interestingly, it was observed that the LCFAs presented very similar profiles between
the two cellular compartments. It is noteworthy that this finding suggests that
endogenous LCFAs in the wastewater are taken up directly by LAOs without
conversion and, thus, the vast majority of the chemical energy contained within them

should be recoverable from the LAO biomass.
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Figure 2.5 Gas chromatograms of non-polar metabolite fractions extracted from
wastewater (A) and the floating biomass (B). The main peak are palmitic acid

(C16:0), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2).

2.3.1.3. Phylogenetic survey of a single LAO sample

In order to provide a first overview of the overall phylogenetic structure and diversity
of the bacterial LAO community within the anoxic phase of the Schifflange biological
WWTP, a full-cycle 16S rRNA gene analysis was carried out (Hugenholtz, 2002).
This involved the cloning of amplified whole 16S rRNA genes from a given LAO
sample, sampled on 27 May 2010, followed by the sequencing of the resulting full
16S rRNA gene sequences using Sanger technology (Section 2.2.6). This analysis
revealed the presence of at least 12 different bacterial genera belonging to 3 dominant
phyla, the Actinobacteria, Proteobacteria and Bacteroidetes together comprising
90 % of the LAO community (Figure 2.6, A). It is noteworthy that this analysis
demonstrated that an organism closely related to the previously described
actinobacterial LAO Microthrix parvicella (Section 1.1.3.1), dominated the
community at the species level (around 30 % of the community; Figure 2.6, B). The

16S rRNA gene sequences were closely related (> 98 %) to the gene sequence of
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Microthrix parvicella BIO17-1 (Levantesi ef al., 2006) suggesting that the dominant
population in the LAO-enriched community sample belongs to this species but that
clearly different strains are apparent (Figure 2.6, C). Finally, the second most
abundant species, Haliscomenobacter, represented 9 % of the community. It is a
common filamentous bacterium belonging to the phylum Bacteroidetes, which has

been detected worldwide in activated sludge samples (Kragelund et al., 2008).
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Figure 2.6 Phylogenetic overview derived from entire 16S rRNA gene sequences

amplified from DNA extracted from the LAO-enriched microbial community sampled
at the anoxic tank of the Schifflange WWTP. (A,B) Pie charts representing phylum-
level (A) and genus-level (B) diversity determined from the obtained full 16S rRNA
gene sequences. (C) Phylogenetic tree at species-level resolution showing some
genetic heterogeneity among close relatives of Microthrix parvicella. The scale bar

indicates 0.1 estimated changes per nucleotide.
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To validate these initial findings and provide some in situ information on the presence
of Microthrix parvicella within the LAO-enriched microbial community, a FISH
analysis was performed (Section 2.2.3), specifically targeting Microthrix parvicella
(Levantesi et al., 2006), on a cell permeabilised LAOs suspension, sampled from the

Schifflange WWTP (Figure 2.7, Section 2.2.3).

Figure 2.7 Micrograph of the LAO-enriched microbial community sampled from the
anoxic tank of the Schifflange biological WWTP following FISH for Microthrix
parvicella. Microthrix parvicella is observable in yellow, surrounded by bacterial of

variable morphologies, visible in blue. The scale bar is equivalent to 5 pm.

These two results confirm the presence and the pronounced abundance of Microthrix
parvicella in the floating LAO-enriched microbial community within the anoxic tank
of the Schifflange biological WWTP as encountered in other activated sludge plants

throughout the world (Nielsen et al., 2009).
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2.3.2. Comparative phylogenetic and proteomic

analyses of LAO-enriched microbial communities

In order to fully appreciate the dynamics of the LAO-enriched microbial communities
across space and time, a comparative analysis on four different sludges, sampled from
the Schifflange WWTP, have been carried out at different sampling dates (Table 2.2;
D1, 4 October 2010; D2, 25 November 2010; D3, 25 January 2011 and D4, 23
February 2011), considering four biological replicates belonging to four selected
dates. The dates were selected in order to sample across a temperature gradient since
water temperature is know to have an marked effect on the abundance of LAOs within

biological wastewater treatment systems (Jones & Schuler, 2010).

2.3.2.1. Comparative phylogenetic analyses of LAO-enriched

microbial communities

The phylogenetic analysis of each of the 16 resulting sludge samples was performed
by 16S rRNA gene sequencing using pyrosequencing (Section 2.2.7). This resulted in
the identification of 9,729 unique OTUs (Supplementary Table I). Compared to the
previous 16S rRNA genes (Section 2.3.1.3), this high-throughput analysis allowed the
partial sequencing (i.e. 400 bp) per sample of an average of 3,423 16S rRNA gene

sequences, from the V3 and V4 hypervariable regions.

Overall, this analysis revealed the presence of 757 bacterial genera belonging to 23
phyla across the 16 samples, representing 96.4 % of the LAO communities. The
average o-diversity, (Figure 2.8) shows a distinct difference in terms of bacterial
population richness and evenness between the 4 October 2010 and 25 October 2010

dates (henceforth, referred to as autumn LAO communities) and 25 January 2011 and
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23 February 2011 dates (henceforth referred as winter LAO communities, Figure

2.8).

The winter LAO communities (D3, D4) appear to be richer (i.e., containing more
different species) and exhibit a more even species distribution (i.e. different species,
more evenly distributed) than within the autumn LAO communities (D1, D2).
Additionally, a tendency for a higher variability in terms of species richness is
apparent between different iselts (biological replicates) in autumn compared to the

winter LAO communities.
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Figure 2.8 Bar charts of average a-diversity based on Shannon diversity indices of

Shannon index

bacterial species present in the LAO-enriched microbial communities at the 4 distinct
sampling dates. The error bars represent the standard deviation among the 4 analysed
samples. D1: 4 October 2010; D2: 25 October 2010; D3: 25 January 2011; D4: 23
February 2011.

To further highlight the difference between the winter and autumn communities, the

identity and abundance of the 10 dominant phyla within each single biological
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replicate were analysed (Figure 2.9). These results confirm the dominance of three
major phyla, Proteobacteria, Actinobacteria and Bacteroidetes within all samples, as
seen previously from the entire 16S sequences (Section 2.3.1.3). The phylum
Firmicutes is detected among the LAO community members, but represents only
3.4 % of the total bacterial community in contrast to the predominance of such phyla
previously detected in activated sludge from 14 different WWTPs (8.1 %; Zhang et
al., 2011). In contrast, the LAO-enriched microbial communities appear to be
dominated by Actinobacteria (18.9 %) and Bacteroidetes (17.6 %) compared to the
bacterial populations identified within activated sludge (6.5 and 7 % respectively;
Zhang et al., 2011). The data of this doctoral research highlight the stark differences
in microbial community composition between submerged and floating sludges. A
clear variation between the two most abundant phyla, i.e. Proteobacteria and
Actinobacteria, among dates was observed. Within the autumn LAO communities,
Proteobacteria and Actinobacteria represent 50 and 16 % of the total number of
phyla, while in the winter LAO communities, these two phyla represent 40 and 21 %
of the total phyla, respectively. Consequently, there exists a clear phylum-level shift

between both seasons.

80



CHAPTER 2

100

90
Proteobacteria
80 Actinobacteria
“ Bacteroidetes
Firmicutes
“TM7
i Cyanobacteria
60 Chloroflexi
“ Verrucomicrobia
50 4 Acidobacteria
Planctomycetes
“unclassified
“other

70

Relative abundance / %

40

30

20

10

N

D1.1 D1.Il D111l D1.Iv,yD2.I D2.1I D2.1I D2.1\j; D3.I D3.1l D3.1Il D3.1Vyy D4.1 DA4.Il D4.1ll D4.IV
\ )\ )\ ) J

| | | |

Date

Figure 2.9 Bar chart of phylum-level distribution of bacteria presents in 4 different
isles sampled on 4 different dates. D1: 4 October 2010; D2: 25 October 2010; D3: 25
January 2011; D4: 23 February 2011. I, II, III, IV represent the individual islets

sampled on each date.

To further measure and reveal the level of similarity and dissimilarity in community
membership and structure in space and time, p-diversity was calculated using the
Bray-Curtis index based on the OTU diversity and the results visualised using PCoA
(Figure 2.10). The obtained results further point to a seasonal shift in community

structure between the autumn and winter communities (Figure 2.8).
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PC2 (16.3 % of variance)

PC1 (41.2 % of variance)
Figure 2.10 Principal coordinate analysis (PCoA) of Bray-Curtis dissimilarity indexes

calculated on the based on OTU abundances obtained on 4 biological replicates
sampled on the 4 different dates. D1: 4 October 2010, D2: 25 October 2010, D3: 25
January 2011 and D4: 23 February 2011. The centre of gravity for each date cluster is
marked by a rectangle and the coloured ellipse covers 67 % of the samples belonging

to the cluster.

Finally, as reflected by the area of the different ellipses among the four different
LAO-enriched microbial communities, the biological replicates present in D2 (25
October 2010) and D4 (23 February 2011) exhibit the most pronounced compositional

heterogeneity (Figure 2.10).

Differences in community structure among groups were further assessed by statistical
analysis using molecular variance (AMOVA). AMOVA is a non-parametric test
analogous to traditional analysis of variance measures. This method is widely used in

population genetics to test the hypothesis that genetic diversity within two populations
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is not significantly different from that which would result from pooling the two
populations (Excoffier et al., 1992). The AMOVA statistics (Figure 2.11) were

calculated using the Bray-Curtis distance matrix.

Phylogenetic diversity analyses confirmed the presence of significant differences
among the winter and autumn LAO communities and the taxa clustering previously
observed (Figure 2.10). The LAO-enriched microbial communities sampled on D1 (4

October 2010) and D3 (25 January 2011) are the most dissimilar (F-statistic= 6.68, p-

value < 0.001).
D1 D2 D3 D4
0.0
D1
25
5.0
D2 7.5
10.0
F-statistic
D3
D4

Figure 2.11 Matrix of pairwise comparisons of the phylogenetic diversity (AMOVA,
Fsr) of LAO-enriched microbial communities recovered from each of the four
sampling dates. D1: 4 October 2010, D2: 25 October 2010, D3: 25 January 2011 and
D4: 23 February 2011.

Within the LAO-enriched microbial communities, the dominant OTU, considering the

overall 16S rRNA genes sequences analysed, across the 16 samples analysed,
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correspond to Microthrix parvicella, which represent on average 8.38 % of the total
detected species. The overall dominance of Microthrix parvicella confirmed the
results obtained using the 16S rRNA phylogenetic analysis carried out on the single
sample (Section 2.3.1.3). The second most dominant OTU, which was not detected in
the previous phylogenetic analyses (Section 2.3.1.3), is related to the Alkanindiges
genus from the Moraxellaceae family. Representative members from the Alkanindiges
genus were previously isolated from oilfield soils (Bogan et al., 2003). They are
recognised as obligate oil degraders and have previously been implicated in foaming
in activated sludge systems (Klein ef al., 2007). Interestingly, WEs accumulation has
been observed in Alkanindiges illinoisensis cells (Manilla-Pérez et al., 2010).
Additionnaly, Acinetobacter spp. also belonging to the Moraxellaceae tamily have
been identified as the third most abundant genus in the LAO-enriched microbial
communities. Acinetobacter spp. is well known to occur in activated sludge biomass
(Carr et al., 2003). As Alkanindiges spp., have been found to be oil degraders in soil
and sediments contaminated with crude oil or fuel oil (Bordenave et al, 2007).
Acinetobacter spp. have also been shown to be able to accumulate WEs (Hanson et
al., 1997). Interestingly, Acinetobacter baylyi, strain ADP1 is known to naturally
accumulate storage lipids, including TAG (Santala et al, 2011) and has been
extensively described to be able to carriy out the final step in TAGs and WE
biosynthesis using WE synthase/acyl-CoA:DAG acyltransferase (WS/DGAT) which
catalyzes the acylation of DAG by using acyl-CoA as the substrate (Kalscheuer &

Steinbiichel, 2003; Stoveken et al., 2005).

However, members of the Alkanindiges and Acinetobacter genera have not yet been
described as organisms capable of accumulating exogenous lipids. Therefore, it

remains to be seen if these members are actual competitors of Microthrix parvicella
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over lipids in wastewater.

It is noteworthy that each of these three most abundant OTUs belong to the two main
dominant phyla. To further appreciate the variation in abundance of these OTUs and
their participation to the phylum variation measured among seasons, the average
proportion of each of the individual species within the four different dates was

calculated (Figure 2.12).

= Microthrix parvicella
18 = Alkanindiges spp.

16 _ = Acinetobacter spp.

12
10

Species abundance %

D1 D2 D3 D4
Date
Figure 2.12 Average species abundance of the three most abundant OTUs among the

4 sampling dates. Error bars represent the standard deviations between the four
biological replicates (islets). D1: 4 October 2010, D2: 25 October 2010, D3: 25
January 2011 and D4: 23 February 2011.

From the overall phylogenetic profiles across the four distinct dates, a shift in the
dominant community members is apparent (Figure 2.12). Autumn communities are
dominated by organisms closely related to Alkanindiges spp. and Acinetobacter spp.
from the Moraxellaceae family, whereas winter LAO communities are dominated by

Microthrix parvicella. The dominance of Microthrix parvicella in winter may be
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related to their preference for low temperatures (Rossetti e al., 2005). Importantly, by
calculating correlation between axes score and OTU abundances it is apparent that
Alkanindiges spp., Acinetobacter spp. and Microthrix parvicella are the main drivers
of community structure observed, explaining the differences observed between
autumn and winter clusters for 97.5, 93.5 and - 82.8 % of PC1 axis of the PCoA
(Figure 2.10). Consequently, Alkanindiges spp., Acinetobacter spp. and Microthrix
parvicella are the main community members linked to the LAO community structure
dissimilarities observed between autumn and winter (Figure 2.10). The abundances of
Microthrix parvicella and Alkanindiges spp. represent, individually, approximately
12 % of the total detected species members within the respective seasonal community
considered. Such dominance of individual species among the community contributes
significantly to the unevenness of the community but does facilitate the community
genomic analyses since both populations should be well resolvable from community

genomic datasets.

2.3.2.2. Comparative proteomics

In order to appreciate further the functional outcome of the phylogenic shift observed
between the autumn and winter LAO communities, a preliminary comparative
proteomic study between the four different dates was performed. The analysis was
based on single-dimensional SDS-PAGE gel band profile comparison across dates,

followed by targeted peptide sequencing of a band of highest interest.
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Figure 2.13 SDS-PAGE image of representative protein fractions from each of the 4

biological replicates originating from the four different sampling dates. From left to
right, magnified regions of the protein banding profile detected between 100 and 50
kDa for the autumn and winter microbial communities, respectively. Right pane
represents the dominant gel band from the D4 (23 February 2011) protein fraction,
which was submitted to tryptic digestion and MALDI-ToF/ToF analysis. Left pane
highlights the targeted band from the D1 (4 October 2010) protein fraction. D1: 4
October 2010, D2: 25 October 2010, D3: 25 January 2011 and D4: 23 February 2011.

In the protein banding profile presented for the winter communities (Figure 2.13,
right pane), a strong protein band is apparent around 65 kDa, which is less dominant
in the protein pattern observed for the autumn community-wide protein profiles
(Figure 2.13, left pane). This particular gel band was excised, tryptically digested
and subjected to MALDI-ToF/ToF analysis, followed by a de novo peptide sequencing
of dominant spectra (Section 2.2.8). The resulting peptide sequences (Table 2.6) were

then searched against current genomic databases.
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Table 2.6 BLASTP output from NCBI search of de novo peptide sequencing
following MALDI-ToF/ToF analysis.

Peptides fragment sequences Sequences producing Score Query
significant alignment (e-value) cover (%)
1_SDSEDWCNKFIGTGTPVNDFR Exported hypothetical 92.4 (2e-04) 100
2 _FSANEGDGPGGAFIR protein [Candidatus
3_VKSNTAPVVVTENGTAQR Microthrix parvicella]
4 RGAGTAPGVFSN
5 DVDVVTR
6 _WFIGER

Following de novo peptide sequencing, the peptide sequences have been confidently
identified as protein annotated as an exported hypothetical protein encoded by
Microthrix parvicella, strain RN1 (Mcllroy et al., 2013). It is noteworthy that this
result confirms further the high level of activity of Microthrix parvicella in the LAO-
enriched microbial community (Table 2.6, Figure 2.14). Further detailed biochemical
characterisation of this highly abundant protein is required in order to elucidate its

function in Microthrix parvicella.
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Exported hypothetical protein (accession number : CCM65447; Candidatus Microthrix parvicella RN1)

} { H H H
1 430
1 b
69 87
3 Score:43.3, e-value: 1e-11, identity: 89%
= 2 —
] 126 140
§ Score:30.0, e-value: 9e-07, identity: 87%
g 3 —
167 184
Score:31.2, e-value: 3e-07, identity: 83%
4 i
340 348

Score:20.8, e-value: 7e-04, identity: 100%

Figure 2.14 Schematic representation of the peptides mapped to the exported
hypothetical protein of Microthrix parvicella and respective alignment scores from
BLASTp. The purple area, on the query sequence represents the motif S-layer
homology domain, characterisitic for an exported protein identified using an
InterproScan search. 1,2,3 and 4 denotes the peptide numbers as annotated in Table

2.6.
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2.4. Conclusion and perspectives

The initial results presented in this chapter confirm the choice of the WWTP located
at Schifflange as an ideal model system for the study of lipid processing and uptake
by lipid accumulating microbial communities in biological WWTP. It is apparent
from the results, that the LAO-enriched microbial communities are dynamic over time
with a strong seasonal variation. The comparison of the diversity between autumn and
winter communities emphasises the presence of multiple different LAO-enriched
microbial community compositions, characterised by a switch in the dominant
species. The community structures are most likely influenced by temperature
variation. Especially, two sampling dates, 4 October 2010 and 25 January 2011,
appear to show the most pronounced difference in phylogenetic variation. Winter
LAO communities are vastly dominated by Microthrix parvicella, a known
specialized lipid accumulating organism. In contrast, autumn communities are
dominated by organisms closely related to Alkanindiges spp. and Acinetobacter spp.
Interestingly, the communities dominated by Microthrix parvicella exhibit marked
expression of a protein annotated an exported hypothetical protein encoded by
Microthrix parvicella. The function of this protein is currently unknown and is a
prime target for future in-depth biochemical characterisation. However, such analyses

were beyond the scope of the present doctoral research project.

To further characterise and understand the genetic and functional differences in lipid
accumulation potential in winter compared to autumn LAO communities, the
application of a comparative molecular eco-systematic analytical approach was
chosen (Chapter 4). Designated autumn and winter representative LAO communities

were selected among the biological replicates of 4 October 2010 and the 25 January
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2011 sampling dates, as these presented the highest and largest relative differences in
the proportion of Microthrix parvicella. A comparative eco-systems level integrated
omic analysis comprising community genomics, transcriptomics, proteomics and
metabolomics applied to autumn and winter LAO communities should thus, reveal the
link between genetic potential and functionality in lipid accumulation. Such an
approach should highlight the processes involved in the transformation of lipids
within the biomass and should, specifically, reveal the biochemical transformations of

LCFAs by Microthrix parvicella.
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CHAPTER 3: A BIOMOLECULAR ISOLATION
FRAMEWORK FOR ECO-SYSTEMS BIOLOGY

This section is published in:

Roume H, Muller EEL, Cordes T, Renaut J, Hiller K and Wilmes P (2013).
A biomolecular isolation framework for eco-systems biology. The ISME
Journal 7: 110-121.

Roume H, Heintz-Buschart A, Muller EEL, and Wilmes P (2013).
Sequential isolation of metabolites, RNA, DNA and proteins from the same

unique sample. Methods in Enzymology, in press.
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3.1. Introduction

Natural microbial communities play fundamental roles in the Earth’s biogeochemical
cycles as well as in human health and disease, and provide essential services to
mankind. They represent highly complex, dynamic and heterogeneous systems (Denef
et al., 2010). The advent of high-resolution molecular biology methodologies,
including genomics (Tyson et al., 2004), transcriptomics (Frias-Lopez et al., 2008),
proteomics (Ram et al., 2005) and metabolomics (Li et al., 2008), is facilitating
unprecedented insights into the structure and function of microbial consortia in sifu.
Beyond isolated biomolecular characterisation, integrated omics combined with
relevant statistical analyses offer the ability to unravel fundamental ecological and
evolutionary relationships, which are indiscernible from isolated omic datasets
(Wilmes et al., 2010). Furthermore, space- and time-resolved integrated omics have
the potential to uncover associations between distinct biomolecules which, in turn,
allows for discovery of previously unknown biochemical traits of specific microbial
community members (Fischer et al., 2011). Consequently, in order to elucidate
mechanistic details of lipid uptake and accumulation by LAOs, high-resolution data
generated in a truly systematic fashion including robust sampling, sample preservation
and biomolecular isolation methodologies are essential to facilitate meaningful data

integration and analysis.

In Foundation of Systems Biology, Kitano defines the ideal systematic measurement
as the “simultaneous measurement of multiple features for a single sample” (Kitano,
2001). This consideration is particularly important in eco-systems biology as a vast
microbial diversity is a hallmark of natural settings (Caporaso et al., 2010b) and

within-population genetic heterogeneity is also very pronounced (Wilmes et al.,
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2009b). Only if high-resolution omic measurements are obtained from single unique
samples will the subsequent integration of high-resolution omic data enable true
systems-level understanding of community-wide, population-wide and individual-
level processes (Muller ef al., 2013). No methodology existed for the isolation of all
concomitant small molecules (metabolites) and biomacromolecules (DNA, RNA and

proteins) from single unique biological samples.

A well-established method for the isolation of concomitant biomacromolecules is
based on the simultaneous addition of a monophasic mixture of phenol and guanidine
isothiocyanate, commercially available as TRIzol and TRI Reagent (TR), and
chloroform to biological samples in order to obtain an aqueous phase containing
primarily RNA, an interphase containing DNA and an organic phase containing
proteins (Chey et al., 2011; Chomczynski, 1993; Hummon et al., 2007; Xiong et al.,
2011). Individual biomacromolecular fractions are purified from the respective phases
and can be subjected to specialised downstream analyses. Adaptation of the standard
TR protocol for the additional extraction of small molecules was carried out on plant
material by Weckwerth and co-workers (Weckwerth et al., 2004). For this, a solvent
mixture of methanol, chloroform and water is first used for the fractionation of small
molecules into polar and non-polar metabolites, and the precipitation of biological
macromolecules. Polar and non-polar metabolites are retrieved from the aqueous and
organic phases, respectively. RNA and proteins are isolated from the remaining pellet
following extraction in dedicated buffers and phenol, respectively. However, no
genomic DNA fraction was obtained using this method, a need that is particularly
important in microbial communities which exhibit extensive genetic heterogeneity
(Wilmes et al., 2009b) and for which genomic context is, thus, essential for

meaningful interpretation of functional omic data.
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Because of the hazardous chemicals involved and the methods, therefore, being
unsuited for routine high-throughput laboratory use, chromatographic spin column-
based procedures have been introduced for the isolation of concomitant
biomacromolecules (Morse et al., 2006; Radpour et al., 2009; Tolosa et al., 2007).
These methods rely on the pH- and salt-concentration-dependent adsorption of nucleic
acids and proteins to solid phases such as silica or glass. The solid phases are washed
and the biomacromolecules of interest are sequentially eluted. Such methods are now
available as commercial kits from Qiagen (AllPrep DNA/RNA/Protein Mini kit; QA)
and Norgen Biotek (All-in-One Purification kit for large RNA, small/microRNA, total
proteins and genomic DNA; NA). The latter has the advantage of offering the ability
to deplete the total RNA fraction of small RNA (< 200 nt), which can be analysed
separately. To the knowledge of the author, chromatographic spin column-based
biomacromolecular isolation has yet to be combined with the extraction of

concomitant small molecules.

Here, sample processing, sample cryopreservation, cell disruption by cryomilling,
small molecule extraction and biomacromolecular isolation based on chromatographic
spin columns are combined to result in a universal methodological framework which
allows the standardised isolation of extracellular and intracellular polar and non-polar
metabolites, genomic DNA, RNA (divided into large and small RNA fractions) and
proteins from single LAO community samples. The performance of the methodology
was validated by comparison to widely used exclusive and simultaneous biomolecular
isolation methods, and proved its general applicability to diverse mixed microbial
communities environmental and biomedical research interest, i.e. river water filtrate

and human faeces.
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3.2 Materials and methods

3.2.1. Sampling and sample processing

When collecting biological samples for systematic molecular analyses, it is crucial to
immediately fix the samples in a state which best preserves the information contained
within the system at the time of sampling. If care is not given to this step, the
information contained within the DNA, RNA, protein and metabolite fractions may
change, due to specific and non-specific degradation, changes in gene expression and
protein modifications. Sample fixation directly after sampling is, therefore, a key step
in the experimental workflows presented for the three different microbial

communities described below.

LAO-enriched mixed microbial community For the development and assessment of the
devised biomolecular extraction protocol (Section 3.3.4), a single islet sample taken
on 13 December 2010 was used. For the comparative metabolomic analysis of the 3
microbiomes (Section 3.3.5), three technical replicates from D4 islet 4 (D4 IV),
sampled on 23 February 2011, were used (Section 2.2.1). For each extraction,
technical replicates of 200 mg were sub-sampled from the collected islet using a
sterile metal spatula, while at all times guaranteeing that the samples remained in the

frozen state.

Following weighing out, 200 mg of LAO-enriched microbial community samples
were briefly thawed on ice followed by centrifugation at 18,000 g for 10 min at 4 °C
to separate the supernatant (~150 pl; extracellular fraction) from the biomass

(intracellular fraction). The intracellular fraction was then immediately refrozen in
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liquid nitrogen prior to homogenisation by cryomilling (Figure 3.1, A). In contrast,

the extracellular fraction immediately underwent metabolite extraction.

Freshwater mixed microbial community Forty litres of river water were collected at a
depth of around 1 m from the Alzette river (Schifflange, Luxembourg;
49°30'28.04"N; 6°0'11.48"E). Cells were concentrated by tangential flow filtration
using Sartocon silica cassettes (Satorius Stedim Biotek) with a filtration area of 0.1 m?
and molecular weight cut-offs of 10 kDa at a flow rate of ~1.5 l/min. The
concentrated cells were pelleted by ultracentrifugation at 48,400 g for 1 h at 4 °C
using a Beckman-Coulter Optimal L-90K ultracentrifuge with a Type 45 Ti rotor
(Analis). Following ultracentrifugation, each of the resulting pellets was resuspended
in 1 ml of supernatant and transferred into 2 ml Eppendorf centrifugation tubes.
Concentrated biomass pellets were then obtained by performing an additional
centrifugation step at 14,000 g for 5 min at 4 °C. Pellets were then snap-frozen and

stored at -80 °C until the cryomilling step (Figure 3.1, A).

Human faecal sample In order to guarantee the integrity of the RNA fraction, a one
third dilution (w/v) of faecal samples was carried out immediately after addition of
RNAlater solution (Ambion). The samples were homogenised by bead-beating using
three stainless steel milling balls (diameter of 4 mm; Retsch) for 5 min at 10 Hz in a
Retsch Mixer Mill MM 400. The supernatants obtained by low-speed centrifugation
(700 g for 1 min at 4 °C) of the human faeces homogenate resulted in microbial
suspensions which were then further processed. Biomass pellets were then obtained
from the RNAlater suspension by centrifugation at 14,000 g for 5 min at 4 °C
(Fitzsimons et al., 2003). Pellets were stored at -80 °C until the cryomilling step

(Figure 3.1, A).
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Each of the three different microbial community samples were homogenised by
cryomilling for 2 min at 30 Hz using two 5 mm and five 2 mm stainless steel milling
balls (Retsch) in an Mixer Mill MM 400 (Retsch; Figure 3.1, A). The cryomilling (or
cryogenic grinding) step involves breaking up the structure of the biological material
and allows homogenisation of the sample. The frozen homogenous powder obtained
at the end of this step guarantees a sufficiently large surface area for the solvents to
efficiently extract the small molecules. The processing, described below, is of
fundamental importance for efficient metabolite extractions from cellular biomass and

subsequent representative metabolic profiling, thereof (Lolo ef al., 2007).

3.2.2. Assessment of sample heterogeneity by metabolomics

For the determination of sample heterogeneity by metabolomics (Section 3.3.1),
4 replicates of 200 mg of LAO-enriched microbial communities (technical replicates,
i.e. different sub-samples derived from the same islet after sample splitting) were
obtained from 4 different islets (biological replicates, i.e. space resolved LAO islets)
for 4 different dates (D1, 4 October 2010; D2, 25 October 2010; D3, 25 January 2011;
and D4 23 February 2011; Section 2.2.1), leading to an overall sample set of 64. The
different sampling dates were chosen to reflect different LAO-enriched microbial

community compositions (Section 2.3.2.1).

3.2.3. Determination of cell numbers

Three different smears of LAO-enriched and freshwater mixed microbial communities
were prepared and cell counts were obtained for 10 fields of view per smear. The

samples were stained with SYBR Green I (Section 2.2.3). The sampled LAO-enriched
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microbial communities, typically, contained 6.63 10® + 2.04 10® microorganisms per
ml, whereas the concentrated river water samples contained 1.48 10° + 1.08 10’

microorganisms per ml.
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Figure 3.1 Overview of the described methodological workflow. (A) Pre-processing
and metabolite extraction, (B) Isolation of DNA, total RNA and proteins using the
Qiagen AllPrep-based procedure, (C) isolation of DNA, total RNA and protein using
the Norgen Biotek All-In-One-based procedure. The circular arrows denote a

centrifugation step and the horizontal arrows symbolise a bead-beating step.

3.2.4. Metabolite extractions

Depending on the physical characteristics of the sample and the pre-processing,
metabolite extractions can be performed separately on extracellular and/or on

intracellular cell compartments.

Extracellular metabolite extractions Extracellular metabolite extractions were only
carried out on supernatant from the LAO-enriched microbial communities (Section
3.3.4). For the river water filtrate and human faecal samples, supernatants were not
obtainable, because of the need for concentrating the river water sample by tangential
flow filtration and the very limited liquid content in the human faecal samples,
respectively. Extracellular metabolite extraction was performed on 150 pl of
supernatant. The extraction involved the addition of 300 pl of chloroform and 150 pl
of methanol (both at -20 °C; high purity; VWR and BioSolve). The methanol
contained ribitol (Sigma-Aldrich) at 0.12 pg/ml as an internal standard for the polar
phase metabolomic analyses. The mixture was vortexed at 800 rpm for 10 min at 4 °C
in a Thermomixer (Eppendorf) and centrifuged at 14,000 g at 4 °C for 5 min. For the
LAO-enriched microbial communities, extracellular proteins are present in the

supernatant after the high-speed centrifugation and can be recovered from the
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interphase pellet after extracellular metabolite extraction by trichloroacetic acid

TCA/acetone precipitation (Wilmes & Bond, 2004).

Intracellular metabolites extraction Intracellular metabolites were extracted by
sequentially adding 300 pl of a 1:1 (v/v) methanol/pure water mixture (containing
ribitol at 0.12 pg/ml) at -20 °C and 300 pl of chloroform at -20 °C to the cryomilled
biomass pellet (Figure 3.1, A). The extraction was performed by cold (4 °C) bead-
beating the samples using stainless steel balls (the same as previously used for sample
homogenization, section 3.2.1) for 2 min at 20 Hz in a Retsch Mixer Mill MM400.
After centrifugation at 14,000 g for 10 min at 4 °C, a separation was observed for
three phases. Metabolite extractions resulted in an upper phase comprising polar
metabolites, an interphase pellet comprising genomic DNA, large and small RNA,
proteins and non-lysed cells, and a lower phase containing non-polar metabolites.
Defined volumes (Section 3.2.7) of both polar and non-polar metabolites extracts

were dried in specific GC glass vials before metabolomic analyses (Section 3.2.7).

3.2.5. Sample processing and biomacromolecular isolations

After removal of the respective metabolite fractions (Section 3.2.4), the interphase
pellet (along with the steel milling balls) was kept on ice for the subsequent total RNA
(enriched in large RNA), genomic DNA, small RNA and protein sequential isolations
and purifications using the different methods as specified below. As the described
metabolite extraction is a major modification of the typical extraction workflow, the
interphase pellet was lysed in the respective lysis buffers by bead-beating at 30 Hz for
30 sec at 4 °C (Retsch Mixer Mill MM 400) with stainless steel balls (the same as

previously used for sample cryomilling and metabolite extraction steps, Sections 3.21
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& 3.2.4, Figure 3.1, A). Cell disruption, comprising both sample homogenisation and
cell lysis, is an early and fundamental step in any biomolecular isolation
methodology. Both chemical and mechanical/physical methods are available for cell
disruption. However, in natural microbial communities, due to the presence of many
different microorganisms with vastly differing cellular properties and due to the
presence of different interfering matrixes, chemical and/or enzymatic lysis, by
themselves, are typically ineffective at comprehensive and reproducible cell lysis. In
the, herewith, presented methodology, the mechanical method of cryogenic grinding
was combined with chemical lysis to result in indiscriminate cell lysis. These steps
are essential to guarantee the efficiency of cell lysis, as well as the quality of the

obtained biomolecular fractions.

NorgenBiotek All-in-One Purification kit-based method (NA) The NorgenBiotek All-
in-One  Purification kit-based biomacromolecular isolation method (NA,
NorgenBiotek Corporation; Figure 3.1, C) was applied to the interphase pellet
according to the manufacturer’s instructions with a few important modifications. The
standard NA lysis buffer was modified by the addition of B-mercaptoethanol at
10 ul/ml to prevent RNA degradation. One volume of Ix Tris-EDTA was further
added to three volumes of the NA lysis buffer included in the kit. Lysis was carried
out by bead-beating the interphase pellet in the modified lysis buffer using the
stainless steel balls (the same as used previously in the metabolite extraction step,
Section 3.2.4). The lysate was then mixed with 100 pl of pure ethanol (analytical
grade; Sigma-Aldrich) and was loaded onto an All-in-One chromatographic spin
column. The increased quantity of ethanol added resulted in a higher efficiency of
nucleic acid binding according to our own experiments. In this step, total (mainly

large) RNA, genomic DNA and a small part of the proteins are bound to the column
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while RNA smaller than 200 nt and the majority of proteins are found in the flow-
through. The bound biomolecules (mainly large RNA and genomic DNA) were
sequentially eluted off the column two times with dedicated solutions according to the
manufacturer’s instructions resulting in the total (mainly large) RNA and DNA
fractions, respectively. The first flow-through containing proteins and small RNA was
loaded onto the NA-specific microRNA Enrichment Column allowing for the
purification of RNA smaller than 200 nt (small RNA fraction). The flow-through from
the microRNA Enrichment Column was adjusted to pH 3 and loaded back onto the
first spin column in order to bind the proteins to the column. The bound proteins were
finally washed and eluted from the column two times using the dedicated solution

(protein fraction).

The Qiagen AllPrep DNA/RNA/Protein Mini kit-based method (QA, Qiagen, Figure
3.1, B) was applied to the interphase pellet according to the manufacturer’s
instructions. Following the cryomilling and metabolite extraction steps, a lysate was
obtained by bead-beating the interphase using the same stainless steel balls as used
previously (metabolite extraction step) in 600 pl of the QA lysis buffer supplemented
with B-mercaptoethanol (10 pl/ml of buffer). The lysate was first passed through a
QIAshredder column. The resulting flow-through was subsequently passed through an
Allprep DNA spin column, which allows the selective binding of genomic DNA. The
genomic DNA was then eluded using the dedicated QA buffer (DNA fraction).
According to the manufacturer’s instructions, 400 pl of ethanol were added to the
flow-through and the mixture was loaded onto the membrane of an RNeasy spin
column. The RNA was eluded using the dedicated buffer (RNA fraction). The

supplied aqueous protein precipitation solution was then added to the flow-through
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from the RNeasy spin column for the isolation of the total protein fraction. The
resulting protein pellet was re-dissolved in the dedicated buffer (protein fraction).

The TRI Reagent-based method (TR, Sigma-Aldrich) was directly applied to the
interphase pellet according to the manufacturer’s instructions with a few important
modifications. Following the metabolite extraction steps, cell lysis was performed on
the interphase pellet following the addition of TR reagent and bead-beating using the
stainless steel balls (the same as used previously in the metabolite extraction step).
The lysate was mixed with chloroform and centrifuged at 12,000 g for 15 min at 4 °C,
which yielded three fractionation phases. RNA was precipitated from the aqueous
phase (top layer) by addition of 500 pl of isopropanol, washed and redissolved in
RNase free water (RNA fraction). DNA was precipitated from both the interphase
(middle layer) and organic phase (lower layer) by addition of 300 pul of ethanol. The
precipitated DNA was washed and then re-dissolved in 8 mM NaOH solution (DNA
fraction). Proteins were subsequently precipitated from the supernatant phenol-ethanol
phase by the addition of isopropanol, washed and dissolved in a mixture of urea-tris-

HCI/1 % SDS (1:1; v/v; protein fraction; Hummon et al., 2007)

3.2.6. Reference methods

In order to qualitatively and quantitatively assess the biomolecular fractions obtained
through the sequential and simultaneous biomolecular isolation protocols, widely used
dedicated biomolecular extraction and purification methods were used as references.
In each case, the reference methods were applied to 200 mg of LAO-enriched biomass

of a single biological replicate sampled on 13 December 2010.
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DNA extraction DNA extraction was performed using the PowerSoil DNA isolation

kit (Section 2.2.5).

RNA extraction. RNA extraction was performed using an RNeasy Mini kit (Qiagen)
including the optional DNase treatment, to eliminate contaminating genomic DNA
according to the manufacturer’s instructions. Samples were lysed by bead-beating for
2 min at 30 Hz using two 5 mm and five 2 mm stainless steel milling balls (Retsch) in
an Mixer Mill MM 400, in 600 pl of the dedicated lysis buffer, modified by the
addition of highly denaturing guanidine-thiocyanate containing buffer supplemented
with B-mercaptoethanol (10 ul/ml of buffer), which contributes to the inactivation of
RNases. The lysate was homogenised by first passing it through a QIAshredder
column. This column simultaneously removes insoluble material and reduces the
viscosity of the lysates by disrupting gelatinous material. 400 pl of 70 % ethanol was
then added to the flow-through to ensure appropriate binding conditions for the total
RNA to a silica-based membrane. An optional DNase treatment was carried out to
eliminate contaminating genomic DNA. The total RNA bound to the membrane was
washed, and addition of a high-salt buffer allowed the elution of RNA longer than

200 nt.

Protein extractions Protein extractions were carried out using a metaproteomic
extraction method for activated sludge (Wilmes & Bond, 2004). Briefly, an LAO-
community sample was harvested by centrifugation at 10,000 g for 5 min at 4 °C and
washed two times with 0.9 % (w/v) NaCl solution. The resulting pellet was
resuspended in 50 mM Tris-HCl, pH 7.0. After centrifugation, the cell pellet was
mixed with 1 ml Urea-Thiourea-CHAPS (UTCHAPS) sample buffer and placed on

ice for 1 hour. Cells were subsequently lysed by three passes through a French Press
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(Thermo Scientific) at 900 psi. The lysate was spun down and the proteins were
isolated from the supernatant by trichloroacetic acid (TCA, 20 %, w/v) precipitation,

then re-suspension in the low stringency buffer (Wilmes & Bond, 2004).

3.2.7. Metabolomics

Here, identical procedures were used for the analysis of both intracellular and
extracellular metabolite fractions. For a more detailed description of procedures used

please refer to Section 1.2.2.4.

Determination of sample heterogeneity For the determination of sample heterogeneity
by comparative metabolomics and other omic analyses (Section 3.3.1), temporally and
spatially resolved (Section 2.2.2) LAO-enriched microbial communities were
obtained from 4 different dates and one single date, GC-MS measurements were
performed on intracellular polar extracts from the LAO-enriched microbial
communities, obtained as specified above. A pool, from which analytical replicates
were obtained, was also prepared by combining 100 pl of each of the 64 polar extracts
(Section 3.2.2). Aliquots of 40 pl of intracellular polar extracts and of the pool were
dried under vacuum at -4 °C using a refrigerated CentriVap Concentrator (Labconco
Corp) and analysed after resuspension and derivatisation. For all samples, the polar
extracts were evaporated in specific GC glass vials (Chromatographie Zubehor Trott),
whereas, the non-polar phases were dried under an extractor hood overnight at room
temperature. Each pool aliquot represented an analytical replicate. For GC-MS
analysis, the sample sequence in the autosampler was randomised and between each

four samples analytical replicates and blanks were introduced.
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Comparative metabolomic analysis For the comparative metabolomic analysis of the
three different microbial communities (Section 3.3.5), 50 ul, 10 pul and 5 pl of the
intracellular polar and non-polar phase extracts of the LAO-enriched microbial
community, river water filtrate and diluted human faecal samples, were dried and
analysed, respectively. To prevent overloading of the GC column, a 1 in 10 dilution in
a 1/1 (v/v) methanol/water mixture was previously carried out on the raw polar phase

extracts (Section 3.2.4) derived from the human faecal samples.

Metabolomic analyses of the representative LAO-enriched microbial community
samples For the metabolomic analyses of the representative LAO-enriched microbial
community samples (Section 3.3.4), 50 ul of the polar and non-polar phase extracts of
the extracellular and intracellular compartments were dried, as specify above.
Metabolite derivatisation was performed using an Agilent 7693 Autosampler (Agilent

Technologies).

Derivatisation Dried polar metabolites were dissolved in 15 pl of 2 % methoxyamine
hydrochloride in pyridine (Pierce) at 45 °C. After 30 min, an equal volume of MSTFA
(2,2,2-trifluoro-N-methyl-N-trimethylsilyl-acetamide) + 1 % (v/v) TMCS (chloro-
trimethyl-silane) was added and held for 30 min at 45 °C. Dried non-polar metabolites
were dissolved in 20 pl MSTFA, including 1 % TMCS and incubated for 30 min at

45 °C before analysis.

GC-MS analysis GC for polar and non-polar samples was performed using an Agilent
6890 GC equipped with a 30 m DB-35MS capillary column. The GC was connected
to an Agilent 5975C MS operating under electron ionization at 70 eV. The GC oven
temperature was held at 80 °C for 6 min and increased to 300 °C at 6 °C/min. After 10

min, the temperature was increased to 325 °C at 10 °C/min for 4 min. The MS source
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was held at 230 °C and the quadrupole at 150 °C. The analyser was operated in scan
mode and 1 pl of derivatised sample was injected in splitless mode at 270 °C. Helium
was used as carrier gas at a flow rate of 1 ml/min. The run time for one sample was 59
minutes.

For the present work, the acquired GC-MS data, were deconvoluted and matched to a
dedicated in-house metabolite library and the Golm Metabolome database (GMD)
using the MetaboliteDetector software (Hiller et al., 2009). The raw GC-MS data
were filtered so that only metabolites present in more than 70 % of technical
replicates were considered. This stringent cut-off was chosen to initially result in an
even number of detected metabolites for the individual biological replicates and, thus,

restrict inclusion of metabolites resulting from measurement noise.

3.2.8. Biomacromolecular quality and quantity assessment

Isolated genomic DNA was separated by electrophoresis on an agarose gel (Section
2.2.5). PCR amplifications were carried out for each of the triplicate DNA fractions
obtained using the NA-based method from the different microbial community
samples, without any additional DNA purification steps, using previously defined 16S
rRNA primers (Section 2.2.6). PCR reactions were prepared in 20 pl volumes
containing 10 pl of 2x Phusion Master Mix (Finnzymes), 500 nmol/l of the forward
and the reverse primers and 20 ng of DNA. After an initial 3 min denaturation step at
98 °C, samples were amplified during 35 cycles of 20 sec at 98 °C, 15 sec at 44 °C
and 1 min at 72 °C, where the last cycle was followed by a final 7 min elongation step
at 72 °C. Amplified DNA was separated by electrophoresis on a 1 % agarose gel

containing 0.5 %o ethidium bromide (Sigma). MassRuler DNA ladder mixture
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(Fermentas GmbH) was loaded onto the gels for size estimation. Gels were visualized

on a BioDocAnalyze (BDA) gel imaging and analysis system (Biometra).

For RNA quality assessment and quantification, an Agilent 2100 Bioanalyser (Agilent
Technologies) was used. The Agilent RNA 6000 Nano kit and Agilent Small RNA kit
for prokaryotes were used. In order to compare different RNA fractions, traces
obtained using the Agilent 2100 Bioanalyser, i.e. fluorescent units (FUs), were
normalised by the total integrated peak intensities. To correlate the RNA migration
time to nucleotide size, marker and ladder peaks were used as reference points. The
polynomial trend curves of the second degree for the Nano kit and of the third degree
for the Small RNA kit were used to transform migration times into molecular size

(nucleotides).

Genomic DNA and RNA fractions were quantified and assessed using a NanoDrop

Spectrophotometer 1000 (Thermo Scientific).

Protein extracts were separated using 1D SDS-PAGE (Section 2.2.8). The protein
fractions were quantified using a 2-D Quant kit (GE Healthcare).

Peptide tandem mass spectra were obtained on a MALDI-ToF/ToF analyser, after
tryptic digestion of a dominant protein band excised from a SDS-PAGE gel on which
an NA-based LAO-enriched microbial community protein extract had been separated

(Section 2.2.8).

The mass to charge (m/z) ratios of each spectrum were converted into discrete m/z-
values and intensities in order to reduce the size of the dataset and computational time
(Armengaud, 2013). Selected mass spectra were de novo annotated using the PepSeq

algorithm (Chaurand et al., 1999).
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3.2.9. Determination of intact cells versus cells with a

compromised cell membrane

To evaluate the efficiency of cell lysis and variation between biomolecular extraction
protocols on representative LAO-enriched microbial community samples, the
percentage of damaged cells was determined by epifluorescent microscopic
quantification after staining using the Live/Dead BacLight Bacterial Viability kit
(Invitrogen). Cells were washed once with phosphate buffer saline solution (1x PBS,
pH 7.2) prior to staining. Following staining bacteria with intact cell membranes
display green fluorescence under UV light, whereas, bacteria with damaged
membrane exhibit red fluorescence. Cells were first observed at 1,000X magnification
on a Leica DMR Fluorescence Microscope coupled to a DFC500 camera (Leica).
Images were captured using the Leica Application Suite software package. For the
determination of the percentages of intact cells versus cells with a compromised
membrane, the red and green fluorescence micrographs were obtained and processed
using the daime software package (Daims et al., 2006a). Ten images were analysed
from each sample having undergone the different treatments, i.e. either the freeze-
thaw cycle (FT), the additional metabolite extraction (M) and/or different lysis
treatments (NA, QA, TR, RM-A, RM-B and RM-C). The percentage of red pixels was
determined as follows: in the red channel, biomass was automatically segmented from
the background by the edge detection algorithm (dark threshold set as 50). The
created object layer was transferred into the green image channel and these pixels
were excluded for the next step. Green pixels were then selected using the Magic
Wand tool with a tolerance of 50 %. The numbers of red and green pixels in the

respective channels were then counted using the objects measurement tool.
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3.2.10.  Assessment of sample heterogeneity by different

molecular analyses

To assess the extent of heterogeneity at each biomolecular information layer (Section
3.3.1), a comparative experiment was carried out on spatially resolved LAO-enriched
microbial community samples obtained from 4 biological replicates and four technical
replicates of a single biological replicate (islet) sampled on a single date (D4; 23

February 2011).

16S rRNA amplicon sequencing The phylogenetic composition was assessed by 16S

rRNA amplicon sequencing using a Genome Sequencer FLX instrument (454 Life
Sciences) using specific primers for the amplification of 400 bp and spanning
hypervariable regions from V3 and V6 of the 16S rRNA gene. PCR reactions were
prepared in 50 ul volumes containing 40 pl of PCR reaction mix, 400 nmol/l of the
forward and the reverse primers (Table 3.1) and 18 ng of DNA. 10x PCR buffer
without MgCl, (Invitrogen), 2.5 mM MgCl,, 0.5 mM dNTP mix, 0.067 U/ul Platinum
Taq DNA Polymerase (Invitrogen), and molecular grade H,O using the following
thermocycling conditions: 90 sec at 95°C for initial denaturation and uracil-N-
glycolase inactivation, 30 sec at 95°C for denaturation, 30 sec at 62°C for annealing,
30 sec at 72°C for extension, with the annealing temperature decreasing by 0.3°C for
each subsequent cycle for 19 cycles, followed by 10 cycles of amplification consisting
of 30 sec at 95°C for denaturation, 30 sec at 45°C for annealing, 30 sec at 72°C for
extension, and a final extension for 7 min at 72°C and cool down to 15°C. The
resultant fusion PCR product were analysed using 1% E-Gel 96 Agarose (Invitrogen)

to confirm PCR amplification and product band size. The pooled barcoded 16S rRNA
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gene amplicon library underwent emulsion PCR, bead enrichment and recovery, and

pyrosequencing analysis on the Genome Sequencer FLX instrument.

Table 3.1 Oligonucleotide primers used for 16S rRNA region V3V6 amplification by
PCR.

Primers Sequence 5°-3° Tm (°C)
Forward® CCTACGGGDGGCWGCA 59.6
Reverse® CTGACGACRRCCRTGCA 47.8

Liu et al., 2013

The bioinformatic pipeline consisted of first sorting the FASTA file, clustering the
sequences at a 99 % threshold using the cluster utility and executing the UCHIME
utility in denovo mode in order to identify chimeric clusters. Both clustering and
UCHIME are utilites present in the USEARCH package (Edgar ef al., 2011). Once
chimera checking was completed, all the non-chimeric clusters were selected and
pooled into a single FASTA sequence. The resulting sequences were trimmed and
filtrated using the split libraries.py utility from the Qiime pipeline (Caporaso et al.,
2010a), and classified to the lower taxonomic level until genus level at the bootstrap
confidence levels of > 95 % using a web service for the Naive Bayesian Classifier,
made available by the Ribosomal Database Project (Cole et al., 2009), release 10,
update 28 and uploaded to an inhouse SQL database for future access and queries.

The resulting data were normalised by the total read counts before statistical testing.

Metagenomic Functional metagenomic was carried out using raw metagenomics
[llumina-sequence data (average length of 101 bp, Section 4.2.4) loaded into MG-
RAST (Meyer et al., 2008), filtered and trimmed, then annotated with KOs (KEGG

data base; orthologous genes; e-value 107, 50 % similarity, 15 bp for minimum
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alignment length cutoff). The normalised KOs abundance was considered for

statistical analysis.

Metabolomics Metabolic data were generated by gas chromatography coupled to mass

spectrometry (GC-MS; as described before, Section 3.2.7).

3.2.11. Data treatment and statistical analyses

In order to determine sample heterogeneity by comparative metabolomics, metabolite
spectral intensities were normalised by the sum of the total intensity measured for
each replicate sample. Only metabolites which were detected in each of the 16
analytical replicates (pool samples) were further considered. To account for
instrument drift, sample intensities were further normalised by dividing through the
mean intensity of two preceding and two subsequent analytical replicates (pool
samples). Samples were then re-normalised by the sum of the total intensity. Outliers
were defined as technical replicates having a negative within-biological-replicate-
group concordance correlation coefficient (CCC) and removed from the dataset. For
the sample heterogeneity dataset (Supplementary Table II), this filter resulted in the
removal of a single technical replicate from islet 1 of sampling date 2 (D2 _I1).

The ade4 package of the R software (R version 2.13.2, http://www.r-project.org/) was
used for the principal component analysis (dudi.pca function). The vegan package in
R (R version 2.13.2, http://www.r-project.org/) was used to calculate Bray-Curtis
dissimilarity matrices (vegdist function) and the data was represented by principal
coordinate analysis (PCoA; pcoa function) using the ape package. The epiR package
was used for calculating the concordance correlation coefficients (epi.ccc function).

Hierarchical clustering was performed in Multiple Experiment Viewer (MeV) v4.6 on

116



10

CHAPTER 3

mean centred metabolite abundances, using the Pearson product moment correlation

coefficient and average linkage clustering.

Statistical significance (P values) was calculated by Kruskal-Wallis one-way analysis
of variance using R with an alpha level of 0.05 and » variables. This non-parametric

test was chosen due to the relatively low number of variables for each condition.

To highlight potential signature metabolites for the three analysed microbial
communities, intensity values for polar and non-polar metabolites for each
microbiome were combined (Supplementary Table VI), the mean intensity values
calculated and converted to percentages of the respective community metabolomes.
The percentages were subjected to a three-way comparison using the triangle.plot

function of the ade4 package in R.
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3.3. Results and discussions

3.3.1. Analysis of sample heterogeneity by comparative

omics

The metabolome represents the final output that results from the cellular interactions
of the genome, transcriptome, proteome and environment and, thus, is the most
sensitive indicator of cellular activity and sample-to-sample variation. In order to
assess the extent of heterogeneity within microbial communities, an initial
metabolomics experiment was performed on spatially and temporally resolved LAO-
enriched microbial communities (Section 2.2.1).

For the four different sampling dates (D1, D2, D3 and D4; as defined in Section
2.2.2), intracellular polar metabolites were extracted from four different biological
replicates, i.e. different islets (Figure 2.2), and per islet, four technical replicates
(different sub-samples derived from the same islet) were extracted. In addition, an
analytical reference sample for quality control and normalisation, consisting of a pool
of all polar metabolite extracts (Dunn ef al., 2011), was prepared using the remaining

polar extracts from all the samples (Section 3.2.7).

The resulting metabolite extracts were analysed by GC-MS (Section 3.2.7) and the
peak intensities of detected metabolite were integrated using specialised software and
databases (Section 3.2.7, Supplementary Table II). The data obtained for sixteen
analytical replicates highlights the high reproducibility of the GC-MS method [mean
concordance correlation coefficient (Lin, 1989) = 0.993 + 0.006; mean CCC =+ s.d.].
Because of the apparent unevenness of total integrated peak intensities in the

metabolomics data, which results from inherent sample heterogeneity, a unit vector
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normalisation strategy, analogous to that commonly used for shotgun proteomics
experiments (Florens et al., 2006), was chosen. This involves dividing each
metabolite peak intensity by the total peak intensity of the sample (Wilmes ef al.,
2010). To further exclude experimental variation, the metabolomics dataset was
filtered according to presence in all analytical pool replicates. Finally, in order to
account for instrument drift, the data were normalised, using the pool replicate data
(Dunn et al., 2011) and finally the data were re-normalised to the total intensity

(Section 3.2.10).
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Figure 3.2 Metabolome heterogeneity within LAO-enriched microbial community
samples. (A) Scatter plot of the two first principal components obtained using
Principal Component Analysis (PCA) of the normalised metabolomics data derived
from the four biological replicates (islets; 11-14), for each of the four distinct sampling
dates (D1-D4). Each microbial community metabolome is indicated by a dot and
colour-coded according to sampling date. (B) Between-class PCA of the individual
technical replicates for each biological replicate (islets; 11-14). (A,B) The centre of
gravity for each date/islet cluster is marked by a rectangle and the coloured ellipse
covers 67 % of the samples belonging to the cluster. (C) Hierarchical clustering of the
normalised metabolomics data using the Pearson product moment correlation

coefficient.

Using the normalised metabolomics data (Section 3.2.10), extensive sample-to-sample
variation is apparent for both biological (islets) and technical replicates. Although
most samples from specific dates are distinguishable by their metabolomic profiles

(Figure 3.2, A), extensive overlap between biological and technical replicates is
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apparent (Figure 3.2, B), with numerous samples clustering outside of their respective
replicate groups (Figure 3.2, C). These results indicate that sample heterogeneity is

an important consideration for integrated omic studies of natural microbial consortia.

Furthermore, in order to assess if this heterogeneity was only observable at the
metabolome level, intracellular polar metabolites and genomic DNA from 4 biological
replicates were extracted from a unique sampling date (D4, 23 February 2011 as
defined in Section 2.2.2), including one biological replicate (D4 I) split into 4
technical replicates. From these analyses, sample-to-sample variation is apparent at
each level of biomolecular information (Figure 3.3). Interestingly, the ability to
discriminate between biological and technical replicates decreases from phylogenetic
profiles (Figure 3.3, A) to metagenomes (Figure 3.3, B) and, lastly, metabolite
profiles (Figure 3.3, C). This finding reflects increased complexity at each level of
biomolecular information. The resulting fine-scale heterogeneity underlines the
requirement for the isolation of concomitant biomolecules to fulfill the premise of
systematic measurements and enable meaningful integration of space- and time-

resolved microbial community omic datasets.
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Figure 3.3 Within- and between-sample heterogeneity using biological and technical
replicates of LAO-enriched microbial communities. Scatter plots of the results of
principal coordinate analysis of Bray-Curtis dissimilarity indices of 4 biological
replicates (D4 1, D4 11, D4 111, D4 1V), from a unique sampling date, including one
biological replicate (D4 I) split into 4 technical replicates (in red). Each biological
replicate is indicated by a rectangle, and each technical replicate is represented by a
dot. The ellipse covers two-thirds of the technical replicates which are derived from
the same biological replicate, with the rectangle indicating their common center of
gravity. (A) Community compositions of the samples as revealed by 16S rRNA
amplicon sequencing (Section 3.2.2, Supplementary Table III). (B) Corresponding
functional capacities determined using KEGG orthologous group annotations of
metagenomic sequence data (Section 3.2.2, Supplementary Table IV), and (C)
Corresponding polar metabolomes (Section 3.2.7, Supplementary Table II).

3.3.2 Conceptualisation of a biomolecular isolation

framework

In the context of dealing with extensive sample-to-sample and endogenous sample
heterogeneity, understanding a complex system’s structure and dynamics requires
integrated analyses of its parts which, in the present case, demands the isolation of
concomitant metabolites, nucleic acids and proteins from single unique samples prior
to the individual fractions being subjected to specialised metabolomic, genomic,

transcriptomic and proteomic analyses (Figure 3.1). Major considerations to allow
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comprehensive and reproducible extraction and purification of biomolecules from
mixed microbial communities are (i) standardised and representative sample
preservation, (ii) indiscriminate cell lysis, and (iii) retrieval of high quality
biomolecular fractions. These constraints were taken into account when devising the
biomolecular isolation framework and resulted in a methodology, which is based on
(1) immediate snap-freezing of mixed microbial community samples in liquid nitrogen
following sampling (or after sample-specific cold preprocessing) and preservation of
the biomass at a minimum of -80 °C, (ii) mechanical (cryogenic) and chemical cell
lysis, and (iii) reliance on robust methods for biomolecular extraction and purification.
The resultant methodological framework offers a fully integrated workflow which can
easily be adjusted for specific samples and which allows flexibility for use of
sequential or dedicated biomolecular extraction and purification protocols. For this
doctoral research, the methodology was developed and validated on a representative

LAO-enriched microbial community sample.

3.3.3. Cell lysis efficiency

Conservation of cell integrity before sample processing and representative cell lysis
prior to biomolecular extraction are essential considerations for the methodology to
result in reproducible and representative biomolecular fractions. Following snap-
freezing in liquid nitrogen, sample preservation at -80 °C and thawing on ice, almost
all cells are left intact (Figure 3.4, A&D). The conceptualised methodological
framework relies on an initial cryomilling homogenisation and lysis step followed by
polar and non-polar metabolite extractions. These steps result in indiscriminate and

comprehensive cell disruption and lysis (Figure 3.4, B&D). Following the further
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addition of dedicated lysis buffers, the vast majority of cells (90.20 + 6.46 %; NA-
based method mean + s.d.) are lysed (Figure 3.4, C&D). Importantly, as highlighted
in Figure 3 D, the lysis efficiencies of the methods allowing sequential biomolecular
isolations (NA and QA) compare favourably to widely used reference methods for
exclusive biomacromolecular isolation, i.e. no statistically significant differences are
apparent (Kruskal-Wallis, P = 0.189, n = 10), and they significantly outperform the
standard TR-based simultaneous biomolecular isolation method (Kruskal-Wallis, P =
0.002, n = 10). These results validate the chosen approach for sample preservation,

homogenisation and cell lysis.
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Figure 3.4 Efficiencies of different cell lysis methods. (A,B,C) Representative
epifluorescence micrographs of microbial cells from a representative LAO-enriched
microbial community sample stained with the Live/Dead stain (intact cells highlighted
in green, disrupted cells with a compromised cell membrane in red). Scale bar is
equivalent to 10 um. (A) Sample having undergone a single freeze-thaw cycle. (B)
Sample having undergone polar and non-polar metabolite extractions. (C) Sample
having undergone the additional mechanical and chemical lysis step using the NA
kit’s modified lysis buffer. (D) Bar chart highlighting the percentages of cells
disrupted by the different treatments (n = 10; error bars represent s.d.). x-axis legend:
FT, sample having undergone a single freeze-thaw cycle, reflecting pane a; NA,
sample having been subjected to cell lysis in the modified NA lysis buffer, reflecting
pane c; QA, QA lysis buffer; TR, TR-based lysis; M, sample after polar and non-polar
metabolite extractions reflecting pane b; RM-A, sample having been subjected to the
dedicated DNA extraction reference method; RM-B, dedicated RNA extraction
method; RM-C, dedicated protein extraction method.
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3.3.4. Quality and quantity of obtained biomolecular

fractions

In addition to the need for efficient cell lysis, the most important consideration is the
requirement for obtaining representative high-quality biomolecular fractions. Because
metabolites are extracted first, the methodology results in identical results for
metabolomic analyses if subsequent biomacromolecular isolations are carried out or
not. Metabolomic analysis of the representative LAO-enriched microbial community
sample result in clear and reproducible total ion chromatograms (Figure 3.5). These
allowed the robust detection, using 70 % cut-off (Section 3.2.7) and semi-
quantification of 267 polar and 242 non-polar intracellular metabolites as well as 268
polar and 176 non-polar extracellular metabolites (Supplementary Table V). Using a
spectral reference library, this enabled the combined identification of 62 polar and 30
non-polar metabolites. Consequently, the vast majority (> 85 %) of detected
metabolites were not identified in line with earlier metabolomics results obtained on

mixed microbial communities (Wilmes et al., 2010).
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Figure 3.5 Representative GC-MS total ion chromatograms of polar and non-polar
metabolite fractions obtained from the (A) intracellular and (B) extracellular
compartments of representative LAO-enriched microbial community samples. Norm.,

normalised; RT, retention time.

The nucleic acid fractions obtained using the different extraction protocols were
firstly analysed by NanoDrop spectrophotometer, the absorbance ratios at 260/280 nm
in particular reflecting purity of the respective fractions obtained (Table 3.2). The
mean absorbance ratios at 260/280 nm for the DNA fractions were between 1.9 and
2.1 for the methods used, generally accepted as “pure” (Manchester, 1995). The only
exception is the DNA fraction obtained using the simultaneous biomolecular isolation
using the TR-based method for which a poor mean ratio of 1.5 was measured,
highlighting the superior performance of the chromatographic spin column-based

methods.
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Table 3.2 Quality and quantity parameters of the nucleic acid fractions obtained using the different isolation methods applied to a

representative LAO-enriched microbial community sample.

CHAPTER 3

. RNA DNA

Isolation method 1 1 - 3 3 2 - 3

RIN 23S/16S Quantity / ug A260/A280 A260/A230° Quantity / ug

Reference method * 6.60 + 0.88 1.17+0.21 2.04 £0.62 2.02+0.09 1.05+0.34 1.81 £0.71

NA-based method, first elution 7.03 +1.20 1.32+0.05 8.80 + 6.87 2.03+0.09 0.11+0.05 5.90+ 291

NA-based method, second elution 570 £2.16 0.73+0.63 6.64 +2.84 1.99+0.11 0.09 +£0.01 5.46 £0.98
QA-based method 9.68 +0.05 1.51 £0.09 42.93 + 15.60 2.12+0.11 0.92+0.55 14.43+10.65
TR-based method 7.44 +0.28 1.37 £0.07 8.86 +1.52 1.50 £0.43 1.12+024 13.67+12.76

! The ratio of 23S/16S rRNAs and RIN (RNA integrity number) were determined using the Agilent 2100 Bioanalyzer. RIN values range
from 1 (completely degraded) to 10 (intact).

* Nucleic acid quantity and absorbance ratios were determined using a NanoDrop spectrophotometer.

? The Qiagen RNeasy Mini kit was used as reference method for RNA extraction and the MO BIO PowerSoil DNA isolation kit was used

as reference method for DNA extraction.
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The absorbance ratios at 260/280 nm of all RNA fractions are between 1.8 and 2.1
(Table 3.2), indicating that overall high quality RNA was extracted using the different
protocols. The Agilent Bioanalyzer 2100 electropherograms (Figure 3.6, A) show
distinct peaks between 100 and 4,500 nt representing the total RNA fractions obtained
using the different methods. The 23S/16S rRNA ratios vary depending on the RNA
extraction method used from 0.7 to 1.5 (Table 3.2). However, integrity of the isolated
RNA was mainly assessed using the RNA integrity number (RIN) score, which is now
commonly accepted as a better RNA quality indicator (Fleige & Pfaffl, 2006; Jahn et
al., 2008). The RIN scores obtained with the NA-based method (7.03 + 1.20) are
similar to those obtained using the Qiagen RNeasy Mini kit-based reference method
(6.60 = 0.88; Kruskal-Wallis, P = 0.806, n = 5) and the sequential biomolecular
extraction based on the TR-based method (7.44 + 0.28; Kruskal-Wallis, P = 0.352, n
= 5) but lower than those obtained for the QA-based method (9.68 + 0.05; Kruskal-
Wallis, P = 0.011, n = 5), which had a very high and consistent score. The RNA
fraction obtained using the TR-based method is particularly enriched in small RNAs,
indicative of extensive RNA degradation, which results in a non-representative RNA
fraction (Figure 3.6, A). Overall, the RNA fractions derived using the simultaneous
and sequential biomolecular isolation methods are of sufficient quality for
downstream ribosomal RNA removal, reverse transcription and high-throughput

cDNA sequencing (He et al., 2010).

The NA-based method allows for the additional subfractionation of the total RNA
extracted into a small RNA fraction (Figure 3.6, B). As expected, the major
components of the small RNA fractions are transfer RNAs (tRNA) with a mean size
of around 60 nt and other small RNAs of larger size, represented by multiple peaks

around 120 nt, e.g. 5S rRNA. A “miRNA”-like region is observed as a broad peak
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ranging from 10 to 40 nt (Figure 3.6, B). The “miRNA” region relative to small RNA
content (“miRNA”/small RNA ratio) is 26.43 + 1.97 % for the NA-based method.
Because of important regulatory roles fulfilled by small bacterial regulatory RNAs,
the small RNA fraction, only provided by the NA-based method, adds an important
additional level of information to the integrative molecular analyses which can be

carried out using the reported methodology.

The size, the quality (degraded versus intact) and semi-quantitative amounts of DNA
extracted were determined by gel electrophoresis (Figure 3.6, C). Rather expectably,
the dedicated reference method results in the best DNA quality extract (Figure 3.6, C,
lane RM). The genomic DNA fraction isolated using the sequential biomolecular
extraction protocol based on NA provides the most similar results to the reference
method. Sequential biomolecular isolation based on QA also results in DNA extracts
exhibiting intense and large bands. Importantly, the TR-based extraction method
results in poor quality DNA extracts (Figure 3.6, C), in concordance with the low
absorbance ratios measured at 260/280 nm (Table 3.2) and, thus, is rather ill-suited

for comprehensive biomolecular isolations.
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Figure 3.6 Quality and quantity of biomacromolecular fractions isolated from the
representative LAO-enriched microbial community sample using either the NA-, QA-
and TR-based methods (following prior metabolite extractions) or using the reference
methods (no metabolite extractions were carried out before the respective extractions).
(A,B) Representative Agilent Bioanalyzer 2100 electropherograms of the total RNA
and small RNA fractions, respectively. (C) Agarose gel image highlighting the
representative genomic DNA fractions obtained [Mean amount (n = 3) loaded in ug +
st. dev., from right to left; NA: 0.35 £ 0.17; QA: 0.35 = 0.08; TR: 0.83 £ 0.85; RM:
0.08 + 0.04] and (D) SDS-PAGE image of representative protein fractions [Mean
amount (n = 3) loaded in ug + st. dev., from right to left; NA, first elution: 3.20 +
0.19; QA: 5.44 + 1.06; TR: 3.88 + 0.30; RM: 4.62 + 0.09]. The arrow and the box
represent the dominant gel band which was submitted to tryptic digestion and
MALDI-ToF/ToF analysis. (E) Biomacromolecular yield obtained for the small RNA,
total and large RNA, DNA and protein (first elution) fractions (n = 5, error bars
represent s.d.). Abbreviations: NA, NA-based method; QA, QA-based method; TR,
TR-based method; RM, reference methods; Norm., normalised; FU, fluorescent unit;

M, marker; nt, nucleotides; L, ladder.

Gel electrophoresis of protein fractions (SDS-PAGE) provides a visual representation
of the community metaproteomes derived from the representative LAO-enriched
microbial community samples (Figure 3.6, D). Importantly, in terms of band diversity

and clarity, the efficiency of protein extraction is superior for the sequential and
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simultaneous isolation protocols (Figure 3.6 D, lanes NA, QA and TR) compared to
those obtained using the reference method (Figure 3.6 D, lane RM). This is most
likely due to the removal of “contaminant” biomolecular fractions (e.g. small
molecules, nucleic acids) from the protein fraction during the sequential or
simultaneous isolation methods. In contrast, some of these biomolecules may be
retained in the extracts obtained with the reference method. Consequently, the
developed methodology results in higher quality protein extracts than the dedicated

protein extraction method.

To further assess the compatibility of the protein fractions obtained with the NA-
based method with subsequent downstream analyses, a protein band of approximately
45 kDa was excided from an SDS-PAGE gel (Figure 3.6, D) and analysed by
MALDI-ToF/ToF following tryptic in-gel digestion. A de novo peptide sequence was
derived from a clear tandem mass spectrum (Figure 3.7). The peptide (de novo
sequence: VESITAPVVVTEDQTQR) was putatively identified as an exported
hypothetical protein isolated from Microthrix parvicella (GI: 501187104, e-value =
0.97, score = 34.1, query covery = 100 %, BLASTP against NCBInr). This sequence
is similar to the sequence obtained previously (Section 2.3.2.2). This result highlights
the predominance of Microthrix parvicella in the LAO community as well as the

prevalence of this exported protein of unknown function.

Overall, these results highlight the ability to carry out proteomic analyses based on
either gel- or liquid chromatography-based separation followed by mass spectrometry

on the obtained protein fractions.
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Figure 3.7 Representative mass spectrum obtained by MALDI-ToF/ToF mass
spectrometry which allows de novo peptide sequencing of the excised protein band
derived from the representative LAO community sample. A clean b- and y-ion series

is apparent for the peptide VESITAPVVVTEDQTQR (m/z 1872.00).

In terms of yields, larger quantities of nucleic acids were obtained using the
chromatographic spin column-based methods (NA and QA), compared to the
reference methods (Kruskal-Wallis, P = 0.009, n = 5; Figure 3.6, C&E and Table
3.2). An analogous finding was previously highlighted in a comparative analysis of
RNA yields obtained using a dedicated RNA extraction method and the simultaneous
biomacromolecular extraction method based on TR (Chomczynski, 1993). In terms of
protein quantity (Figure 3.6, D&E), the overall yield was highest for the QA-based
method, followed by the exclusive isolation method. However, extensive variation in
terms of the quantities of obtained biomolecular fractions is apparent for the QA-
based isolation methodology. In contrast, the NA-based method results in the most

consistent results for the tested sequential/simultaneous extraction methods.
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3.3.5. Broad applicability of the methodological

framework

The broad applicability of the developed methodology was demonstrated by applying
the NA-based method to two additional mixed microbial community samples of
environmental and biomedical research interest, i.e. river water filtrate and human
faeces. Some minor sample-specific pretreatments, e.g. RNAlater treatment for the
preservation of RNA of the faecal samples, were necessary to guarantee sufficient
recovery of biomolecules. Analyses of the respective biomacromolecular fractions’
quality and quantity resulted in no apparent differences, compared to those obtained
from the LAO-enriched microbial community (Kruskal-Wallis, 0.054 <P <0.729, n =

5, Figure 3.8, Table 3.3 and Supplementary Table VI).
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Figure 3.8 Application of the developed biomolecular isolation methodology to an
LAO-enriched microbial community (n = 3), river water filtrate (» = 3) and human
faeces (n = 3). (A,B,C) Left-hand panes represent LAO-enriched microbial
communities, middle panes represent river water filtrate and right-hand panes
represent human faeces. (A) Representative GC-MS total ion chromatograms of polar
and non-polar metabolite fractions. Representative Agilent Bioanalyzer 2100
electropherograms of the (B) total RNA fractions and (C) small RNA fractions. (D)
Agarose gel electrophoresis image of the genomic DNA fractions [Mean amount
loaded in pg + st.dev., left to right; LAO: 0.63 + 0.28; River water: 0.35 + 0.03;
Faeces: 0.61 + 0.26] for each of the three technical replicates considered. (E) SDS-
PAGE image of protein fractions, first elution [Mean amount loaded in ug + st.dev.,
right to left; LAO: 1.19 £ 0.40; River water: 1.70 + 0.63; Faeces: 1.19 = 1.21] for each
of the three technical replicates considered. Abbreviations L, ladder; RT, retention

time.
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Table 3.3 Summary of metabolomics data, nucleic acid qualities and quantities, and protein quantities obtained using the developed NA-

based method applied to an LAO-enriched microbial community, river water filtrate and human faeces.

Number of detected metabolites

. . ' (% identified) Quantity / pg RNA quality parameters '
Microbial community ) “RNA"/
Polar Non-polar Protein RNA DNA RIN small RNA (%)
LAO-enriched microbial communities 246 (12.20) 158 (12.18) 60.59 +2.91 22.68+7.06  28.79 +£9.65 5.66+0.15 27.28+10.91
River water filtrate 75 (18.67) 70 (17.72) 84.33+£26.81 16.03+3.36 11.28+1.09 6.70 + 1.49 31.00£1.73
Human faeces 162 (9.88) 133 (11.28)  99.74+23.63 1848 +3.62 24.57+8.31 6.03 +1.79 30.79 +£1.52

" RIN (RNA integrity number) for the large RNA fraction and the ratio of “miRNA”/small RNA for the RNA fraction < 200 nt were

determined using the Agilent 2100 Bioanalyzer software.
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In order to ascertain the quality of the obtained DNA for further downstream analyses,
each DNA fraction from the three environmental samples, was subjected to PCR
amplification with primers targeting the 16S rRNA gene. For each microbial
community DNA extract, clear and distinct bands with the correct molecular size were
obtained (Figure 3.9), highlighting the possibility for specialised downstream

analyses without the need for additional purification steps.

river
LAO water faeces
A A A

L4 Y4 \

Figure 3.9 Agarose gel electrophoresis image highlighting the amplification of 1,300
nt of the 16S rRNA gene from DNA fractions obtained using the NA-based method
on the three different microbiomes, i.e. LAO-enriched microbial community, river
water filtrate and human faeces. Abbreviations: L, ladder; -, negative control; B,
bacterial (E. coli) genomic DNA; A, archaeal (Halobacterium spp. NRC-1) genomic
DNA.

Use of the developed standardised methodology further allows comparative analysis
of different microbiomes. For example, it has not escaped the attention of the author
that an apparent enrichment in smallRNA exists in human faecal samples (Figure 3.8
B). Microbial smallRNA has since been discovered in the blood of human subjects
(Wang et al., 2012) opening up the possibility that smallRNA may be involved in

human-microbiome interactions. Furthermore, in order to highlight potential signature
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metabolites for the three analysed microbial communities, the relative abundances of
detected metabolites were contrasted for each microbiome. For this, the metabolomic
datasets from the respective microbiomes were subjected to a three-way comparative
analysis. Clear differences in the metabolite composition of the three microbiomes are
apparent, allowing the identification of specific signature metabolites for the three
microbiomes (Figure 3.10, Supplementary Table VI). For example, from the
confidentally identified metabolites, the enrichment of docosanol, a saturated fatty
alcohol, in the LAO-enriched microbial community from the wastewater treatment
plant may be explained by the wide use of this molecule as an emollient, emulsifier
and thickener in cosmetics, nutritional and pharmaceutical products. Consequently, its
presence may be expected in domestic wastewater and through its chemical properties
would be enriched in LAOs. The pronounced enrichment of mannose, a simple sugar,
in river water filtrate may be a direct result of photosynthesis by the dominant
phototrophic organisms. Finally, a comparatively strong enrichment in citric acid was
found in the human faecal samples. An increase of all metabolites involved in energy
metabolism including citric acid was previously found in the serum of conventionally
reared mice versus germ-free mice (Velagapudi et al., 2010). The present results
indicate that this elevated level may directly result from the metabolic activities of

microbial communities in the gastrointestinal tract.
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Figure 3.10 Three-way comparison of microbial community metabolomes obtained
from an LAO-enriched microbial community (n = 3), river water filtrate (n = 3) and
human faeces (n = 3). Each dot represents the relative abundance of a metabolite in
the three different environmental samples. Exemplary metabolite signatures for each

microbiome are highlighted with their respective abundance levels. Error bars

represent s.d.

By applying the NA-based workflow to these two additional mixed microbial
communities, it is demonstrated that the methodological framework can be applied to
a range of different samples and, thus, represents a standardised biomolecular

isolation procedure for comparative eco-systems biology investigations on a range of

different microbial communities in the future.
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3.4. Conclusion and perspectives

In microbial ecology, an increasing number of studies aim to integrate multi-omic
datasets in order to obtain comprehensive high-resolution overview of microbial
community structure and function. Molecular eco-systems biology investigations,
centred around the integration of omic data, are faced with major challenges arising
from the complexity, dynamics and heterogeneity of microbial consortia. Considering
recent technological improvements and the accompanying decrease in cost of high-
throughput molecular methods as well as associated progress in computational and
statistical methodologies, these types of investigations will dramatically intensify in

the coming years (Muller et al., 2013).

In the present chapter, it is demonstrated that microbial community metabolomes do
not allow certain biological and technical replicates to be discriminated, which is a
direct consequence of the extensive heterogeneity encountered in these systems.
Additionally, sample-to-sample variation is extensive for microbial communities at
each biomolecular level. Consequently, major artefacts may be introduced into
coupled high-resolution omic experiments by sample splitting before dedicated
isolation of the, respective, individual biomolecular fractions (Muller et al., 2013).
Such approaches will result in disparate omic results and, thus, will not fulfill the
premise of systematic measurements. Furthermore, they will not allow meaningful in
silico reconstructions and modelling of community-wide processes and interactions.
Therefore, the described methodological framework was developed, which allows for
the sequential extraction and purification of all known biomolecular fractions from
single unique samples. The methodology is based on the combination of

chromatographic spin column-based biomacromolecular isolation with prior
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extraction of concomitant polar and non-polar metabolite fractions. In the present
study, it is demonstrated that the devised methodology yields equivalent or better
results, compared to those obtained with dedicated extraction protocols, and that it is
applicable to a range of different microbial community samples. Furthermore, the
methodology may prove successful on a range of other biological samples, in
particular those that are precious or which are characterised by extensive within-
sample heterogeneity, e.g. human tumor samples. The utilisation of spin column
chromatography for biomacromolecular separation minimises the risk of exposure to

harmful chemicals and, thus, allows standardised routine laboratory use.

As already discussed in Section 2.4, the standardised and systematic application of
community genomics, transcriptomics, proteomics and metabolomics to autumn and
winter LAO communities (Chapter 2, Conclusion and perspectives) should reveal the
link between genetic potential and functionality in lipid accumulation. Equipped with
the biomolecular isolation framework described in this chapter, a comparative
community-wide integrated omics analysis was carried out on the representative

autumn and winter LAO communities (Chapter 4).
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CHAPTER 4: COMPARATIVE INTEGRATED
OMICS HIGHLIGHT KEYSTONE GENES IN
MICROBIAL COMMUNITY-WIDE
METABOLIC NETWORKS
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4.1. Introduction

In recent years, our ability to study microbial communities in their natural
environments has improved dramatically, due to rapid advances in high-throughput
DNA sequencing technologies and developments in various omics analysis (Section
1.2). While metagenomics data provide gene inventories, without any proof of their
functionality (Roling et al., 2010), the analysis of community transcripts enables a
first assessment of community-wide functions (Helbling ef al., 2012), and community
proteomics provides a high-resolution representation of the actual phenotypic traits of
individual community members (Wilmes et al., 2009a). Nevertheless, the generation
of metagenomic information is indispensable since it forms the backbone for the
proper interpretation of transcriptomic and proteomic data ideally leading to
population-level resolution of individual functions following data integration and

analysis.

Metabolomics through resolving the final and intermediate products of cellular
metabolism, theoretically, should be the most sensitive indicator of community-wide
phenotypes. However, metabolomic methods are still somewhat limited in the number
of metabolites, which can be measured and only a fraction of these can typically be
positively identified (Roume et al, 2013). To overcome current limitations that
hamper comprehensive probing of community-wide metabolism by metabolomics,
reconstruction of metabolic networks based on genomic data presents an alternative
approach to assess overall differences in metabolism between different communities.
With the progress of genome-sequencing capabilities, the reconstruction of metabolic
pathways has led to the formulation of genome-scale metabolic models (Oberhardt et

al., 2009). The inception of this cell-level approach, which formally captures the

145



10

15

20

25

CHAPTER 4

metabolic capabilities of the entire metabolic network of an organism, has so far
allowed the reconstruction of more than 59 genome-scale metabolic models from 39
distinct organisms (Chindelevitch et al., 2012). However, at present, we still know
very little about the metabolic contributions of individual microbial players within
microbial communities because of the prevalence and complexity of interactions
among them (Zomorrodi & Maranas, 2012). The traditional approaches used to transit
from single to multi-species metabolic network reconstructions is to consider the
metabolic networks of individual species as an input-output system to build network-
based (Cottret et al., 2010; Freilich et al., 2010) or constraint-based (Stolyar et al.,
2007; Wintermute & Silver, 2010) models of species interaction. These approaches
demonstrate tremendous potential for elucidating relationship between microbial
species and their environment or predict species interactions and subsequently
inferring inter-species metabolic transfer. However, these multi-species models, rather
limited to a few species, fail to explain how variations in gene or species composition
affect the overall metabolic activity of ecosystems (Greenblum et al., 2013). Given
the complexity of microbial communities as well as the inability to isolate and
sequence representative single cultures of all organisms within a community, such
bottom-up approaches may be limited by the inherent impossibility to extrapolate
community-wide networks and their behaviour from individual isolate omic datasets.
In other words, community-wide networks are expected to be more than, merely,
sums of their respective parts (Muller et al., 2013). Ideally, top-down and bottom-up
approaches should be combined to identify links between microbial community
structure and function, thereby, bridging the gap between individual metabolic
networks and the larger community-wide networks to ultimately build a systems-level

interaction model between species (Borenstein, 2012).
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Given the challenges associated with reconstructing the individual metabolic
networks of individual community members and then interfacing these, an alternative
approach is to reconstruct community-wide metabolic networks based directly on
metagenomic data thereby ignoring the contribution of individual species. This
approach was recently pioneered by Greenblum and colleagues (Greenblum et al.,
2012) and through this population-free metabolic network reconstruction they
identified enzyme-coding genes, either enriched or depleted, in individuals with
obesity or inflammatory bowel disease. The topological analysis of these disease-
associated enzymes revealed an unexpected metabolite exchange within the human

gut environment in the context of disease.

Here, is introduced a unique framework for comparative eco-systems biology, which
integrates meta-omic data within a community-level metabolic network reconstruction
based on combined metagenomic, metatranscriptomic and metaproteomic data. The
resulting networks allow description of the function of entire microbial communities
by resolving gene expressions, protein frequencies, as well as the associated systems-
level network topological features, to understand the dynamics and evolution of entire
microbial ecosystems. In particular, this methodology was applied to further
characterise and understand lipid accumulation in LAO-enriched microbial
communities and allowed for a complete systems-level overview of the processes

involved in the transformation of lipids within the LAO biomass.
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4.2. Materials and methods

4.2.1. Sampling and sample processing

For the development of our comparative eco-systems biology analytical framework,
one sample among four (defined, herein, as a biological replicate; Chapter 2 Materials
and methods) was selected for 4 October 2010 (defined, herein, as the autumn LAO
community, Figure 4.1, A; Table 4.1) and 25 January 2011 (defined, herein, as the
winter LAO community, Figure 4.1, B; Table 4.1). These samples were selected,
because they were found to be very dissimilar and at both extremes of the LAO-
enriched microbial community-wide phenotypes witnessed at the Schifflange WWTP
(Section 2.3.2.1). Thus, these particular biological replicates and sampling dates were
selected with the intention to maximise the sample-to-sample variation in
phylogenetic composition, particularly, in the abundance of Microthrix parvicella
(Section, 2.3.2.1) and the variation within corresponding metabolite levels (Section

3.3.1) within the LAO communities.
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Figure 4.1 Photographs of the LAO-enriched microbial communities located at the
air-water interface of the anoxic tank at the Schifflange wastewater treatment plant
(A) in autumn and (B) in winter, subject of the present study. The sampling date, the
air temperature (T.;) and the water temperature (Tywaer) are indicated on each

photograph.

Table 4.1 Physico-chemical characteristics of the wastewater at the time of the

sampling the anoxic tank of the Schifflange WWTP (Figure 2.3).

Sampling dates Suspended pH NO; 0, NH4 PO, Water
solids (g/l) (mg/1) (mg/l) (mg/1) (mg/1) temperature
(°O)
4 October 2010 2.78 6.94 2.77 0.64 0.6 2.06 20.7
25 January 2011 3.24 7.01 3.37 1.13 1.72 1.02 14.5
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4.2.2. Biomolecular extractions

Biomolecular extraction The previously described biomolecular isolation framework
for eco-systems biology (Sections 3.2.4 & 3.2.5) were applied to sequentially extract
polar and non-polar metabolites, total RNA, genomic DNA, and proteins from LAO-
enriched mixed microbial communities using the Qiagen AllPrep DNA/RNA/Protein
Mini kit-based method (QA, Qiagen, Venlo, The Netherlands). For each sampling
date, three samples (defined, herein, as technical replicates; Section 2.2.2) of 200 mg
were used for biomolecular extraction. Each of the individual molecular fractions
isolated from three technical replicates were combined into a pool sample in order to
yield sufficient biomolecular quantities for subsequent high-throughput analysis and

to reduce the influence of fine-scale sample-to-sample heterogeneity.

Biomolecular quality assessment and pre-processing for high-throughput analyses
From the metabolite pools (Section 3.2.7), aliquots of 100 ul of extra- and
intracellular polar and non-polar fraction were transferred into GC vials, immediately
dried by evaporation and stored at -80 °C until analysis by GC-MS (Section 3.2.7).
The quality and quantity of isolated biomacromolecules were assessed using
dedicated measurements as described previously (Section 3.2.8; Figure 4.2, Table

4.2).
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Figure 4.2 Quality assessment of biomacromolecular fractions isolated from the
LAO-enriched microbial community samples. Top panels: autumn sample; lower
panels: winter sample. (A) Agarose gel image highlighting representative high-
molecular weight genomic DNA fractions. (B) Representative Agilent Bioanalyzer
2100 electropherograms of the total RNA. (C) SDS-PAGE image of the obtained

protein fractions. Abbreviations, bp: base pair, M: marker, L: ladder.

Table 4.2 Quantitative and qualitative analyses of biomacromolecular fractions

sequentially isolated from the LAO-enriched microbial community samples.

Sampling dates DNA RNA Protein
A260/A280  Quantity / RIN Quantity / Quantity per
Hg Hg gel line / ug
4 October 2010 2.20 15.44 8.9 81.97 20.1
25 January 2011 2.03 6.11 9.2 75 21.8
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DNA The DNA pool sample was snap-frozen in liquid nitrogen in the elution buffer

and stored at -80 °C until library preparation and sequencing (Section 4.2.4).

RNA The volume of the RNA pool sample was adjusted to 180 ul using RNase free-
water. Then, a mixture of 18 pl of a 3M (w/v) sodium acetate solution, 2 ul of a
glycogen solution (10 mg/ul) and 600 pul of ice-cold 96 % (v/v) ethanol were added to
the RNA solution. The RNA solution was gently mixed by inversion and precipitated
at -20 °C for, at least, 1 h. Following centrifugation at 10,000 g for 30 min at 4 °C, the
RNA pellet was washed three times with ice-cold 70 % (v/v) ethanol at 4 °C. The
pellet was then air dried for 5 min at room temperature overlaid with 100 pl of
RNAlater (Ambion) and placed at -20 °C until shipment. For reclamation of the RNA,
the solution was centrifuged at 14,000 g for 10 min at 8 °C. After removal of the
supernatant, the pellet was washed three times with 100 ul of 80 % (v/v) ethanol,
followed by high speed centrifugation for 3 min at 8§ °C. The pellet was then air dried
until all visible ethanol had evaporated. The dried RNA pellet was then resuspended
in the appropriate volume of 1 mM sodium citrate buffer (pH 6.4) to reach a
concentration of 55 ng/ul and 145 ng/ul for winter and autumn RNA sample,

respectively.

Protein Following 1D-SDS-PAGE electrophoresis and staining with Imperial protein
stain (Thermo Scientific; Section 2.2.8), the protein gel was conserved at 4 °C in a
plastic bag under vacuum. Prior to further analyses, entire lanes were cut into 1mm
slices using a grid cutter (MEE-1x5, Gel Company), yielding approximately 70 slices
per lane. Two 1 mm slices were combined in a single well of a 96 well V-bottom plate
with a hole introduced into the bottom using a 30 gauge lancet needle (Becton

Dickson). The wells contained size 11 black hexagonal glass beads (SB3656, Fusion
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Beads) to prevent the gel pieces from clogging the hole. For in-gel digestion, an
automated liquid handling system (Tecan EVO) was used for reduction, alkylation,
tryptic digestion and peptide extraction from the gel pieces. After extraction, the
peptide solution was dried and reconstituted in 20 pL of a solution of 0.1 % (v/v)
[acid trifluoroacetic (TFA, 5 %; Sigma)/ acetonitrile (ACN, 95 %; BioSolve)] in
Milli-Q H;O in a round bottom polypropylene 96 well plate (Greiner) and placed into

an Eksigent Nano 2D plus system autosampler (ABSciex) for analysis.

4.2.3. Comparative metabolomic and lipidomic

analyses

Identical analytical procedures were used for the identification of metabolites from
the extra- and intracellular compartments of both temporally resolved metabolite

extracts.

Metabolomics For the detection of total polar and non-polar metabolites, GC-MS
measurements were performed in triplicates and matched to a dedicated in-house
metabolomics library using the same methodology described for the metabolomic
analyses of the representative LAO-enriched microbial community samples (Section
3.2.7). Following normalisation of the peak intensities of detected metabolite features,
the data were analysed using statistical methods i.e., PCA and hierarchical clustering.
The ade4 R package (R version 2.13.2, http://www.r-project.org/) was used for the

principal component analysis (dudi.pca function).

Triacylglycerol analyses The identification and quantification of triacylglycerols

(TAGs) was carried out on the non-polar metabolite fractions using liquid
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chromatography coupled to tandem mass spectroscopy (LC-MS/MS). Dried
metabolite extracts were dissolved in 200 pl of a chloroform/methanol mixture (2:1
v/v). An Agilent 1290 Infinity LC with a 2.1 (i.d.) x 100 mm, 3.5 um Agilent
ZORBAX Eclipse XDB-C18 Narrow Bore Rapid Resolution column heated to 30 °C
was used with a binary solvent system and a flow rate of 500 pl/min. The system was
equilibrated with solvent A [S mM ammonium acetate dissolved in methanol/water
(99:1 v/v)]. A 5 ul injection volume of the non-polar metabolite extract was applied
to the column, followed by a 30 min linear gradient to 80 % solvent B [5 mM
ammonium acetate dissolved in isopropanol/water (99/1 v/v)], and held there for 2.5
min. An Agilent 6530 qTOF equipped with an Agilent ESI source was used for
accurate mass analysis of the LC eluent. Positive-ion data were generated by
operation of the mass spectrometer with a capillary voltage of 3,500 V, nebulizer of
35 pounds per square inch, drying gas of 8 l/min, gas temperature of 300 °C,
fragmentor of 120 V, skimmer of 65 V, and octopole radio frequency voltage of
750 V. Mass spectra data were acquired in 2 GHz Extended Dynamic Range mode at
a rate of 1 spectra per second, and data were collected as profiled spectra over a mass
range of 150 to 3,200 m/z. Mass calibration was performed with an external reference
mass ion of m/z 922.009798 to enable accurate mass determination. Data were
collected with the Agilent MassHunter WorkStation Data Acquisition software,
version B.04.00. LC-MS data files were processed with the MassHunter Qualitative
Analysis Software version B.03.01. Molecular features (MFs) were extracted from the
raw MS1 data using the Molecular Feature Extraction (MFE) algorithm with a peak
filter of > 10,000 counts. The resulting MFs were then identified with MassHunter by
searching against a custom database containing 1,382 triacylglycerol (TAG) ions

corresponding to [M+Na]" and [M+NH,]" (M+: positive ion mode) adducts using a
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+10 ppm search window. For quantitative purposes, TAG lipid groups were compared

using the [M+NH,]" molecular ion height.

Long chain fatty acid analysis. The identification and quantification of long chain
fatty acids (LCFAs) were carried out using GC coupled to tandem mass spectroscopy
(GC-MS/MS). Dried non-polar metabolite extracts were dissolved in different volume
of dichloromethane (Supplementary Table IX) and derivatised using the following
procedure: 40 pl of re-dissolved non-polar metabolite extract were transferred into a
GC vial and mixed with 40 pl of BSTFA (N,O-bis-trimethylsilyl-trifluoroacetamide)
and TMCS (N,O-bis-trimethyl-trifluoroacetamide) 99/1 (v/v). The mixture was then
heated during one hour at 70 °C prior to analysis by GC-MS/MS. The analysis was
carried out on a Thermo Trace GC and a Thermo TSQ Quantum XLS triple-
quadrupole MS. Samples were injected in PTV splitless mode and separated on a
Restek Rxi-5Sil MS (0.18mm x 0.18um x 20m) column. Helium was used as a carrier
gas at a constant flow rate of 1.0 ml/min. Detection was performed in Multiple
Reaction Monitoring (MRM) mode, with 2 MRM transitions per target compound.
The absolute quantification of LCFAs was obtained by external calibration against

standard mixtures of the pure compounds.

4.2.4. Next generation sequencing

Identical analytical procedures were used to sequence total genomic DNA and the
rRNA substracted RNA using Illumina HiSeq technology for both temporally
resolved samples considered. Isolated high-purity genomic DNA (Section 4.2.2) was

subjected to the sequencing protocol whereas isolated RNA (Section 4.2.2) was first
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depleted of rRNA and then subjected to complementary DNA synthesis as details

below.

RNA-Seq In order to enrich the RNA fraction in mRNA, the rRNA was subtracted
from the total RNA fraction using the Ribo-Zero rRNA Removal Kit (Meta-Bacteria;
Epicentre). This was followed by cDNA synthesis and amplification using the

ScriptSeq™ v2 RNA-Seq library preparation kit (Epicentre).

rRNA removal The procedure consisted of an initial washing and re-suspension of the
Ribo-Zero microspheres with dedicated solutions. Following treatment of the total
RNA sample with Ribo-Zero removal solution, the RNA sample solution was added
to the re-suspended Ribo-Zero microspheres and selected by hybridisation. The RNA-
microsphere solution was then removed and the rRNA-depleted sample was purified

by ethanol precipitation.

Library preparation The cDNA synthesis and amplification were performed using the

ScriptSeq™ v2 RNA-Seq library preparation kit (Epicentre). The procedure consisted
of initial fragmentation of the RNA, followed by the annealing of the cDNA synthesis
primer. Briefly, 4 pul of cDNA Synthesis Master Mix was added to fragmented RNA
solution and incubated at 25 °C for 5 min followed by 42 °C for 20 min. cDNA
Synthesis Master Mix was prepared combining 3 pl cDNA Synthesis PreMix
(ScriptSeq v2 RNA-Seq library preparation kit, Epicentre), 0.5 pul of DTT (100 mM)
and 0.5 pl of StartScript Reverse Transcriptase solution (Epicentre). After cooling at
37 °C, 1 pl of finishing solution (Epicentre) was added to the cDNA synthesis
solution and incubated at 37 °C for 10 min, before an incubation at 95 °C for 3 min.
8 ul of terminal tagging master mix was then added to each solution and incubated at

25 °C for a further 15 min, following 95 °C incubation for 3 min. Terminal tagging
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master mix was prepared using 7.5 pl of Terminal tagging premix (Epicentre) and
0.5 pl of DNA polymerase. The cDNA 3’-terminal tagged was then purified using the
AMPure XP system (Beckman Coulter). The purified ¢cDNA strand was then
amplified by PCR, thereby, generating the second strand of cDNA, adding the
Illumina adaptator sequences and incorporating specific barcodes. Finally, the RNA-
Seq library was purified using AMPure XP system (Beckman Coulter). The size
distribution of the RNA-Seq library was assessed using the 2100 Bioanalyzer

(Agilent).

DNA/cDNA sequencing DNA/cDNA was prepared according to the modified
instructions from The Wellcome Trust Sanger Institute (Kozarewa & Turner, 2011).
The metagenomic sequencing protocol used a 96-well library preparation and the
molecular barcoding method for Illumina library construction. The barcodes were
designed using Hamming codes, which allow single nucleotide sequencing errors to
be corrected and single indels (insertions/deletions) to be detected without ambiguity.
Several optimisations were employed in the indexing protocol. The tags used were
8 bp long, which allowed the design of larger number of barcodes with error-
correcting capability. The bar codes were introduced in a regular PCR, which
simplifies the PCR step and allows using as few as six cycles. Before pooling, the
relative concentration of each sample library was measured by quantitative PCR
(qPCR), which then allowed the pooling of libraries together, accurately, and

improved the uniformity of their representation.

DNA fragmentation 1-5 pg of DNA was used for the fragmentation step, as

determined by gel analysis, and re-suspended in 75 pl of 10 mM Tris-HCI, pH 8.5.

The sample was then sheared for 150 sec in 100 pl Covaris microtubes. The following
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programme was used: duty cycle 20 %, intensity 5, cycle burst 200, power 37 W,
temperature 7 °C and mode Freq sweeping. The sheared DNA samples were then
transferred into a MicroAmp optical 96-well plate. Six samples, chosen at random,
were run on an Agilent DNA 1000 chip to check the quality of the fragmentation. A
150-250 bp smear was detected and 70-90 % of the initial DNA amount was

recovered.

Size selection A large fragment plate was prepared by dispensing 150 ul of beads into
wells of a round-bottom Costar plate for each sample. Additionally, a small-fragment
plate was prepared by dispensing 60 pl of beads into wells of a separated Costar plate
for every sample. A large-fragment Costar plate was placed on a magnetic stand,
allowing beads to be collected and 45 pl of 10 mM Tris-HCl buffer were removed
from large-fragment wells, leaving all beads in the well. The plate was removed from
the magnetic stand and 190 pl of sample from sonication tubes was added to the large
fragment wells on the Costar plate. Following 8 min of incubation at room
temperature, using two magnetic stands, the large-fragment Costar plate was placed
on a magnetic stand to collect beads. Following a 5 min incubation at room
temperature, 58 ul of bead buffer were removed from the small fragment wells,
leaving behind beads and ~2 pl of bead buffer. Small-fragment wells were then
removed from the magnetic stand. 300 pl of supernatant were transferred from large-
fragment wells into small-fragment wells. After transfer, the large-fragment plate was
discarded. Samples were then incubated in small-fragment wells for 5 min and the
plate was placed on a magnetic plate to collect beads. 300 pul of supernatant were
removed and replaced by 300 pl of 80 % ethanol without disturbing beads. Following
30 sec of incubation, ethanol was removed. This last step was repeated two times.

Following ethanol removal by air-drying for 5 min, the small fragment plate was
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removed from the magnetic stand and 45 pl of pre-warmed 10 mM Tris-HCI (pH 8.5)
were dispensed into the wells. After re-suspension of beads by vigorous mixing, the
solution was incubated for 2 min and placed on a magnetic plate to collect beads.
Following a futher 3 min incubation, 42.5 ul of supernatant containing the size-

selected products were transferred to a new plate.

All enzymes and reaction buffers used for the end-repair, dA tailing, ligation and PCR
amplification were provided from the KAPA Library Preparation Kits with Standard

PCR Library Amplification/Illumina series (KapaBiosystems).

End-repair 100 pl of end-repair master mix, prepared as below, were added to each
well. To the supernatant containing the sheared DNA, 10 pl of end-repair buffer were
added to 5 pl of end-repair enzyme solution. The plate was then covered, vortexed
briefly and spun down before being incubated for 30 min at 20 °C in a thermal cycler.
The samples were then cleaned using Agencourt AMPure SPRI beads (Beckman
Coulter). 90 pl of SPRI beads were added into each well, the plate was covered and
vortexed for 30 sec. The reaction plate was placed on the magnetic SPIRPlate for
10 min and beads separated from solution. Following a 10 min incubation, the
solution was completely clear and discarded. 200 pl of 70 % (v/v) ethanol were added
to each well and incubated for 30 sec at room temperature. The ethanol washes were
repeated two times. The reaction plate was dried for 15 min in a thermocycler and

each sample was eluted with 43.5 ul of 10 mM Tris buffer (pH 8.0).

A-tailing 50 pl of A-tailing master mix, prepared as below, were added to each well.
30 ul of end-repaired DNA were added to 5 pl of 10x A-tailing buffer and 3 pl of A-
tailing enzyme. The plate was then covered, vortexed briefly and spun down before

being incubated for 30 min at 30 °C in a thermocycler. The sample was then cleaned
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up using the Agencourt AMPure SPRI bead method with 90 pul of SPRI beads placed
in each well. Each sample was then eluted with 36 ul of 10 mM Tris buffer (pH 8.0).
The same six samples, randomly chosen for the DNA fragmentation step, were run on
an Agilent DNA 1000 chip and the average sample concentration was calculated

using the “integrated peak” function.

Adapter preparation and ligation 50 pl of adaptor ligation reaction mixture, prepared

as below, were added to each well. 30 pl of A-tailed DNA were then added to 10 pl of
5x ligation buffer, 5 pl of DNA ligase and 5 pl of DNA adaptor (30 uM). The plate
was then incubated at 20 °C (room temperature) for 15 min. The sample was cleaned
up using Agencourt AMPure SPRI beads by addition of 40 ul of SPRI beads to each
well. Each sample was then eluted with 30 pl of 10 mM Tris buffer (pH 8.0) / 0.05 %
(v/v) Tween 20. The same six samples were randomly chosen for the DNA
fragmentation step and run on an Agilent DNA 1000 chip to check the success of the
ligation; the smear obtained had an average molecular size of 50 to 200 bp larger than

before ligation.

PCR amplification Library amplification was carried out according to a modified

reaction setup as defined in the KAPA Library Preparation kit instruction (Illumina).
25 ul of 2x Kapa HIFI Hotstart Mix were spiked with 1M betaine. The addition of
betaine aids in amplification of high GC % regions and reduces biases. 1 ul of the
supplied PCR primers were added to each tube and a sufficient quantity of water was
added to reach 50 pl of solution per PCR. The tubes were then transferred into a PCR
thermocycler and run with the recommended KAPA library preparation cycling
programme. The samples were then cleaned using the SPRI beads method with 40 pl

of SPRI beads. Each sample was eluted using 50 pl of 10 mM Tris-HC1/ 0.05 % (v/v)
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Tween 20. The same six samples, randomly chosen DNA fragmentation step, were
run into an Agilent DNA 1000 chip to check the success of the indexing enrichment

PCR.

Final library quantification by qPCR The KAPA Library Quant kit (KapaBiosystems)

for final library quantification was used (Illumina). Briefly, after an initial 1:1000
dilution in 10 mM Tris-HCI, pH 8.0 + 0.05 % (v/v) Tween 20, the 2x KAPA SYBR
FAST gqPCR master mix was used to amplify the DNA library with six other
standards on an ABI 7900 thermocycler. The qPCR step was conducted using the
following cycling conditions: 95 °C for 5 min followed by 35 cycles at 95 °C for
30 sec and at 60 °C for 45 sec. The concentration of the library was established using
the standards. According to the manufacter’s instruction recommendations. Both the
standards and the libraries with unknown concentration were run in triplicate. Prior to
sequencing, the libraries were diluted to the required concentration (e.g. 4.5 pM)

following the Illumina cluster generation protocol.

A total of 16.2 gigabases (Gb) of shotgun metagenomic sequence data as well as
38.6 Gb of metatranscriptomic sequence data from the two LAO communities,

autumn and winter samples, were generated.
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4.2.5. Sequence assembly, gene annotation and

determination of KO abundances

Sequence assembly For each of the two dates, the raw paired-end read sequences from
the metagenome and metatranscriptome datasets (Section 4.2.4, Figure 4.3), were
processed separately and together using the PAired-eND Assembler for Illumina
sequences (PANDAseq, Figure 4.3, step 1; Masella et al., 2012). Briefly, PANDAseq
determines the location of the amplification primers, identifies the
optimal overlap between  reads,  corrects sequencing  errors and  checks
for various constraints such as length and base quality. PANDAseq was run with a
score threshold of 0.9 and 25 nt minimum overlap requirement (-0 25 -t 0.9 —F). The
reads selected by the PANDAseq assembler were extracted from the raw sequence
files using in-house Perl scripts. The remaining non-redundant paired-end reads were
trimmed using the trim-fastq.pl script from the PoPoolation package (Kofler ef al.,
2011) using a quality-threshold of 20 (1 % probability of miscall) and a min-length of
40 nt. Terminal Ns were removed, thereby, preserving trimmed reads of at least 75 nt.
The PANDAseq and the single-end reads were then combined into a single fastq file.
In total, this resulted in two paired-end (R1 and R2) and one single end file for each of
the four libraries. These files were then used as input for the MOCAT assembly
pipeline (Figure 4.3, step 2; Kultima et al., 2012) using default parameters. The
MOCAT pipeline can process metagenomic assemblies in a standardised and
automated way. Briefly, the pipeline uses state-of-art programs to quality control map
and assemble reads from sequence files at a depth of several billion base pairs and
predicts protein-coding genes of the assembled metagenomes. The assembly part uses
SOAPdenovo, version 1.06. The assembled contigs were filtered with minimum

length threshold of 150 nt (Figure 4.3, step 3). To enhance the final assembly by
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reads that were assembled by PANDAseq, but not used by the MOCAT assembly
pipeline, all PANDAseq reads were mapped onto the MOCAT contigs using
SOAPdenovo (Li et al., 2008), with the following parameter settings: -r 2 -M 4 -1 30 -
v 10 -p 8 (Figure 4.3, step 3). SOAPdenovo has been specifically designed to align
large amount of short reads generated by Illumina sequencing. The unmapped
PANDAseq assembled reads, with a minimum length of 150 bp, were extracted and
added to the contigs. The final contig files were made non-redundant using Cd-hit (-c

1.0; Huang et al., 2010) by clustering identical sequences.

@ PANDAseq + trim-fastq.pl : join overlaps +
trim and filtrate remaining for QV

@ Mocat assembler pipeline : assembly of
reads

SOAPdenovo: filtered with maximum length
@ threshold of 150 nt + recruit additional reads
joined by PANDAseq but not used by Mocat

annotation for contigs > 500 bp annotation for contigs < 500 bp

FragGeneScan: genes l l Prodigal gene finder : gene
\

@ Cd-hit: made non-redundant
combined peptide sequences

IEEEaSSSSS——————— 2 e 2020

@ l KEGG db: enzyme annotation (BLASTX e-
value<10-5, %identity>50, score>50)

KO list and associated KO gene number

Figure 4.3 Assembly and annotation pipeline.
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Gene annotation The non-redundant contigs files were split into two distinct files, one
file with contigs of a length below 500 bp and another file with contigs lengths above
or equal to 500 bp. The contigs with length below 500 bp were annotated using
FragGeneScan (Figure 4.3, step 4a; Rho ez al., 2010). FragGeneScan has specifically
been developed for direct gene identification of short reads obtained from
metagenomes. FragGeneScan was run using settings for short sequence reads with
sequencing error (-complete 0 —train illumine 5). The contigs with a length equal or
above 500 bp were annotated with Prodigal gene finder (v2.60, Figure 4.3, step 4b;
Hyatt et al., 2010) using the MOCAT gene prediction processing steps. The two
resulting amino acids sequences files were then combined into single peptide
sequences files and made non-redundant using Cd-hit with sequence identity
threshold of 1.0 and a length of description in the cluster file of 5000 amino acids (-c

1.0 —d 5000; Figure 4.3, step 5).

The assembly and annotation workflow were repeated by combining the pre-
processed reads from the metagenomes and metatranscriptomes for both sampling
dates (Supplementary Table X) as well as for each sampling date, separately
(Supplementary Table XII). The Kyoto Encyclopedia of Genes and Genome
(KEGG) database was used to annotate enzymes with metabolic reactions. All
sequences were mapped onto the KEGG database version 64.0 (BLASTX; e-
value<10”, %identity>50, score>50) using BLAT (Kent, 2002). Sequences were

annotated with KOs (KEGG orthology groups; Figure 4.3, step 6).

Gene copy and transcript abundances To account for differences in read depth and

sampling the number of raw sequence reads from metagenome and metatranscriptome
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libraries were balanced by randomly selecting the same number of reads from both
libraries using an in-house developed Perl script using the ‘shuffle’ method from
‘List::Util’ CPAN package'. The size of the smaller library was used to balance the
respective datasets (i.e., 14,546,374 reads for the metagenomic and 16,443,761 reads
for the metatranscriptomic datasets). The four balanced raw read sequence libraries
were then mapped separately to the combined assembly for both sampling dates using
SOAPdenovo (Li et al., 2008) with the following parameter settings: -r 2 -M 4 -1 30 -v
10 -p 8. For each library, the numbers of raw reads matching to an annotated gene
were summed using an in-house Perl script. Generally, the expected number of reads
mapping to a gene is proportional to both its gene (or transcript) abundance and length
(Lee et al., 2010). Therefore, to obtain the abundances of genes and transcripts, the
reads from the genomic and transcriptomic libraries were mapped to the annotated
genes and were normalized by the effective length of the gene sequence (Lee ef al.,
2010) leading to the definition of Normalised Gene Abundance (NGA; Figure 4.4,
A). The NGA . then defines the gene copy number, whereas NGA yranscript the gene
transcript abundance. The NGAs of all the genes belonging to the same orthologous
gene (KO) were then added thereby providing the KO Abundances (KOA; Eq. 1,
Figure 4.4, B) for gene copy numbers and transcript abundances respectively. The

KOA is calculated as follows:
KOA = ¥, (NGA), (Eq. 1)

Where KOA denotes the KO abundance, n represents the number of gene belonging

to a KO (KO gene number).

1http://search.cpan.org/~1:)evans/Scalar—List—Utils—1.3O/Iib/List/Util.prn#shufﬂe LIST%60 165
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Gene 1.3 ——— Gene 23

Figure 4.4 Gene abundance measurements. (A) Two genes 1.1 and 2.1 are located on
within the same contig. Reads mapping to the gene are represented by red lines.
Normalised Gene Abundance (NGA) is defined as the number of reads map to the
gene (N) divided by the length of the annotated gene (L). (B) Representation of the
association of genes to particular KOs. In this example, genes 1.1 to 1.3 belong to

KOI1 (n=3) whereas Genes 2.1 to 2.3 belong to KO2 (n=3).

Using the calculated KOA for both DNA and mRNA (cDNA) reads, relative gene
expression (RGE; Eq. 2) was determined for each individual KO (Supplementary

Table X):

KOAmRrNA

RGE = Log,( KOApNs )

(Eq. 2)
Where RGE denotes the KO gene expression level, KOAyrna denotes the normalised

KOA at the transcript level and KOApna denotes the normalised KOA of gene copy

abundance.

A particular KO is considered to be overexpressed for a log, > 1 (i.e. more than 2-fold
change according to gene copy abundance or gene expression) and underexpressed if

this ratio is < -1.
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To identify particular KOs associated with a given season, the log, ratio of the KO
abundances at the genomic and transcriptomic levels were calculated to define season
association factors (SAF; Eqs. 3&4; Supplementary Table X) according to the

following formulae:

KOA ;
SAFos = Log; (grontuinter, (Eq.3)
KOAm winter
SAFEmpna = Log, (W) (Eq. 4)

Where SAFpna denotes the seasonal KO abundance determined at the gene copy
number level (gene copies), SAFrna denotes seasonal KO abundance determined at
the mRNA transcript level. (Eq.3) KOApna denotes the number of normalised KO
gene copy abundances per season and (Eq. 4) KOAnrna the number of normalised

KO transcript levels per season.

Finally to define overall gene overrepresentation between seasons (Eq. S5,
Supplementary Table X), an overall seasonal overrepresentation factor (SOR) was

defined as follows:

KOAmRNAwinter

SOR = Log, (gop2NAwinter_y (Eq.5)

MRNAgutumn
KOApNAgutumn

Where SOR denotes the seasonal KOs representation. KOApna and KOArna are

defined as in Eqs. 3&4.

As for the relative gene expression values, a KO has a higher seasonal representation

if SAF or SOR is >1 (winter associated) or < -1 (autumn associated).

167



10

15

20

CHAPTER 4

4.2.6. Proteomics

Liquid chromatography Peptides digested from 1 mm gel bands were separated using
an Eksigent Nano 2D LC plus system employing splitless nanoflow. Reverse phase
high performance liquid chromatography (RP-HPLC) and separation columns were
prepared in-house by packing a Kasil fritted capillary [360 pm outer diameter (OD),
75 um inner diameter (ID)] with a 1 cm bed of ReproSil Pur C18-AQ 3um 120A
stationary phase (Dr. Maisch GmbH) for the sample trap and desalting column. A
Kasil fritted capillary (360 um O.D., 75 pm L.D.) was packed with a 15 cm bed of the
same stationary phase as the separation column and this was connected to a PicoTip
emmiter (360 um OD x 20 pum ID, Tip 10 pm, FS360-20-10-N-20) for nano-
electrospray ionisation. For each LC run, the sample was injected for 10 minutes at
2.5 pL/min with loading buffer (2 % v/v acetonitrile and 0.1 % v/v formic acid). The
sample was separated by a linear gradient changing from 98 % solvent A (0.1 % v/v
formic acid in water) and 2 % solvent B (0.1 % v/v formic acid in acetonitrile) to

40 % A and 60 % B in 60 minutes at 0.3 pl/min.

Mass spectrometry Following LC separation, the peptides were analysed on a
Thermo-Fisher LTQ-Velos Orbitrap. MS1 data were collected over the range of 300 —
2,000 m/z in the Orbitrap at resolution 30,000. Fourier-transform mass spectrometry
(FTMS) preview scan and predictive automatic gain control (pAGC) were enabled.
The full scan FTMS target ion volume was 1x10° with a maximum fill time of 500
ms. MS2 data were collected in the LTQ-Velos with a target ion volume of 1x10* and
a maximum fill time of 100 ms. The 10 most intense peaks were selected (within a
window of 2.0 Da) for higher-energy collisional dissociation (HCD) at 15,000

resolution in the Orbitrap. Dynamic exclusion was enabled in order to exclude an
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observed precursor for 180 sec after two observations. The dynamic exclusion list size
was set at the maximum 500 and the exclusion width was set at £5 ppm based on
precursor mass. Monoisotopic precursor selection and charge state rejection were
enabled to reject precursors with z = +1 or unassigned charge state.

Protein identifications For MS analysis, Thermo .RAW files were converted to
mzXML format using MSConvert [ ProteoWizard (Kessner et al., 2008)] and searched
with X!Tandem (Craig et al., 2004) version 2011.12.01.1. Spectra were searched
against combined unique assembled contigs and reads bellonging to 150 bp from
metagenome and metatranscriptome data sets considering the two dates, common lab
protein contaminants, and decoys. Redundancy was removed from these three data
sets using BlastClust. The contaminant database was a modified version of the
common Repository of Adventitious Proteins (cCRAP, www.thegpm.org/crap) with the
Sigma Universal Standard Proteins removed and human angiotensin II and [Glu-1]
fibrinopeptide B (MS test peptides) added, for a total of 66 entries. Decoys were
generated with Mimic (www.kaell.org), which randomly shuffles peptide sequences
between tryptic residues, but also retains peptide sequence homology in decoy entries.
Search criteria used for X!Tandem included a precursor mass tolerance of 15 ppm and
a fragment mass tolerance of 15 ppm for higher-energy collisional dissociation (HCD)
spectra. Peptides were assumed to be semi-tryptic (cleavage after K or R except when
followed by P). Semi-tryptic peptides with up to 2 missed cleavages were allowed.
The search parameters included a static modification of + 57.021464 Da at C for
carbamidomethylation by iodoacetamide and a potential modifications of
+15.994915 Da at M for oxidation, -17.026549 Da at N-terminal Q for deamidation,
and -18.010565 Da at N-terminal E for loss of water from formation of pyro-Glu.

Additionally, -17.026549 Da at the N-terminal carbamidomethylated C for
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deamidation from formation of S-carbamoylmethylcysteine and N-terminal
acetylation were searched. MS/MS data were analysed using the Trans Proteomic
Pipeline (Deutsch et al., 2010) version 4.6 Rev.1. Peptide spectral matches (PSM)
generated were analysed with PeptideProphet (Keller ef al., 2002) to assign each PSM
a probability of being correct. Accurate mass binning was employed to promote PSMs
whose theoretical mass closely matched the observed mass of the precursor ion, and
to correct for any systematic mass errors. Decoys and the non-parametric model
option were used to improve PSM scoring. The PeptideProphet scores were then
analysed in iProphet (Shteynberg et al., 2011), which assigns a probability for each
unique peptide sequence, based on how often it is observed at different charge states
with different modifications and by different search engines (although here, only
X!Tandem was used), as well as whether other peptides from the same protein are
also observed. Protein identifications were inferred with PeptideProphet. The false
discovery rate for a given ProteinProphet probability was calculated using the number
of decoy protein inferences at that probability. Only proteins identified at
ProteinProphet probabilities corresponding to a false discovery rate (FDR) less than

1.0 % were further considered.

KO annotations and protein frequency The corresponding sequences for the above
selected proteins were collected in FASTA format from the non-redundant single
peptides/protein sequences database previously generated from the combined
metagenome and metatranscriptome assemblies (Section 4.2.5). The resulting proteins
sequences were then mapped to the KO library (e-value<l0”, %identity>50,
score>50) using BLAT (Kent, 2002). From the resulting list of KOs, the frequency of

each KO was defined at the protein level, using an inhouse developed Perl script.
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4.2.7. Community-wide metabolic network

reconstructions

Community-wide metabolic networks were reconstructed from the entire sample set
of KOs identified in the single and combined metagenomic/metatranscriptomic
datasets per date. The chosen approach uses a connectivity-centred view of
metabolism, in which KOs are represented by nodes connected by undirected edges.
Edges represent a common product or substrate shared by two enzymes catalysing, for
example, successive reactions, as defined in the KEGG database version 64.0. Each
KO was assigned a pair-set of substrate and product metabolites according to the
reaction catalysed by the enzyme as defined in KEGG (Greenblum et al., 2012), using
KEEG API (application programing interface). The KO to R (reaction) link

(http://rest.kegg.jp/link/Ko/reaction) was, alternatively, used to associate each

individual KO to the corresponding reaction(s) following the R to RP (reaction pair)

link (http://rest.kegg.jp/link/reaction/RP), thereby, associating individual Rs to their

corresponding main reaction pair(s). The RPAIR annotation was specifically chosen
to ignore unspecific compounds of reactions (water, energy carriers and cofactors),
thereby, only taking into account the main compounds of a reaction. In the context of
a metabolic network reconstruction of Escherichia coli, the use of KEGG RPAIR
allows recovery of 93 % of the reference pathways, thereby highlighting its usefulness
for comprehensive metabolic network reconstructions (Faust ef al., 2009). Finally,

the RP-C (compounds) link (http://rest.kegg.jp/list/RP) was used to associate

individual RP to corresponding pair(s) of compounds. Then, a search was performed
using an in-house Perl program to identify all enzyme pairs in which a product
metabolite of one enzyme is a substrate to the other. Undirected network edges were

then drawn between each identified enzyme pair, visualised and analysed using the
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Cytoscape software, employing a spring embedded layout.

4.2.8. Constraint-based modeling

In order to assess the reliability of the reconstructed metabolic network, a constraint-
based community-wide metabolic model was built taking as input all KOs included in
the global community-wide metabolic network (reconstructed from the entire sample
set of KOs identified in the combined seasons metagenomic/metatranscriptomic
datasets) as well as additional transporters which were added manually. The
constraint-based model was created using the COBRA Toolbox for MATLAB
(Becker et al., 2007). The consistency of the model, which is defined as the
proportion of metabolic reactions forming a connected metabolic core able to carry
non-zero fluxes, was tested and further refined by the addition of a minimal core set
of reaction and transporters using the FASTCORE algorithm (Vlassis et al., 2013).
FASTCORE is a generic algorithm for reconstructing context-specific metabolic
network models from global genome-wide metabolic networks. The algorithm
considers as input a core set of reactions that are known to be active in the context of
interest and it searches for a flux consistent sub-network of the global network that
contains all reactions from the core set and adds a minimal set of additional reactions

(Vlassis et al., 2013).

4.2.9. Topological network analysis

Topological features of each KO within the global community-wide metabolic

network reconstruction were computed using the Cytoscape Network-Analyzer plug-
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in (Smoot et al., 2011) by considering an undirected network. The different features
measured included network modularity (this relates the tendency of a network to be
divisible into subgraphs which are densely connected), node degree (reflects the
number of edges connected to a node), betweenness centrality (reflects the number of
shortest paths from all vertices to all others by passing through a node), neighborhood
connectivity (relates the average connectivity of all neighbors of a node) and
clustering coefficient (reflects the proportion of all existing edges between a node’s

neighbours).

4.2.10. Data treatment and statistical analyses

Data treatment and statistical analyses of metabolomic and lipidomic data Changes
in abundance of non-polar metabolites among cellular compartments and seasons
were assessed using hierarchical clustering performed in Multiple Experiment Viewer
(MeV) v4.9 on mean centered metabolite abundances using the Pearson product
moment correlation coefficient and average linkage clustering. Changes in measured
environmental parameters (air and water temperatures, pH, total suspended solid,
nitrate, ammonium and total phosphate; Table 4.1) were correlated with variations in
extracellular non-polar metabolite abundance patterns using the BIOENV statistical

procedure (Clarke & Ainsworth, 1993; Oksanen et al., 2007).
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4.3. Results and discussions

4.3.1. Comparative metabolomic and lipidomic

analyses

In order to assess compositional differences in lipid content within both temporally
resolved autumn and winter LAO-enriched microbial communities, comparative
metabolomic and lipidomic analyses of dates, which were showing significant
differences in microbial community composition and function, were carried out
(Section 2.3.2). The sampled winter LAO-enriched microbial communities were
dominated by Microthrix parvicella and autumn communities were dominated by
organisms closely related to Alkanindiges spp. and Acinetobacter spp. (Chapter 2,
Conclusion and discussions). For the two sampling dates (Section 4.2.1), triplicate
extra- and intracellular non-polar metabolites were extracted and analysed using
various GC-MS and LC-MS methods (Section 4.2.3). LC-MS was preferred to GC-
MS analysis because of its ability to provide reliable quantification of known, pre-

selected metabolites (Section 1.2.2.4).

Total ion chromatograms (TICs) obtained after GC-MS analysis, performed by the
Metabolomics group at Luxembourg Centre for Systems Biomedicine (LCSB,
Luxembourg), were deconvoluted and the generated data matrices were matched to a
dedicated in-house metabolite library using the MetaboliteDetector software (Hiller et
al., 2009), as previously described (Section 3.2.7). The variation of metabolite
profiles (Supplementary Table VII) results in a clustering of each individual fraction
considered, cellular compartments as well as of the different LAO-enriched microbial
communities (Figure 4.5, A). The differences between the metabolite profiles of

cellular compartments are mainly explained by the first principal component (PC1),

174



10

15

20

25

CHAPTER 4

while the dissimilarity between seasonal differences in the exometabolome and LAO-
enriched microbial communities is explained by the second principal component
(PC2). As previously highlighted (Section 2.3.1.2) the palmitic acid (C16:0) and oleic
acid (C18:1) were the most abundant metabolites in both intra- and extracellular
compartments in the two sampling dates. In addition, after hierarchical clustering of
the abundances of non-polar metabolites (Supplementary Table VII), a clear
difference is observed between metabolites detected in the extracellular compartment
of the two temporally resolved sampling dates (Figure 4.5, B), suggesting that
seasonal changes have a more pronounced effect on the metabolites present around
the LAO-enriched microbial communities than on the metabolic processes occurring
within the LAOs. Changes in physico-chemical factors such as air and water
temperatures, pH, total suspended solid, nitrate, ammonium and total phosphate
between the seasons (Figure 4.1, Table 4.1), were used to define the main factors
driving the observed differences. These were determined, using the BIOENV
statistical procedure (Section 4.2.3). Significant correlations emerged, despite the use
of highly complex metabolomic datasets comprised of hundreds of variables. From
the variables tested, ‘air temperature’ and ‘water temperature” (with Spearman’s rank
correlation coefficients of greater than 0.85) were the only physicochemical factors to
show consistent correlation with the non-polar metabolite abundance patterns
observed in the extracellular compartments. These results confirm the importance of

temperature on the substrates avialability for the LAO-enriched microbial community.

Additional metabolomic analyses were carried out targeting non-polar metabolites to
assess potential differences in lipid accumulation of these two seasonally resolved
LAO-enriched microbial communities. In order to select the most favourable

conditions for lipid accumulation, a comparative lipidomic analysis focused on
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triacylglycerols (TAGs) and long chain fatty acids (LCFAs) was carried out on these
winter and autumn LAO communities. LC-MS/MS analysis targeted on TAGs, was
carried out by the Proteomics group at the Institute for Systems Biology (ISB, Seattle,
USA). Among different complex lipid structures, LC-MS/MS analysis of co-extracted
intracellular non-polar metabolites resulted in the identification of different TAGs
(present in more than 0.1 % of the total ion volume, Supplementary Table VIII)
including TAGs 34:0 and TAG 66:0 in both LAO communities (Figure 4.5, C). The
presence of TAG inclusion in Microthrix parvicella has recently been hypothesised
based on a metabolic network reconstruction (Mcllroy et al., 2013). Only a small
amount of TAGs were detected within the extracellular compartment
(Supplementary Table VIII). These results may be explained by a higher dilution
rate of complex lipid structures within the extracellular compartment, compared to the
accumulation of such metabolites within the microbial biomass. Further selection of
TAGs, solely identified in the intracellular compartments, resulted in the detection of
dominant TAGs from TAG 44:0 to TAG 54:5 (Figure 4.5, C). A clear difference in
TAG composition between autumn and winter LAO communities is observed. The
TAG distribution in autumn seems to contain proportionally shorter and fully
saturated LCFAs (i.e. TAGs 44:0, 48:0 and 46:0) while, in winter, samples of the

LCFAs appear to be longer and unsaturated (i.e. TAGs 52:2, 54:3 and 54:4).
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Figure 4.5 Metabolomic and lipidomic analysis of non-polar metabolite fractions
extracted from the studied autumn (orange) and winter (light-blue) microbial
communities. (A) Scatter plot of the two first principal components obtained using
principal component analysis (PCA) of the normalised non-polar metabolites data
derived from the extra- (EX) and intracellular (IN) compartments respectively. (B)
Hierarchical clustering of the normalised metabolomics data derived from the extra-
(EX) and intracellular (IN) compartment using the Pearson product moment
correlation coefficient. (C) Bar chart of triacylglycerol (TAG) abundances from the
LAO biomass. (D,E) Bar charts of long-chain fatty acids (LCFA) derived from the
intracellular (D) and extracellular (E) compartments, respectively. LCFAs with less
than 1 % of the total LCFA concentration are omitted. The lipid number c:d reflects
the number of carbon atoms (c) and number of double bonds (d) in the three esterified

fatty acid chains (C) or in single LCFA chains (D,E).
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GC-MS/MS analysis targeting LCFAs was carried out by the Analytical Chemistry
platform at the Centre de Recherche Public Gabriel Lippmann (CRP-GL,
Luxembourg). The absolute quantification of non-polar LCFAs by GC-MS/MS
analysis of both temporally resolved LAO communities, (Supplementary Table IX)
confirmed the presence of distinct LCFAs, mainly dominated by LCFAs from C16 to
C18 (Figure 4.5, D&E), within similar proportions between the intra- and
extracellular compartments compared to the measurement previously obtained
(Section 2.3.1.2). These results strongly suggest that extracellular LCFAs present in
the wastewater are taken up directly by LAOs without conversion. The differences in
LCFA lengths and numbers of saturations reveal that saturated palmitic acid (C16:0)
and stearic acid (C18:0) are the most abundant within the winter LAO community
sample, while unsaturated oleic acid (C18:1) and linoleic acid (C18:2) are prevalent in
the autumn LAO community. The correspondance between TAGs and LCFAs
structures confirms the potential of LAOs to synthesis TAGs using LCFAs and help
to differentiate natural occurring TAGs from other lipid body structures present in the
cell membrane, for instance. However, single-cell analytical approaches are required

to conclusively demonstrate this.

4.3.2. Global and season-specific community-wide

metabolic networks

Global and season-specific community-wide metabolic networks were obtained after
assembly and annotation of orthologous genes (KO) of a pooling of combined and
single season metagenomic and metatranscriptomic datasets (Section 4.2.5). The

global community-wide metabolic network comprises 2,104 KOs (nodes) from a total
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of 7,270 annotated KOs in the obtained dataset (Supplementary Table X) interacting
with 62,903 redundant metabolites (edges, Figure 4.6, A). The global community-
wide metabolic network includes 2,834 unique reactions. The selection of KOs
considered was relatively low, but this is due to the low proportion of KOs
representing genes coding proteins able to catalyse metabolic reactions, as defined in
the KEGG database. In particular, the total metabolic pathways map accounts for
14.31 % of the KOs available in KEGG. The other KOs are related to reactions of
transport, signaling, regulation or secretion. The position of particular KOs, involved
in the tricarboxylic acid cycle and synthesis of amino acids, as highlighted on the
global community-wide metabolic network demonstrates that the metabolic
reconstruction preserves the relative position of individual pathways with respect to
each other, expect for some genes which have a more off-centre position, due to their

connectivity to other pathways (Figure 4.6, B).
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Figure 4.6 Global community-wide metabolic network reconstruction. (A) Network
constructed from homologous gene information. Nodes (2,104) represent KEGG
orthologous genes (KOs) and edges (62,903) connect KOs that are linked by an
intermediate metabolite. (B) Highlights of the presence and the position of particular

KOs involved in the tricarboxylic acid cycle (TCA) and synthesis of amino acids.
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In order to assess the reliability of the community-wide metabolic network
reconstruction, a constraint-based model reconstruction analysis (COBRA) was
performed, considering as input all KOs contained in the previously designed network
(Section 4.2.8). The addition of 126 transport reactions from ABC transporters
identified in the metagenomic gene set led to an overall consistency of 53.69 % with
56.07 % of the core set reactions present within the reconstructed community-wide

metabolic network (Table 4.3).

Table 4.3 Constraint-based metabolic network data after model reconstruction using

the COBRA toolbox and carrying out model refinement using FASTCORE.

COBRA FASTCORE

Model model

Core set of reactions 1,589 2,045

Total reactions 2,834 2,834
Additional reactions 0 657
Additional transporters 126 35

Total reactions considered in the model 1,715 2,737

Fraction of core reactions (%) 56.07 72.16
Consistency (%) 53 100

To further test and refine the consistency reached by the constraint-based modelling
of all KOs involved within the previously design community-wide metabolic network,
the FASTCORE algorithm (Vlassis et al., 2013) was used (Section 4.2.8). This
resulted in the addition of 36 transport reactions, as well as 657 metabolic reactions to

reach an overall core reaction rate of 72.16 % (Table 4.3). By comparison, the global
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reconstruction of human metabolism Reconl (Duarte et al., 2007) and recently
published Recon2 (Thiele et al., 2013) reached a core set of reaction of 65.98 % and
78.41 %, respectively. It is noteworthy, that both reconstructions required extensive
manual curation and the automated community-wide reconstructions used in this

work, therefore, compares very favourably with these.

Interestingly, the pathways with lower level of consistency in the original network are
associated with the biodegradation of variable xenobiotic compounds such as
polycyclic aromatic hydrocarbons (PAH), benzene derivates, toluene, steroid,
naphthalene, styrene and dichlorodiphenyltrichloroethane (DDT; Supplementary
Table XI). The introduction of xenobiotic compounds into the environment is,
largely, due to industrial activity, such as the use of fossil fuels, solvents, surfactants,
pesticides, and pharmaceuticals. Xenobiotic compounds are toxic for many organisms
in the ecosystem, poorly biodegradable and persist in the environment for extended
periods of time (Field et al., 2000). The majority of xenobiotic compounds is slowly
or not fully degraded through biological wastewater treatment (Majewsky et al.,
2010). The absence of the majority of the reactions involved in the biodegradation of
xenobiotic compounds from the obtained genomic and transcriptomic data highlights
the deficiency of microbial communities in this WWTP (or at least the enriched LAO
communities) to degrade these compounds, or the absence of certain pollutants in the
studied wastewater streams. Alternatively, the microbial communities may use other
genes which have not yet been characterised and, thus, are not yet represented in

KEGG.

The autumn and winter community-wide metabolic networks derived using both the

metagenomic and metatranscriptomic data (Supplementary Table XII) show similar
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structures and share 1,592 common KOs (i.e. 82.9 and 94.5 % of the total annotated
KOs in autumn and winter respectively, Figure 4.7). However, the autumn metabolic
network harbours a larger fraction of known genes, comprising 236 additional KOs

(nodes), compared to the winter reconstructed metabolic network.

o 00

Figure 4.7 Season-specific community-level metabolic networks. Nodes represent
orthologous enzyme coding genes (KOs) and edges connect KOs that share common
metabolites. The size of nodes are proportional to the log, of the number of KO genes
number (n). (A) Autumn reconstructed metabolic network comprising 1,920 nodes
and 54,430 edges. (B) Winter reconstructed metabolic network comprising 1,684
nodes and 43,591 edges.

The comparative analysis of the two metagenomic/metatranscriptomic datasets
(Supplementary Table XII) contained within individual community-wide metabolic
networks highlights 328 and 92 unique KOs in autumn and winter LAO communities,
respectively. This analysis suggests limited difference in terms of genetic potential
and gene expression between the two seasonally resolved LAO communities despite

stark differences in community composition (Section 2.3.2.1).
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Figure 4.8 Global community-wide metabolic networks at different omic levels. Sizes
of nodes are proportional to (A) log, of normalised gene copy numbers (Eq. 1,
KOApNa; blue nodes), (B) log, of corresponding normalised transcript levels (Eq. 1,
KOArna; Ted nodes) and (C) logy of corresponding normalised protein frequency

(green nodes), within the autumn LAO community metabolic network reconstruction.

The nodes within the global community-wide metabolic network were weighted by
the log, of normalised abundances derived from gene copy numbers, corresponding
transcript levels (Supplementary Table X) and protein frequency (Supplementary
Table XIII), respectively (Figure 4.8). The mapping of these values onto the
represented nodes highlights specific pathways with variable KO abundances within
each individual season and each biomolecular level (Figure 4.9). The congruency

between the metagenomic and metatranscriptomic data is high, at 93.53 % and
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93.06 % within the respective autumn and winter community-wide metabolic
networks. However, the coverage of nodes from the proteomic data is lower, as 619
(28.83 %) and 589 (27.43 %) nodes within the community-wide metabolic network
are covered in autumn and winter LAO community metabolic network
reconstructions, respectively. The rather limited congruency reached using the
proteomic data is due to current limitations in proteomic technologies which result in

only abundant proteins being typically well detectable.

Figure 4.9 Global community-level metabolic networks with integrated multi-omic
measurments of the (A) autumn LAO community and (B) winter LAO community,
respectively. Sizes of nodes are proportional to the log, of normalised KO gene copy
numbers (KOApna) in blue, logy of corresponding normalised transcript levels
(KOAmrNa) in red nodes and log, of corresponding normalised protein frequency in

green.

4.3.3. Network-wide KO gene number analysis

In order to detect dominant metabolic pathways present within the global community-

wide metabolic network reconstruction, the top one hundred most abundant functional
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genes included in the global community-wide metabolic network (Figure 4.10) were
considered. They all fall into five metabolic categories, according to their KEGG
annotation. Carbohydrate metabolism (27.40 %) dominates the LAO-enriched
microbial community-wide metabolic transformations (Figure 4.10). The amino acid
(18.24 %), nucleotide (16.84 %), energy (14.40 %) and lipid (12.71 %) metabolic
pathways exhibit similar proportions. However, the energy and lipid metabolic
reaction categories are highly dominated by nitrogen (75.62 %) and fatty acid-
glycerolipid (75.84 %) metabolic transformations, respectively (Figure 4.10,

Supplementary Table X).

B Fatty acid/
Glycerolipid
metabolism
Fatty acid
biosynthesis
W Lipid
& Amino Acid
Energy
i Carbohydrate
& Nucleotide
Other
Unknow .
® Nitrogen
Oxidative
phosphorylation

Figure 4.10 Pie chart of the dominant metabolic pathways derived from the gene
annotations of the combined sequence assembly for both sampling dates, considering
the top one hundred most abundant functional KO gene numbers (n) within the global

community-wide metabolic network reconstruction.
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The dominance of lipid-associated pathways reinforces the specialisation of the
investigated microbial community in lipid metabolism. Nitrogen metabolism accounts
for 6.04 % of the total number of genes considered. These results emphasise the

importance of specialised bacteria involved in the nitrogen removal in WWTPs.

4.3.4. Identification of overexpressed genes within

each season

Relative gene expression (RGE) was determined for each individual KO included in
the global community-wide metabolic network, by the determination of the log, ratio
of the relative abundance of the KOs at the metatranscritptomic (KOAyrna) and at the
metagenomic level (KOApna; Section 4.2.5, Eq.2; Supplementary Table X).
Relative gene expression was assessed by comparing gene copy numbers to

corresponding transcript levels (Section 4.2.5).

It was found that a very small proportion of KOs were overexpressed, 1.64 and
1.92 % in autumn and winter, compared to a vast majority of KOs underexpressed,
92.30 and 92.69 %, respectively. Importantly, around 40 % of the overexpressed KOs
are common between the two seasons. Among them, we found that KOs involved in
nitrification (K10944/45/46, Table 4.4), especially the subunits of the ammonia
monooxygenase enzyme (Amo), had a strong relative expression, as previously
described by Yu and colleague in activated sludge (Yu & Zhang, 2012). These
particular genes are known to play a key role in the first step of nitrification carried
out by aerobic ammonia-oxidising bacteria (AOB), mainly belonging to Nitrosomonas
and Nitrosospira species (Yu & Zhang, 2012). Additionally, within the glycerolipid

metabolism, K01046 (Table 4.4) which codes for the triacylglycerol lipase enzyme
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shows a particularly high overexpression. Furthermore, from the 6,231 genes
belonging to this KO, two genes have been successfully matched to the draft genome
sequence of Microthrix parvicella (strain BIO17-1, Muller et al., 2012). The presence
of such enzymes within LAO-enriched microbial communities has recently been
5 found essential for lipid accumulation in a metabolic model reconstruction of
Microthrix parvicella (Mcllroy et al., 2013), but never identified and measured as
overexpressed at the community level before. The constant overexpression of the
previously mentioned KOs involved within the oxidation of ammonium and
hydrolysis of TAGs, nicely emphasises the specificity of the WWTP biomass to
10 degrade mainly inorganic and organic compounds present in wastewater, i.e.

ammonia and lipids.

Table 4.4 Overexpressed genes in the autumn and winter LAO-enriched microbial

communities.
KO (K 0AmRNA) (K 0AmRNA> Metabolic reaction
Lo _— Lo —_—
92 KOADNA autumn 92 KOADNA winter
K10944/45/46 2.10 2.14 Ammonia + Oxygen + Ubiquinol <=>
Hydroxylamine + H,O + Ubiquinone
K01046 4.90 5.68 Triacylglycerol + H,O <=> Fatty acid
+ 1,2 diacyl-glycerol
4.3.5. Identification of genes associated with specific
S€asons

To identify particular KOs associated with a given season (SAF), the log, ratio of the

KO abundances at the genomic (SAFpna) and transcriptomic levels (SAFyrna) Were
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calculated (Section 4.2.5, Eq. 3&4; Supplementary Table X), as well as KO
overrepresentation levels (SOR) between both seasons (Section 4.2.5, Eq. 5;

Supplementary Table X).

Since the richness of distinct KOs is higher in autumn LAO communities, the
comparative analysis of KO abundance at the genome and transcriptome level reveals
extensive number of winter-associated KOs. At the genome and transcriptome levels,
62.75 and 64.94 % of the KOs are found to be winter-associated, respectively. At the
genome level, these results might be explained by the superior species richness in
winter LAO communities (Section 2.3.2.1), as overall gene abundance is higher in

winter.

The comparative analysis of KO gene representation levels shows that a comparable
proportion of KOs are associated with autumn (25.08 %) or winter (17.04 %) LAO
communities. Although a large number of pathways appear to contain seasonally
associated KOs, their position within the global community-wide metabolic network
is not homogenously distributed and some metabolic pathways show variable seasonal
association. For example, it was observed that the phosphotransferase system (PTS) is
highly represented among the autumn-associated KOs (Figure 4.11, A&B). This
system is, among other function, responsible for the transport of glucose from the
extracellular compartment into the cell with the addition of a phosphate group to

produce glucose-6-phosphate (Figure 4.12, A; Gotz & Goebel, 2010).
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® Nitrogen metabolism

® \Winter associated

® PTS metabolism Autumn associated

Fatty acid metabolism

Figure 4.11 Overrepresentation of genes in the global community-wide metabolic
network mapped with (A) metabolic pathways of interest, (B) the seasonally
associated genes (Eq.5).

Interestingly, within the PTS complex, particular maltose and glucose transporters
KOs (K02790/91) are overrepresented in the autumn LAO community. Furthermore,
other autumn associated glucose-specific transport KOs (K02777/78/79, Figure 4.12,
A), involved in the transport of glucose from the extracellular compartment to the
intracellular compartment and subsequent synthesis of glucose-6-phosphate is
corroborated by the polar metabolomics dataset analysed by GC-MS (Section 4.2.3;
Supplementary Table XIV). Indeed, 10 times more putative glucose-6-phosphate
was measured within the sampled autumn LAO community, compared to winter LAO
community (Figure 4.12, B). These results might suggest a preference of
carbohydrates including glucose and maltose as carbon source of the autumn LAO
community. Thus, the autumn LAO community is considered to be less dependent on

lipids than the winter LAO community and may be enriched in glycogen
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accumulating organisms which are known to also be enriched in activated sludge

plants with alternating anaerobic/aerobic tanks (Kong ef al., 2006).
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Figure 4.12 Enrichment of glucose-specific phosphatransferase enzyme IIA in the
autumn LAO community and corresponding intracellular levels of putative glucose-6-
phosphate. (A) KOs coding for the glucose-specific IIA component protein which are
highly represented in autumn. (B) Bar chart of the abundance of putative glucose-6-
phosphate in the intracellular compartment of the autumn and winter LAO

communities, respectively.

Interestingly, an important variation in the seasonally associated KOs is apparent
within the nitrogen and fatty-acid/glycerolipid metabolic networks. Within these two
pathways, various KOs are associated with different seasons. More specifically,
certain KOs catalysing the same reaction are differentially associated with the two
seasons (Figure 4.13). In the nitrification reactions of the nitrogen metabolism, KOs
constituting the nitrate reductase are, particularly, overrepresented in winter LAO
communities. However, a nitrite reductase gene (K00363) is highly represented in
autumn LAO community while in winter a ferredoxin-nitrite reductase (K00366) is
more prominent. This difference suggests that winter LAO communities have a

requirement for reduced ferredoxin as a co-factor to metabolise ammonia. Within the
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nitrogen metabolism the nitrification pathway seems more represented in the winter
LAO community compared to autumn LAOs (Figure 4.13, A). Interestingly,
particular ammonium transporters (K03320), as well as nitrogen regulatory proteins
(K04751/52), have been detected to be especially overrepresented in autumn LAO
communities. These two KOs, recognised for their pivotal role in control of
prokaryotic nitrogen metabolism (Arcondéguy et al., 2001), have in particular, been
found to be co-expressed under nitrogen limiting conditions (Blauwkamp & Ninfa,
2003). Interestingly, specific archaeal KOs coding for nitrate/nitrite transporters
(K15576/77/78/79) have been found to be highly represented in the autumn LAO
community. These results suggest that archaea are more involved in the nitrogen

metabolism in autumn compared to winter.

Regarding the combined fatty acid and glycerolipid metabolism, we were able to
identify, at the gene level, nearly all reactions involving the catabolism of
triacylglycerol into fatty acids, p-oxidation of LCFAs and triacylglycerol synthesis

from glycerol and fatty acyl-CoA via the Kennedy pathway (Figure 4.13, B).
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Figure 4.1 Abundance and representation of orthologous genes in metabolic
pathways according of the two seasons. (A) Nitrogen metabolism and (B) lipid
metabolic pathways including KO gene numbers with the associated enzymatic
reactions. The KO gene numbers are proportional to the front size of the respective
KO numbers (Supplementary Table X). The asterisk highlights particular
overexpression of the corresponding KO. The color-coding corresponds to the
seasonal representation of KOs, in light-blue KOs overrepresentated in winter and in
orange KOs overrepresentated in autumn. The green border, in pane B, highlights
particular KOs for which genes have been detected in the Microthrix parvicella

BIO17-1 draft genome (Muller et al., 2012).

Remarkably, the majority of the KOs involved in lipid metabolism include genes
found to be present within the draft genome sequence of Microthrix parvicella (strain
BIO17-1, Muller et al., 2012), which confirms its pronounced ability for lipid
metabolism and pivotal role within LAO-enriched microbial communities.
Furthermore, the biosynthesis of triacylglycerol and f-oxidation appears more highly
represented in the winter LAO community, which corroborates the dominance of this
particular organism in winter. Interestingly, within the -oxidation module of the fatty
acid metabolism, a particular long-chain-acyl-CoA dehydrogenase (K00255), encoded
by the Microthrix parvicella genome seems to predominate in the winter LAO
community among other acyl-CoA dehydrogenases (K06445), absent from Microthrix
parvicella genome and more highly represented in the autumn LAO community. This
long chain acyl-CoA dehydrogenase may confer a competitive advantage to

Microthrix  parvicella for LCFA catabolism during the winter month.
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4.3.6. TAG metabolism

Triacylglycerol lipase genes are among the most abundant KOs within the LAO-
enriched microbial communities and, among them, two genes which are encoded by
the Microthrix parvicella BIO-17.1 genome. Additionally, these genes exhibit a
relatively high expression, when compared to gene copy numbers within both autumn
and winter LAO communities and are also highly abundant at the protein level. As
highlighted previously (Section 1.1.1.2), such lipases are interesting from a
biotechnological point of view for the conversion of various lipid-rich feedstocks into
biodiesel. Since LAOs have evolved to preferentially use lipids as substractes, their
lipases must be highly efficient enzymes possibly with broad substrate specificity.
The presence of such enzymes in Microthrix parvicella were first demonstrated in situ
as surface associated extracellular lipases (Nielsen et al., 2002) and they have also

been identified in the Microthrix parvicella RN1 genome (Mcllroy et al., 2013).

Given the recent metabolic model reconstruction of Microthrix parvicella based on
genomic and metagenomic data (Mcllroy et al.,, 2013) as well as the multi-omic
datasets generated as part of this project, a refinement of possible TAG metabolism in
Microthrix parvicella is proposed (Figure 4.14). In the revised model, TAGs present
in wastewater or associated to cell surfaces are hydrolysed into LCFAs and glycerol
by triacylglycerol lipase, which supports the low abundance of TAG and high
abundance of LCFA detected in the extracellular compartments. Recently, it has been
demonstrated in EBPR systems, that Microthrix parvicella is able to utilise glycerol
only when oleic acid is present as a co-substrate (Kindaichi et al., 2013). The

identification of glycerol kinase and glycerol 3-phosphate transport system genes
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demonstrate that resulting glycerol, in the presence of LCFAs such as oleic acid, may
be converted into glycerol-3-phosphate and then transported into the cell. The
apparent hydrophobic nature of the LAO cell surface is then supposed to play a role
within the attachment of resulting LCFAs (Nielsen et al., 2002). The similarity of
LCFA composition between the extra- and intracellular compartments suggests that
LCFAs are transported and activated using long chain fatty acyl-CoA ligase (Sections
2.3.1.2 & 2.3.2.2). The identification of unique long-chain fatty acid transport within
the genomic and proteomic dataset seems to confirm LCFA uptake (Table 4.5).
However, long chain fatty acid transport gene have not be found within Microthrix
parvicella draft genome and, given the high uptake and storage rate recorded for the
LCFAs, more predominant active transport mechanisms are probably involved
(Mcllroy et al., 2013). However, LCFA uptake mechanisms in Gram-positive bacteria
are still unclear (Mcllroy et al., 2013). In some gram-positive bacteria, fatty acids do
not require FadL to enter the cell and may traverse the outer membrane by passive
diffusion (Vance & Vance, 2012). The pronounced abundance of fatty acid-CoA
ligase genes within all omic datasets as well as the Microthrix parvicella draft
genome suggests that the Microthrix population uses specialised enzymes to activate
different LCFAs (Section 2.3.2.2). The Microthrix parvicella BIO17-1 genome alone
encodes 28 homologs of long chain fatty acid CoA ligases (Muller ef al., 2012) of
which 10 non-redundant copies were detected in our integrated omic analyses, which
in turn suggests that it uses specialised enzymes for the different LCFAs it
accumulates. The abundance of these enzymes demonstrates than LCFAs efficiently
pass the cell membrane since transport and activation of exogenous LCFAs have been
demonstrate to be coupled in E.coli (Fujita et al., 2007). The presence of glycerol-3-

phosphate  acyltransferase, acyl-sn-glycerol-3-phosphate  acyltransferase and
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diacylglycerol O-acyltransferase genes (p/sB, plsC and atf) and associated proteins
involved within the de novo synthesis of diacylglycerol-3-phosphate by the sequential
acylation of glycerol-3-phosphate (G3P) confirms that the generated fatty acyl-CoAs
might be sequentially attached to a glycerol-3-phosphate backbone to result in TAGs
synthesis intracellularly with Microthrix parvicella (Figure 4.14, Table 4.5,
Supplementary Table X, XIII & XYV). Interestingly, the third acylation step
catalyzed by the atf gene (N°9, Table 4.5), is a unique enzymatic reaction of TAG
biosynthesis as the two first acylation steps, coded by plsB and plsC, are also used for
the synthesis of membrane phospholipids (Section 1.1.4.2). Thus, diacylglycerol O-
acyltransferase (K00635) is considered to be the key gene in TAG biosynthesis
(Alvarez et al., 2013; Wiltermann et al., 2007) and Microthrix parvicella encodes

several homologs (Table 4.5).

Fatty acyl-CoA
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Figure 4.14 Proposed metabolic model for TAG accumulation in Microthrix
parvicella under anaerobic conditions. Number corresponds to KOs assignment in

Table 4.2. TAG: triacylglycerol, 3P: 3-phosphate.
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Table 4.5 Summary of detected genes and corresponding protein frequencies related to TAG metabolism in the studied LAO communitiy and
homologous genes identified in Microthrix parvicella. KO gene numbers are deducted from combined metagenomic and metatranscriptomic

datasets, protein frequency from protein dataset and gene encoded by Microthrix parvicella strain BIO17-1 genome (Muller et al., 2012).

Ne KOs Description (associated gene name) KO gene number  Protein frequency’ Gene encoded by Microthix
parvicelld’
1 K01046 Triacylglycerol lipase 6,231 70 v
2 K06076 Long-chain fatty acid transport protein (fadL) 249 1 X
3 KO01897 Long-chain acyl-CoA synthetase (fadD) 2,178 18 v
4 K00864 Glycerol kinase (g/pK) 904 9 v
5 K05813 Glycerol 3-phosphate transport system 230 14 v
6 K00631 Glycerol-3-phosphate O-acyltransferase (plsB) 225 2 X
7 K00655  1-acyl-sn-glycerol-3-phosphate acyltransferase (plsC) 225 0 v
8 K01080 Phosphatidate phosphatase (pap) 0 0 x
9  K00635 Diacylglycerol O-acyltransferase (atf) 549 25 v

! Protein frequencies were deduced from KO frequency as described (Section 4.2.6, Supplementary Table XIII).

2 v:denote the nresence of the KO and X: denote the ahsence of the KO (Sunnlementarv Tahle XV).
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However, as recently suggested (Mcllroy et al., 2013) a gene coding for a putative
phosphatidate phosphatase (PAP) is absent from our data and has not been identified
within the Microthrix parvicella BIO17-1 draft genome (Figure 4.14, Table 4.5).
This may due to the low representation of prokaryote PAP genes, compared to
eukaryote PAP genes described in literature and databases. Indeed, eukaryote PAP
genes do not possess homologs in bacterial genomes (Kalscheuer, 2010) and despite
the functional relevance of this protein in lipid metabolism of oleaginous bacteria,
most studies to establish its role have been so far restrict only to eukaryotes (Comba

etal.,2013).

Additionally, none of the glycerol-3-phosphate O-acyltransferase genes (p/sB)
annotated in metagenomic/metatranscriptomic combined database and proteomic
dataset are found within the Microthrix parvicella BIO17-1 genome (Figure 4.14,
Table 4.5). However, a phospholipid/glycerol acyl-transferase has been identified in
the Microthrix parvicella BIO17-1 genome (Muller ef al., 2012), suggesting that this
enzyme is present in Microthrix parvicella but none of the plsB identified in the
metagenomic/metatranscriptomic combined database have been identified back to
Microthrix parvicella BIO17-1. Moreover, the above-mentioned protein present a
high similarity [Score: 386, e-value: le-134, Identity (%): 100] with putative
acyltransferase identified in Microthrix parvicella RN1 (accession number:

WP _012224404; Mcllroy et al., 2013).

The presence of other community member genes and proteins involved in the p-
oxidation pathway also indicate that the LAO-enriched microbial community is able
to degrade/assimilated LCFAs. Living at the air-water interface LAO-enriched

microbial communities experience aerobic conditions, thus promoting the p-oxidation
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pathway to the detriment of Kennedy pathway. These two pathways are known to
operate simultaneously, particularly in y-Proteobacteria (Rottig & Steinbiichel, 2013).
To weight the predominance of (3-oxidation versus the Kennedy pathway, the relative
gene expression level of each individual KOs involved in these two pathways in each
sampling date was measured. The genes involved in the Kennedy pathway are 13.6
(st.dev +/- 0.15) times more expressed than the genes for 3-oxidation, suggesting that
LAO-enriched microbial community members may continually accumulate lipids

even under the aerobic conditions experienced at the air-water interface.

4.3.7. Linking gene expression and seasonal

representation to metabolic network topology

In order to improve understanding of the interactions of previously highlighted KOs
within the context of the whole detected set of genes, a detailed network analyses was
carried out. Different topological features, such as network modularity, node degree,
betweeness centrality and clustering coefficient were determined in the reconstructed
global community-wide metabolic network (Section 4.2.9). The measure of the
network modularity, based on splitting the metabolic network into densely connected
subgraphs, reveals the identity of KOs and associated metabolites connecting
representative metabolic pathways. Metabolites allowing the synthesis of amino acids
and nucleotides from precursors, specifically carbohydrates, are highlighted using this
measure. The measure of node degree emphasises numerous highly connected KOs
(“hubs”) comprised within the pyruvate metabolism. In particular, the position of
pyruvate kinase-related genes at the intersection of key pathways of energy

metabolism is well confirmed by the high node degree (305, average network-wide
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node degree 59.8) of these genes in the community-wide metabolic network.
Betweenness centrality reflects that any nodes can be reached via a small number of
reactions, demonstrating the “small world” priority is represented in the community-
wide microbial metabolic network. Thus, most nodes are not neighbours of one

another, but most nodes can be reached by a small number of pathways (edges).
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Figure 4.15 Topological analysis of the global community-wide metabolic network
with regards to gene expression and seasonal representation. (A,B) Global
community-wide metabolic network with highlighted area corresponding to plsB,
plsC and atf genes (top panel) and amoA, amoB and amoC genes (lower panel). (A)
Corresponding clustering coefficients of the individual nodes highlighted. (B)
Specific KOs belonging the glycerolipid (blue nodes) and nitrogen (black nodes)
metabolic pathways. Highlighted are ammonia monooxygenase (purple nodes) and
TAG biosynthesis genes (pink nodes). (C,D) Dot plots of KOs exhibiting highest
clustering coefficients based on (C) their gene expression values (dark green,
overexpressed) in the winter LAO community and (D) seasonal gene representation
(blue, winter overrepresented; orange, autumn overrepresented). Annotation; Amo:

ammonia monooxygenase (amo), Atf: diacylglycerol O-acyltransferase (atf).

The clustering coefficient measures the proportion of existing edges between a node’s
neighbours. Interestingly, high clustering coefficients (between 0.85 and 1) are

associated with some of the overexpressed and season-associated KOs highlighted
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previously. Regarding nitrogen metabolism, the majority of the KOs involves within
the denitrification and nitrification pathways (Figure 4.15, A&B), including the
overexpressed KOs coding for the ammonia monooxygenase enzyme (Figure 4.15,
A,B&C) as well as other seasonal-associated genes KOs, have a clustering coefficient
greater than 0.95. Remarkably, the gene coding for the diacylglycerol O-
acyltransferase enzyme, known to be a key gene in TAG synthesis (Section 1.1.4.1),

has a clustering coefficient of 0.87 (Figure 4.15, C&D).

Given the aforementioned patterns of highly clustered genes exhibiting marked
differences in relative gene expression, it is proposed to introduce the concept of
“keystone genes”, in analogy to the keystone species identifiable through pairwise
associations in inferred species interaction networks (Faust & Raes, 2012).
Reconstructed networks (see Figure 4.16, A for an example) allow the highlighting of
hubs which correspond to species which are associated with many others. The
removal of such species would have a large impact on the community structure (Faust
& Raes, 2012). Consequently, a keystone species is a species that has a
disproportionately large effect on its environment, relative to its abundance (Paine,
1995). In gut microbiota, for instance, specialist primary degraders such as
Ruminococcus bromii are considered as a keystone species because of their ability to
initiate the degradation of particulate substrates, such as dietary fiber and resistant
starch allowing release of energy from recalcitrant substrates (Ze et al., 2012).
Furthermore, keystone species typically exhibit high levels of activity compared to
other community members despite their comparatively low numbers (de Visser et al.,
2013). Similarly, the removal of a “keystone gene” from a community-wide metabolic
would have a high impact on the overall community function and structure. In

analogy to the keystone species concept, a keystone gene is here defined as a gene
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which has an overall high effect on eco-system function, by exhibiting a relatively
high gene expression and clustering coefficient. The hypothetical metabolic network
(Figure 4.16, B) highlights genes having a particular high clustering coefficient
compared to other nodes within the metabolic network. The removal of such nodes
would result in loss of linkage within a metabolic network and this would greatly

impact the overall structure of the community-wide metabolic network.

A Keystonespecies | B

| e

low high low high
. 1

High betweenness centrality High clustering coefficient
High degree

Figure 4.16 Concept of keystone nodes in microbial community-wide networks. (A)
Keystone species within a network inference where nodes represent taxa and edges
represent relationships between them. (B) Keystone genes within a community-wide
metabolic network. In this network, nodes represent enzyme-coding genes and edges

correspond to metabolites.
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4.4. Conclusion and perspectives

4.4.1. The fate of fats in LAO communities

The excessive abundance and overexpression of genes related to triacylglycerol lipase
confirms the importance of LAOs to export such lipases to degrade TAGs, potentially
bound to the cell surface. The lack of a predominant active transport gene or proteins
involved in the transport of resulting LCFAs encoded by the Microthrix parvicella
genome suggests the possible existence of unknown transport protein involved in
LCFAs uptake (Hajri & Abumrad, 2002). The prevalence of the activity of long-chain
acyl-CoA synthetase genes as well as the similarity of structure between LCFAs
found in extra- and intracellular compartments supports the idea that LCFAs are taken
up and catabolysed by LAOs. Prominent TAG biosynthesis by LAO-enriched
communities (even under the aerobic conditions experienced at the surface of the
anoxic treatment tanks) is supported by the presence of the main genes, transcripts
and proteins involved in the Kennedy pathway as well as their higher abundance in

terms of expression compared to 3-oxidation genes.

4.4.2. Keystone genes within community-wide

metabolic networks

The identification of potential “keystone genes” in microbial communities was
possible through detailed analysis of topological features and relative gene expression
differences exhibited by enzyme coding genes within the reconstructed community-

wide metabolic networks. This analysis highlighted, primarily, genes involved in
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nitrogen and glycerolipid metabolism as occupying such keystone functions in LAO-

enriched microbial communities.
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Biological wastewater treatment employing the activated sludge process arguably
represents the most widely used biotechnological process in the world (Seviour,
2010). As demonstrated previously (Raunkjer et al., 1994), the lipid fraction present
in domestic wastewater is comprised, primarily, of TAGs which, themselves, are
composed of LCFAs, particularly stearic, oleic, linoleic and palmitic acids. Overall,
lipids can represent up to 31 % of the total biodegradable organic fraction (Raunkjer
et al.,, 1994); thereby, representing a potentially important resource, even more so,
because these lipids may be rather easily converted into biofuel. Consequently, lipids
in wastewater represent an interesting feedstock for bioenergy production, especially,
as they would not encumber the same problems associated with other feedstocks, such
as those which compete with food crops and land available to agriculture (Mondala et
al., 2009). However, in order for the chemical energy with the lipid fraction of
wastewater to be exploitable, a detailed understanding of lipid transformations,
especially within lipid accumulating organisms (LAOs), which naturally occur within
activated sludge biomass, is necessary. Obtaining unprecedent insights into LAO-
enriched microbial communities was the primary objective of the present doctoral

research project.

Within anaerobic/aerobic sludge cycling, specialised filamentous LAOs, e.g.
Microthrix parvicella, are hypothesised to export highly efficient extracellular lipases
for TAG hydrolysis, take up resulting LCFAs and store them as neutral lipids
primarily during anaerobic treatment phases (Section 1.1.3). Particularly, the uptake
and storage capacity of oleic acid by Microthrix parvicella under anoxic conditions
has previously been shown to be high, relatively stable and more pronounced when
compared to other floc-forming microorganisms (Kindaichi et al, 2013;

Noutsopoulos et al., 2012). Additionally, while accumulation of TAGs in intracellular
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lipid-bodies is a property of only a few prokaryotes (Wiltermann & Steinbiichel,
2005), Microthrix parvicella appear to have the capacity to store TAGs (Rossetti et
al., 2005), as well as LAO communities enriched in this species (Chapter 4). These
findings are backed up by genome sequences of isolate Microthrix parvicella strains
(Mcllroy et al., 2013; Muller et al., 2012) which were found to carry all the genes
necessary for TAG lipid storage. Although the isolated genomes, as well information
from metagenomics (Mcllroy et al., 2013), have provided ample evidence for a
pronounced capacity of Microthrix parvicella to accumulate lipids, the exact pathways
involved in lipid uptake and storage within LAO communities in sifu (which is
relevant for devising biological lipid-reclamation strategies from wastewater) can
only be fully elucidated using integration of different analytical techniques, as carried

out in the present work (Chapter 4).

The application of microscopic and molecular analytical tools to the study of LAO-
enriched communities from the biological WWTP located at Schifflange
(Luxembourg), resulted in preliminary physiological and phylogenetic insights into
the studied communities (Chapter 2). These initial insights resulted in the selection of
LAO-enriched communities found at the air-water interface of the anoxic treatment
tank of this WWTP to carry out the following methodological developments (Chapter
3) and analyses of the present study. Following biomolecular isolation and high-
throughput analyses, the integration of resulting multi-omic data enabled the
refinement of a metabolic model for lipid accumulation within the studied LAO-

enriched communities (Chapter 4).

Proteobacteria (primarily members of the o,  and y subgroups) are the most abundant

phyla in all LAO-enriched microbial community samples analysed as part of the
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present doctoral research project. This is similar to the results of microbial
communities in soil (Roesch et al., 2007), sewage (McLellan et al., 2010), the deep
seawater (Qian et al., 2010) and activated sludge (Zhang et al., 2011). The bacterial
diversity of LAO-enriched community is distinct from the bacterial diversity found in
activated sludge (Chapter 2). At the phylum level, LAO communities exhibit high
levels of Actinobacteria (Chapter 2). The dominance of Actinobacteria is mainly due
to the prominence of Microthrix parvicella (Chapter 2). The dominance of such
filamentous microorganisms, characteristic of foaming and bulking issues
encountered at the Schifflange WWTP as well as equivalent WWTPs worldwide is,
therefore, of pronounced importance to elucidate details of lipid accumulation in

LAO-enriched communities.

With relatively short generation times and rapid growth under favourable conditions,
microbial communities are among the fastest components of an ecosystem to respond
to changing environmental conditions (Prosser et al., 2007). Seasonal variation in
bacterial community structure has been, widely, reported in natural habitats such
forest soil (Kuffner et al., 2012), lakes (Newton et al., 2011), the Baltic Sea
(Andersson et al., 2009), air (Bowers, 2012) and marine coastal regions (Gilbert et al.,
2011). In this latter study, the authors suggest that seasonal changes in environmental
variables have more impact than trophic interactions on the structure of the
community. A seasonal microbial community shift has been reported in a saline
sewage treatment plant in Hong Kong (Yan ef al., 2011) and in that study, 12 monthly
samples fell into four different clusters in accordance with the four seasons from
which samples were obtained. As demonstrated in the present work, in LAO-enriched
microbial communities a seasonal shift is associated with changes in abundance of

three abundant organisms namely Alkanindiges spp., Acinetobacter spp. and
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Microthrix parvicella (Chapter 2). As demonstrated (Chapter 2) the presence of
Microthrix parviella is strongly correlated with season and associated temperature
variations. Microthrix parvicella is a low temperature tolerant bacterium and
considerable growth has been observed at 7 °C in full-scale plants (Rossetti et al.,
2005). The dominance of Microthrix parvicella in winter is likely due to his
advantage for growth in cold seasons compared to its other potential competitors, i.e.

Alkanindiges spp. and Acinetobacter spp. (Chapter 2).

Despite high abundances in the known LAO Microthrix parvicella in sampled winter
and autumn communities (Chapter 2), clear differences are apparent in the relative
amounts of intracellular triacylglycerides and corresponding long chain fatty acids in
the representative samples for both seasons (Section 4.3.1). These differences likely
correspond to the distinct microbial community compositions observed for both
seasons (Section 2.3.2.1). Furthermore, apart from an identified association between
orthologous gene sequences for the gene diacylglycerol O-acyltransferase and the
sampled winter LAO-enriched microbial community, other orthologous genes
involved in lipid metabolism did not exhibit similar seasonal associations. These
results suggest that Microthix parvicella is not the only lipid accumulating population
within the community and that other members are also able to assimilate LCFAs and
accumulate TAGs. Particularly, the dominant Alkanindiges spp. may also be an LAO
since members of the Moraxellaceae family, i.e. Acinetobacter spp., are known to
accumulate TAGs and WEs. Thus, the dominant Microthrix spp. and Alkanindiges
spp. organisms with the LAO communities of the anoxic tank of the Schifflange
biological wastewater treatment plant might have similar gene inventories, but may
differ by some important genes, e.g. wax ester synthase/acyl coenzyme A (acyl-

CoA):diacyglycerol acyltransferase (WS/DGAT) found in Acinetobacter spp.
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(Stoveken et al., 2005). However, detailed future investigations are required to

elucidate if the dominant Alkanindiges spp. and Acinetobacter spp. are indeed LAOs.

The results of the present doctoral research support previous findings and suggest that
TAGs in wastewater are processed by lipid accumulating organisms, by harnessing
their aptitude of hydrolysing TAGs to LCFAs and efficiently assimilating and
activating these before being reconverted to TAGs intracellularly (Section 4.3.6).
More specifically, TAGs present in wastewater are hydrolysed to LCFAs and glycerol
by triacylglycerol lipases (Section 4.3.6). Based on the data generated as part of this
doctoral research project, the resulting glycerol is likely converted into glycerol-3-
phosphate and then transported into LAOs (Section 4.3.6). Resulting LCFAs are
likely first associated to the cell surface of LAOs by their hydrophobicity before being
assimilated. The precise mechanism for LCFAs uptake by LAOs is presently
unknown (Mcllroy ef al., 2013), but upon entry into the cell, they are likely activated
to LCFA-CoA by diverse set of long chain fatty acid CoA ligases. The Microthrix
parvicella BIO17-1 genome alone encodes 28 homologs of this gene (Muller ef al.,
2012) of which 10 were detected in our integrated omic analyses (section 4.3.6),
which in turn suggests that it uses specialised enzymes for the different LCFAs it
accumulates. At the surface of the anoxic phase, LAO-enriched microbial
communities experience aerobic conditions and a proportion of the newly synthesised
fatty acyl-CoA is most likely catabolised through p-oxidation pathway. However,
based on a comparison of overall gene expression levels derived from the multi-omic
data (Chapter 4), the majority of the fatty acyl-CoAs are likely used to (re-)synthetise
TAGs through the Kennedy pathway using the assimilated glycerol-3-phosphate. The
main species responsible for TAG cycling from wastewater within the studied LAO-

enriched communities based on the present work are likely Microthrix parvicella,
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Alkanindiges spp. and Acinetobacter spp. (Chapter 2&4). However, future work is
clearly needed to elucidate their relative roles in conferring the community-wide TAG

accumulation phenotype.

In 1987, in his essay on the state of microbial ecology, Thomas Brock argued that
measures of diversity were pointless, because the dynamics of the microbial world
mean that communities do not have a characteristic diversity, but change as the
environment changes (Curtis & Sloan, 2004). A few years later, the biologist EO
Wilson reinforced the futility of the study of microbial diversity, notwithstanding its
function, when he observed that microbial diversity is ‘beyond practical calculation’
(Wilson, 1999). Collectively, these two points raise two questions; how can one
measure microbial diversity and what does microbial diversity mean in the context of

community function (Curtis et al., 2004)?

Two decades on from Brock and Wilson, microbial ecology has undergone a dramatic
revolution, which is driven by the advent of high-throughput molecular tools (Section
1.2.2). These are now allowing deep measurements of microbial diversity (as carried
out in the present work through deep 16S rRNA gene sequencing, Chapter 2) the
study of structure-function relationships within communities and their environment
(as carried out in the present work through a comparative integrated omic study,
Chapter 4). Particularly, the study of the dynamic processes and interactions, between
microorganisms within ecosystems, can now be traced at the genomic, transcriptomic,
proteomic and metabolomic levels. When linked to given environmental variables,
these approaches allow linkages to be established between population-level genetic
information and overall ecological function in situ (Morales & Holben, 2011). A

combined genomic and metagenomic approach has recently been applied to facilitate
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the reconstruction of a metabolic model for Microthrix parvicella (Mcllroy et al.,
2013). This study, along with the previous genome sequence (Muller et al., 2012),
provides the foundation for subsequent metagenomic, metatranscriptomic,
metaproteomic and metabolomic studies in order to clarify the details of the lipids

transformations in LAOs as carried out in the present work.

Besides the identification of the main actors and processes relating to the studied
LAO-enriched communities, a major achievement of this PhD project has been the
setting up of appropriate wet- (Chapter 3) and dry- (Chapter 4) lab methodologies,
allowing unprecedented insights into microbial community structure and function
within the framework of an eco-systems biology approach. The developed
biomolecular isolation framework (Chapter 3) lays the foundation for standardised,
reproducible and simultaneous high-resolution measurements of multiple features
from single unique microbial community samples which in turn, as demonstrated in
Chapter 4, allows meaningful resolution of community- and population-level roles,
spanning genetic potential to final phenotype. As carried out for the present doctoral
research project (Chapter 4), integration of systematic multi-omic measurements
within a community-level metabolic network establishes a unique framework for
comparative Eco-Systems Biology. The resulting networks and models allow
description of the function of entire microbial communities by simultaneously
resolving, genetic potential, gene expression, protein frequency, as well as the
associated systems-level network topological features, in order to understand the
dynamics and evolution of microbial ecosystems and predict possible control

strategies through the identification of for example keystone genes.
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The developed methodology goes far beyond its application to the microbial ecology
field and has the potential to be applied universally in different domains of Systems
Biology. In Foundation of Systems Biology (Kitano, 2001), Kitano defined the ideal
systematic measurement as the simultaneous measurement of multiple features of a
single sample. More than ten years later, such systematic molecular measurements are
now possible, thanks to the developed methodologies. The application of such
systematic measurments to temporally resolved samples, e.g. LAO-enriched microbial
communities, along with appropriate bioinformatics and statistical analyses, will
allow the discrovery of previously unknown traits of specific microbial community
members in accordance with a discovery-driven planning approach (Muller et al.,
2013). In the context of the present doctoral research project, such an approach may
prove helpful to provide pointers to the function of the highly abundant protein of
unknow function identified within the LAO-enriched microbial community, encoded

by Microthrix parvicella (Chapter 2&3).

Integrated omics of 51 individual LAO-enriched community samples taken weekly
from the Schifflange anoxic tank over an entire year are currently being carried out.
Integrated analysis of the generated genomic, transcriptomic, proteomic and
metabolomic temporally resolved datasets will provide additional datasets to further
confirm the findings generated in the current project and will allow an unprecedented
dynamic analysis of the LAO-enriched microbial communities at a multi-omics level.
Importantly, through the generation of dynamic systematic measurements, causal
relationships between community-wide phenotypes, specific taxa and genes will be

resolvable.
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The overall work presented in the present doctoral thesis ranged from the initial
characterisation of lipid accumulating microbial communities in a particular WWTP
in Luxembourg (Chapter 2) to the establishment of proper systematic molecular
measurement techniques (Chapter 3) and to the identification of specific keystone
genes in community-wide metabolic networks by integrated omics (Chapter 4),
thereby allowing significant insight into the major actors and processes in lipid
processing and storage in the studied LAO-enriched microbial communities.
However, in an overall Eco-Systems Biology approach this only represents the first
step resulting in hypotheses which will need to be tested through in vitro and field (in
situ) experiments in order to ultimately devise and validate concrete microbial

community-wide control strategies (Figure 5.1).
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Figure 5.1 Iterative experimental workflow for Eco-Systems Biology as highlighted
by the study of LAO-enriched microbial communities. I. Hypothesis generation:
Community-wide network reconstructions established based on systematically
generated integrated omic data. II. In vitro hypothesis testing: Bioreactor-based
experiments allow the confirmation or the rejection of hypotheses derived from the
high-resolution molecular data. III. Validation: To causally link for example changes
in microbial community structure resulting from changes in physico-chemical
parameters (as illustrated in this example by a specific water temperature) with
associated biomolecular patterns (associated with a pronounced community-wide lipid
accumulation) in situ validations will be indispensable. *denotes a setpoint in water
temperature, the triangle represents TAGs, charts represent the variation of the

temperature (T) with the time (t). Adapted from Fritz ef al., 2013.
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Consequently, in order to test the findings generated in the current project and future
datasets, future research plans need to include in vitro experiments involving the main
LAO members from different pre-selected sludge samples from the Schifflange
WWTP to test the system-wide beviours resolvable using high-resolution molecular
tools in situ. For such experiments, I would for example propose to run three different
bioreactors, one specifically enriched with Alkanindiges spp. and Acinetobacter spp.
using a sludge sample from autumn, one for Microthrix parvicella using a sludge
sample from winter and a last one comprising a co-culture of both using a sludge
sampled at the transition point between summer and winter. These setups, along with
additional temporally-resolved high-resolution biomolecular characterisations, will
allow the specific characterisation of the lipid accumulation of different LAO
members and highlight possible co-occurrence, co-exclusion or niche specialisations
of the main LAOs members. The sludge sample used for the inoculation of each
individual bioreactor should be pre-selected using the results obtained in the current
project as well as the detailed time series experiment. Such bioreactor experiments
could also be used to validate the physico-chemical parameters, e.g. water
temperature, allowing maximisation of lipid uptake by LAO-enriched microbial
communities. However, in order to meaningfully design such experiments, at least the
detailed time course data will be indispensable. The generated knowledge may
eventually be used to design new sustainable biological wastewater treatment
processes based on excess LAO biomass production and subsequent conversion of

this to biofuel.

In this PhD thesis project, it is highlighted that LAO-enriched microbial communities
can be outstanding model systems for microbial ecology research. The communities

are easily accessible and temporally-resolved samples can be easily obtained along
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with extensive metadata. Most importantly, specific bacterial groups dominate the
communities with a relatively low evenness (i.e. certain species dominate the overall
community) and the system exhibits a clear seasonal ecological succession.
Microbiologists and engineers have long used theory and ideas from ecosystem
science and ecology to inform their study and design of activated sludge systems,
though some would argue that the results could be of a higher standard (McMahon et
al., 2007; Prosser et al., 2007). Researchers can now borrow heavily from the field of
systems biology, in order to create a more holistic understanding of such microbial
communities that is well grounded in knowledge about eco-systems-wide behaviour at
the molecular level. Such detailed knowledge will allow models to be built for
accurately predicting for example changes in microbial community structure and
resulting alterations of metabolic transformations relevant to biological wastewater
treatment processes based on physico-chemical parameters. Furthermore, such models
may allow formulation of control strategies for microbial communities. Control may
be for example achievable through alteration of the relative levels of specific keystone

genes/enzymes within the communities as those described in the present work.
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Mixed microbial communities are complex, dynamic and heterogeneous. It is therefore essential that
biomolecular fractions obtained for high-throughput omic analyses are representative of single
samples to facilitate meaningful data integration, analysis and modeling. We have developed a new
methodological framework for the reproducible isolation of high-quality genomic DNA, large and
small RNA, proteins, and polar and non-polar metabolites from single unique mixed microbial
community samples. The methodology is based around reproducible cryogenic sample preservation
and cell lysis. Metabolites are extracted first using organic solvents, followed by the sequential
isolation of nucleic acids and proteins using chromatographic spin columns. The methodology was
validated by comparison to traditional dedicated and simultaneous biomolecular isolation methods.
To prove the broad applicability of the methodology, we applied it to microbial consortia
of biotechnological, environmental and biomedical research interest. The developed methodological
framework lays the foundation for standardized molecular eco-systematic studies on a range of

different microbial communities in the future.
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Introduction

Natural microbial communities play fundamental
roles in the Earths biogeochemical cycles as well as
in human health and disease, and provide essential
services to mankind. They represent highly com-
plex, dynamic and heterogeneous systems (Denef
et al., 2010). The advent of high-resolution
molecular biology methodologies, including geno-
mics (Tyson et al.,, 2004), transcriptomics (Frias-
Lopez et al., 2008), proteomics (Ram et al., 2005)
and metabolomics (Li et al., 2008), is facilitating
unprecedented insights into the structure and
function of microbial consortia in situ. Beyond
isolated biomolecular characterization, integrated
omics combined with relevant statistical analyses
offer the ability to unravel fundamental ecological
and evolutionary relationships, which are indis-
cernible from isolated omic data sets (Wilmes et al.,
2010). Furthermore, space- and time-resolved
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integrated omics have the potential to uncover
associations between distinct biomolecules, which
allows for discovery of previously unknown
biochemical traits of specific microbial community
members (Fischer et al., 2011). Such linkages will,
however, only be discernible if representative
biomolecular fractions are obtained. Thus, within
the emerging field of molecular eco-systems biology
(Raes and Bork, 2008), molecule-level systematic
characterizations of microbial consortia will only
fulfill their full potential if biomolecular fractions
(DNA, RNA, proteins and small molecules) are
obtained from single unique samples (Kitano,
2001). Only then will the subsequent integration of
high-resolution omic data enable true systems-level
views of community-wide, population-wide and
individual-level processes. To our knowledge,
no methodology currently exists for the isolation of
all concomitant small molecules (metabolites) and
biomacromolecules (DNA, RNA and proteins) from
biological systems.

A well-established method for the isolation of
concomitant biomacromolecules only is based
around the simultaneous addition of a monophasic
mixture of phenol and guanidine isothiocyanate,
commercially available as TRIzol and TRI Reagent
(TR), and chloroform to biological samples to obtain
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an aqueous phase containing primarily RNA, an
interphase containing DNA and an organic phase
containing proteins (Chomczynski, 1993; Hummon
et al., 2007; Chey et al., 2011; Xiong et al., 2011).
Individual biomacromolecular fractions are purified
from the respective phases and may be subjected to
specialized downstream analyses. Adaptation of the
standard TR protocol for the additional extraction of
small molecules was carried out on plant material
by Weckwerth et al. (2004). For this, a solvent
mixture of methanol, chloroform and water is first
used for the fractionation of small molecules into
polar and non-polar metabolites, and the precipita-
tion of biological macromolecules. Polar and non-
polar metabolites are retrieved from the aqueous and
organic phases, respectively. RNA and proteins are
isolated from the remaining pellet following extrac-
tion in dedicated buffers and phenol, respectively.
However, no genomic DNA fraction was obtained
using this method, a need that is particularly
important in microbial communities that exhibit
extensive genetic heterogeneity (Wilmes et al., 2009)
and for which genomic context is thus essential for
meaningful interpretation of functional omic data.

Owing to the hazardous chemicals involved
and the methods being unsuited for routine high-
throughput laboratory use, chromatographic spin
column-based procedures have been introduced for
the isolation of concomitant biomacromolecules
(Morse et al., 2006; Tolosa et al., 2007; Radpour
et al., 2009). These methods rely on the pH- and salt-
concentration-dependent adsorption of nucleic
acids and proteins to solid phases such as silica or
glass. The solid phases are washed and the bioma-
cromolecules of interest are sequentially eluted.
Such methods are now available as commercial kits
from Qiagen (AllPrep DNA/RNA/Protein Mini Kkit,
QA) and Norgen Biotek (All-in-One Purification kit
for large RNA, small/microRNA, total proteins and
genomic DNA; NA). The latter has the advantage of
offering the ability to deplete the total RNA fraction
of small RNA (<200nt), which can be analyzed
separately. Chromatographic spin column-based bio-
macromolecular isolation has yet to be combined with
the extraction of concomitant small molecules.

Here, we combine sample processing, sample
cryopreservation, cell disruption by cryomilling,
small molecule extraction and biomacromolecular
isolation based on chromatographic spin columns to
result in a universal methodological framework that
allows the standardized isolation of extracellular
and intracellular polar and non-polar metabolites,
genomic DNA, RNA (divided into large and small
RNA fractions) and proteins from single microbial
community samples (Figure 1). We validated
the performance of the methodology by comparison
to widely used exclusive and simultaneous biomo-
lecular isolation methods. Furthermore, we proved
its general applicability to diverse mixed microbial
communities of biotechnological, environmental
and biomedical research interest, that is, lipid-
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Figure 1 The developed biomolecular isolation framework
highlighting the NA-based methodological workflow. Legend:
(®) Sample processing and preservation: immediate snap-freezing
by immersion in liquid nitrogen for LAO-enriched mixed microbial
communities; concentration by tangential flow filtration followed
by high-speed centrifugation, then snap-freezing of the resulting
cell pellet for freshwater mixed microbial communities; homo-
genization with RNAlater followed by centrifugation steps before
snap-freezing for fresh human fecal samples (Materials and
methods). (@) Cryomilling and metabolite extraction: cryomilling
of cell pellets and solvent extraction of the intracellular polar and
non-polar metabolite fractions (extracellular fractions were only
prepared for the LAO-enriched microbial communities; Materials
and methods). ((]) Physicochemical biomacromolecular isolation:
use of sequential physicochemical separation based around
chromatographic spin columns following bead-beating in the
modified NA-lysis buffer, resulting in the isolation of high-purity
biomacromolecular fractions (Materials and methods).

accumulating organisms (LAOs), that may be
exploited for the reclamation of energy-rich lipids
from wastewater, river water filtrate and human
feces. The framework may also find broader appeal
for integrated omics on other heterogeneous and/or
precious biological samples.

Materials and methods

For more details see Supplementary Materials and
methods.

Sampling and sample processing

LAO-enriched mixed microbial community. Floating
LAO biomass was sampled from the air—water inter-
face of the anoxic activated sludge tank at the
Schifflange wastewater treatment plant (Esch-sur-
Alzette, Luxembourg; 49°30'48.29"N; 6°1'4.53"E).
For each sampling date, four different ‘islets’
(I1-14, defined herein as biological replicates;
Supplementary Figure 1) were sampled using a levy
cane of 500ml. Samples were collected in 50ml
sterile Falcon tubes and then immediately snap-
frozen by immersion in liquid nitrogen and stored
at —80°C.

For the determination of sample heterogeneity
by metabolomics, four replicates of 200mg of
LAO biomass (technical replicates) were obtained
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from four different islets (biological replicates) for
four different dates, leading to an overall sample set
of 64. The different sampling dates were chosen to
reflect different LAO microbial community compo-
sitions. Samples were taken on 4 October 2010 (date
1, D1; wastewater temperature 20.7 °C), 25 October
2010 (date 2, D2; 18.9°C), 25 January 2011 (date 3,
D3; 14.5°C) and 23 February 2011 (date 4, D4;
13.9°C). For the development and assessment of the
biomolecular extraction protocols, a single repre-
sentative islet sample taken on 13 December 2010
was used. For the comparative metabolomic analysis
of the three microbiomes, three technical replicates
from D4 islet 4 were used. For each extraction,
technical replicates of 200mg were subsampled
from the collected islet using a sterile metal spatula
while at all times guaranteeing that the samples
remained in the frozen state.

Following weighing out, 200 mg of LAO-enriched
microbial community samples were briefly thawed
on ice followed by centrifugation at 18000g for
10 min at 4 °C to separate the supernatant (~ 150 pl;
extracellular fraction) from the biomass (intracellular
fraction). The intracellular fraction was then immedi-
ately refrozen in liquid nitrogen before homogenization
by cryomilling (Figure 1). In contrast, the extra-
cellular fraction immediately underwent metabolite
extraction.

Freshwater mixed microbial community. Forty
liters of river water were collected at a depth of
around 1m from the Alzette river (Schifflange,
Luxembourg; 49°30'28.04"N; 6°0'11.48"E). Cells
were concentrated by tangential flow filtration
and centrifugation (Supplementary Materials and
methods). Resulting cell pellets were snap-frozen
and stored at —80°C until the cryomilling step
(Figure 1).

Human fecal samples. Three fresh human fecal
samples, 300mg each, were collected from a young
healthy individual and placed immediately on ice.
Samples were treated with RNAlater and cell
pellets were obtained following centrifugation
(Supplementary Materials and methods). Pellets were
stored at — 80 °C until the cryomilling step (Figure 1).

Cryomilling. Each of the three different microbial
community samples were homogenized by cryomilling
for 2min at 30Hz using two 5mm and five 2mm
stainless steel milling balls (Retsch, Haan, Germany) in
a Mixer Mill MM 400 (Retsch; Figure 1).

Metabolite extractions

Extracellular metabolite extractions were only car-
ried out on supernatant from the LAO-enriched
microbial communities. For the river water filtrate
and human fecal samples, supernatants were not
obtainable because of the need for concentrating the
river water sample by tangential flow filtration and
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the very limited liquid content in the human fecal
samples, respectively.

Briefly, small molecules were cold (4 °C) solvent
extracted by bead-beating (2 min at 20 Hz in a Retsch
Mixer Mill MM400) the samples in defined mixtures
of polar (methanol and water) and non-polar
solvents (chloroform) using the same stainless steel
balls as used previously for sample cryomilling. For
a detailed description of the respective metabolite
extraction protocols, see Supplementary Materials
and methods. Following centrifugation at 14 000 g
for 10min at 4 °C, metabolite extractions resulted
in an upper phase comprising polar metabolites, an
interphase pellet comprising genomic DNA, large
and small RNA, proteins and non-lysed cells, and a
lower phase containing non-polar metabolites.
Defined volumes of both polar and non-polar
metabolites extracts were dried in specific gas
chromatography (GC) glass vials before metabolomic
analyses (Supplementary Materials and methods).

Sample processing and biomacromolecular isolations
After removal of the respective metabolite fractions,
the interphase pellet (along with the steel milling
balls) was kept on ice for the subsequent total RNA
(enriched in large RNA), genomic DNA, small RNA
and protein sequential isolations and purifications
using the different methods as specified below.
As the described metabolite extraction is a major
modification of the typical extraction workflow, the
interphase pellet was lysed in the respective lysis
buffers by bead-beating at 30Hz for 30s at 4°C
(Retsch Mixer Mill MM 400) with stainless steel
balls (the same as previously used for sample
cryomilling and metabolite extraction steps).

The Norgen Biotek All-in-One Purification
kit-based biomacromolecular isolation method
(NA, Labomics S.A., Nivelles, Belgium; Figure 1)
was applied to the interphase pellet according to the
manufacturer’s instructions with a few important
modifications (Supplementary Materials and
methods).

The Qiagen AllPrep DNA/RNA/Protein Mini kit-
based method (QA, Qiagen, Venlo, The Netherlands)
was applied to the interphase pellet according to
the manufacturer’s instructions (Supplementary
Materials and methods).

The TRI Reagent-based method (TR, Sigma-
Aldrich, Bornem, Belgium) was directly applied to
the interphase pellet according to the manufac-
turer’s instructions with a few important modifica-
tions (Supplementary Materials and methods).

Reference methods

To qualitatively and quantitatively assess the bio-
molecular fractions obtained through the sequential
and simultaneous biomolecular isolation protocols,
widely used dedicated biomolecular extraction
and purification methods were used as reference



methods. In each case, the reference methods
were applied to 200mg of LAO-enriched biomass
(a single islet sampled on 13 December 2010).

DNA extraction was performed using the Power-
Soil DNA isolation kit (MO BIO Laboratories,
Brussels, Belgium) according to the manufacturer’s
instructions  (Supplementary = Materials and
methods). RNA extraction was performed with an
RNeasy Mini kit (Qiagen) including the optional
DNase treatment to eliminate contaminating geno-
mic DNA according to the manufacturer’s instruc-
tions. Protein extractions were carried out using a
metaproteomic extraction method for activated
sludge (Wilmes and Bond, 2004; Supplementary
Materials and methods).

Metabolomics

Identical procedures were used for the analysis
of both intracellular and extracellular metabolite
fractions.

For the determination of sample heterogeneity by
comparative metabolomics, gas chromatography (GC)
coupled to mass spectroscopy (MS) measurements
were performed on intracellular polar extracts from
the LAO-enriched microbial communities obtained as
specified above. A pool, from which analytical
replicates were obtained, was also prepared by
combining 100ul of each of the 64 polar extracts.
Aliquots of 40l of both intracellular polar extracts
and of the pool were dried under vacuum and
analyzed following resuspension and derivatization
(Supplementary Materials and methods). Each pool
aliquot represented an analytical replicate.

For the metabolomic analyses of the representa-
tive LAO-enriched microbial community samples,
50 pl of the polar and non-polar phase extracts of the
extracellular and intracellular compartments were
dried down and analyzed following resuspension
and derivatization (Supplementary Materials and
methods).

For the comparative metabolomic analysis of the
different microbial communities, 50, 10 and 5 pl of
the intracellular polar and non-polar phase extracts
of the LAO-enriched microbial community, river
water filtrate and diluted human fecal samples
were dried and analyzed, respectively. To prevent
overloading of the GC column, a 1 in 10 dilution in a
1:1 (v:v) methanol:water mixture was previously
carried out on the raw polar phase extracts derived
from the human fecal samples.

Biomacromolecular quality and quantity assessment
Isolated genomic DNA was separated by electro-
phoresis on agarose gels (Supplementary Materials
and methods). PCR amplifications were carried out
for each of the triplicate DNA fractions obtained
using the NA-based method from the different
microbial community samples, without any addi-
tional DNA purification steps (Supplementary
Materials and methods).
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For RNA quality assessment and quantification,
an Agilent 2100 Bioanalyser (Agilent Technologies,
Diegem, Belgium) was used. The Agilent RNA 6000
Nano kit and Agilent Small RNA kit for prokaryotes
were used. To compare different RNA fraction traces
obtained using the Agilent 2100 Bioanalyser, fluor-
escent units were normalized (Supplementary
Materials and methods).

Genomic DNA and RNA fractions were quantified
and assessed using a NanoDrop Spectrophotometer
1000 (Thermo Scientific, Erembodegem, Belgium).

Protein extracts were separated using 1D sodium
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE; Bio-Rad Laboratories, Nazareth,
Belgium; Supplementary Materials and methods).
The protein fractions were quantified using a 2-D
Quant kit (GE Healthcare, Diegen, Belgium).

Peptide tandem mass spectra were obtained on a
Matrix-Assisted Laser Desorption Ionization-Time
of Flight mass spectrometer (MALDI-ToF/ToF, 4800
Proteomics Analyzer, Applied Biosystems, Nieu-
werkerk a/d IJssel, The Netherlands) after tryptic
digestion of a dominant protein band excised from a
SDS-PAGE gel on which an NA-based LAO-enriched
microbial community protein extract had been
separated.

Determination of intact cells versus cells with a
compromised cell membrane

To evaluate the efficiency of cell lysis and variation
between biomolecular extraction protocols on
representative LAO-enriched microbial community
samples, the percentage of damaged cells was
determined by epifluorescent microscopic quantifi-
cation after staining using the Live/Dead BacLight
Bacterial Viability kit (Invitrogen, Merelbeke, Belgium;
Supplementary Materials and methods).

Data treatment and statistical analyses

The data sets resulting from the individual analyses
were processed and analyzed using appropriate
statistical methods (Supplementary Materials and
methods).

Results

Analysis of sample heterogeneity by comparative
metabolomics

The metabolome represents the final output that
results from the cellular interactions of the genome,
transcriptome, proteome and environment and,
thus, is the most sensitive indicator of cellular
activity and sample-to-sample variation. To assess
the extent of heterogeneity within microbial com-
munities, we carried out an initial metabolomics
experiment on spatially and temporally resolved
LAO-enriched microbial communities from the
air—water interface of a biological wastewater
treatment plant (Supplementary Figure 1). These
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LAO-enriched microbial communities allow spa-
tially and temporally defined samples to be taken,
exhibit medial species richness (o diversity
of around 900 species; unpublished information)
and are typically dominated by organisms belonging
to the genus Microthrix spp. (Levantesi et al., 2006).

For the four different sampling dates, we extracted
intracellular polar metabolites from four different
biological replicates, that is, different islets
(Supplementary Figure 1), and per islet we extracted
four technical replicates (different subsamples
derived from the same islet). In addition, an
analytical reference sample for quality control and
normalization, consisting of a pool of all polar
metabolite extracts (Dunn et al., 2011), was prepared
using the remaining polar extracts from all the
samples (Materials and methods).

The samples were analyzed by GC coupled to
mass spectrometry (GC-MS) and the peak intensi-
ties of detected metabolite features integrated using
specialized software (Supplementary Materials and
methods; Supplementary Table 1). The data
obtained for 16 analytical pool replicates highlights
the high reproducibility of the metabolomics
method (mean concordance correlation coefficient
(Lin, 1989) =0.993+0.006; mean CCCzts.d.).
Owing to the apparent unevenness of total inte-
grated peak intensities in the metabolomics data
(Supplementary Table 1) that results from sample
heterogeneity, we chose a unit vector normalization
strategy analogous to that commonly used for shot-
gun proteomics experiments (Florens et al., 2006).
This involves dividing each metabolite peak inten-
sity by the total peak intensity of the sample
(Wilmes et al., 2010). To further exclude experi-
mental variation, the metabolomics data set was
filtered according to the presence in all analytical
pool replicates. Finally, to account for instrument
drift, which was observed for a very small fraction
of metabolites, we normalized the data using the
pool replicate data (Dunn et al., 2011) and finally
re-normalized the data to the total intensity
(Supplementary Materials and methods).

Using the normalized metabolomics data, extensive
sample-to-sample variation is apparent for both
biological (islets) and technical replicates. Although
most samples from specific dates are distinguishable
by their metabolomic profiles (Figure 2a and
Supplementary Figure 2), extensive overlap between
biological and technical replicates is apparent
(Figure 2b), with numerous samples clustering out-
side of their respective replicate groups (Figure 2c).
These results indicate that sample heterogeneity is an
important consideration for integrated omic studies of
natural microbial consortia.

Conceptualization of a biomolecular isolation
framework

In the context of dealing with extensive sample-to-
sample and endogenous sample heterogeneity,
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understanding of these complex systems’ structure
and dynamics requires integrated analyses of their
parts, which in our case demands the isolation of
concomitant metabolites, nucleic acids and proteins
from single unique microbial community samples
before the individual fractions are able to be
subjected to specialized metabolomic, genomic,
transcriptomic and proteomic analyses (Figure 1).
Major considerations to allow comprehensive and
reproducible extraction and purification of biomo-
lecules from mixed microbial communities are: (i)
standardized and representative sample preserva-
tion, (ii) indiscriminate cell lysis and (iii) retrieval of
high-quality biomolecular fractions. These con-
straints were taken into account when devising the
biomolecular isolation framework and resulted in a
methodology, which is based on (i) immediate snap-
freezing of mixed microbial community samples in
liquid nitrogen following sampling (or after sample-
specific cold preprocessing) and preservation of the
biomass at a minimum of —80°C, (ii) mechanical
(cryogenic) and chemical cell lysis, and (iii) reliance
on robust methods for biomolecular extraction and
purification. The resultant methodological frame-
work offers a fully integrated workflow that can
easily be adjusted for specific samples and which
allows flexibility for use of sequential or dedicated
biomolecular extraction and purification protocols.
We developed and validated the methodology on
representative LAO-enriched microbial community
sample (Materials and methods).

Cell lysis efficiency

Conservation of cell integrity before sample proces-
sing and representative cell lysis before biomole-
cular extraction are essential considerations for
the methodology to result in reproducible and
representative biomolecular fractions. Following
snap-freezing in liquid nitrogen, sample preserva-
tion at —80°C and thawing on ice, almost all cells
are left intact (Figures 3a and d). The conceptualized
methodological framework relies on an initial cryo-
milling homogenization and lysis step followed by
polar and non-polar metabolite extractions. These
steps result in indiscriminate and comprehensive
cell disruption and lysis (Figures 3b and d).
Following the further addition of dedicated lysis
buffers, the vast majority of cells (90.20 +6.46%;
NA-based method mean +s.d.) are lysed (Figures 3c
and d). Importantly, as highlighted in Figure 3d,
the lysis efficiencies of the methods allowing
sequential biomolecular isolations (NA and QA)
compare favorably to widely used reference methods
for exclusive biomacromolecular isolation, that is,
no statistically significant differences are apparent
(Kruskal-Wallis, P=0.189, n=10), and they signifi-
cantly outperform the standard TR-based simulta-
neous biomolecular isolation method (Kruskal—
Wallis, P=0.002, n=10). These results validate
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Figure 2 Metabolome heterogeneity within LAO-enriched microbial community samples. (a) Scatter plot of the two first principal
components obtained using principal component analysis (PCA) of the normalized metabolomics data derived from the four biological
replicates (islets; 11-14), for each of the four distinct sampling dates (D1-D4). Each microbial community metabolome is indicated by a dot
and color-coded according to sampling date. (b) Between-class PCA of the individual technical replicates for each biological replicate
(islets; I11-14). (a and b) The center of gravity for each date/islet cluster is marked by a rectangle and the colored ellipse covers 67% of the
samples belonging to the cluster. (¢) Hierarchical clustering of the normalized metabolomics data using the Pearson product moment

correlation coefficient.

the chosen approach for sample preservation,
homogenization and cell lysis.

Quality and quantity of obtained biomolecular
fractions

In addition to the need for efficient cell lysis, the
most important consideration is the requirement for
obtaining representative high-quality biomolecular
fractions. As metabolites are extracted first, the
methodology results in identical results for metabo-
lomic analyses if subsequent biomacromolecular
isolations are carried out or not. Metabolomic
analysis of the representative LAO-enriched micro-
bial community sample resulted in clear and
reproducible total ion chromatograms (Supple-
mentary Figure 3). These allowed the robust detec-
tion and semi-quantification of 267 polar and 242
non-polar intracellular metabolites as well as 268

polar and 176 non-polar extracellular metabolites
(Supplementary Table 2). Using a spectral reference
library, this enabled the combined identification
of 62 polar and 30 non-polar metabolites. Conse-
quently, the vast majority (>85%) of detected
metabolites were not identified in line with earlier
metabolomics results obtained on mixed microbial
communities (Wilmes et al., 2010).

The nucleic acid fractions obtained using the
different extraction protocols were firstly analyzed
by a NanoDrop spectrophotometer, the absorbance
ratios at 260/280 nm in particular reflecting purity of
the respective fractions obtained (Supplementary
Table 3). The mean absorbance ratios at 260/280 nm
for the DNA fractions are between 1.9 and 2.1 for
the methods used, generally accepted as ‘pure’
(Manchester, 1995). The only exception is the DNA
fraction obtained using the simultaneous biomole-
cular isolation using the TR-based method for
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Figure 3 Efficiencies of different cell lysis methods. (a—c) Representative epifluorescence micrographs of microbial cells from a
representative LAO-enriched microbial community sample stained with the Live/Dead stain (intact cells highlighted in green, disrupted
cells with a compromised cell membrane in red). Scale bar is equivalent to 10 pm. (a) Sample having undergone a single freeze-thaw
cycle. (b) Sample having undergone polar and non-polar metabolite extractions. (c) Sample having undergone the additional mechanical
and chemical lysis step using the NA kit’s modified lysis buffer. (d) Bar chart highlighting the percentages of cells disrupted by the
different treatments (n=10; error bars represent s.d.). x-axis legend: FT, sample having undergone a single freeze-thaw cycle, reflecting
panel a; NA, sample having been subjected to cell lysis in the modified NA lysis buffer, reflecting panel ¢; QA, QA lysis buffer; TR,
TR-based lysis; M, sample after polar and non-polar metabolite extractions reflecting panel b; RM-A, sample having been subjected to the
dedicated DNA extraction reference method; RM-B, dedicated RNA extraction method; RM-C, dedicated protein extraction method.

which a poor mean ratio of 1.5 was measured,
highlighting the superior performance of the chro-
matographic spin column-based methods.

The absorbance ratios at 260/280nm of all RNA
fractions are between 1.8 and 2.1 (Supplementary
Table 3), indicating that overall high-quality
RNA was extracted using the different protocols.
The Agilent Bioanalyzer 2100 electropherograms
(Figure 4a) show distinct peaks between 100 and
4500nt representing the total RNA fractions
obtained using the different methods. The 23S/16S
rRNA ratios vary depending on the RNA extraction
method used from 0.7 to 1.5 (Supplementary
Table 3). However, integrity of the isolated RNA
was mainly assessed using the RNA integrity
number (RIN) score, which is now commonly
accepted as a better RNA quality indicator (Fleige
and Pfaffl, 2006; Jahn et al., 2008). The RIN scores
obtained with the NA-based method (7.03 + 1.20) are
similar to those obtained using the Qiagen RNeasy
Mini kit-based reference method (6.60+ 0.88;
Kruskal-Wallis, P=0.806, n=5) and the sequential
biomolecular extraction based on the TR-based
method (7.44 £0.28; Kruskal-Wallis, P=0.352,
n=>5) but lower than those obtained for the
QA-based method (9.68+0.05; Kruskal-Wallis,
P=0.011, n=5), which had a very high and
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consistent score. The RNA fraction obtained using
the TR-based method is particularly enriched in
small RNAs, indicative of extensive RNA degrada-
tion resulting in a non-representative RNA fraction
(Figure 4a). Overall, the RNA fractions derived using
the simultaneous and sequential biomolecular
isolation methods are of sufficient quality for
downstream ribosomal RNA removal, reverse tran-
scription and high-throughput ¢cDNA sequencing
(He et al., 2010).

The NA-based method allows for the additional
subfractionation of the total RNA extracted into
a small RNA fraction (Figure 4b). As expected, the
major components of the small RNA fractions are
transfer RNAs with a mean size of around 60nt and
other small RNAs of larger size, represented by
multiple peaks around 120nt, for example, 5S rRNA.
A ‘miRNA’-like region is observed as a broad peak
ranging from 10 to 40nt (Figure 4b). The ‘miRNA’
region relative to small RNA content (‘miRNA’/small
RNA ratio) is 26.43 +1.97% for the NA-based method.
Owing to the important regulatory roles fulfilled by
small bacterial regulatory RNAs, the small RNA
fraction, only provided by the NA-based method,
adds an important additional level of information
to the integrative molecular analyses that can be
carried out using the reported methodology.
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Figure 4 Quality and quantity of biomacromolecular fractions isolated from the representative LAO-enriched microbial community
sample using either the NA-, QA- and TR-based method (following prior metabolite extractions) or using the reference methods
(no metabolite extractions were carried out before the respective extractions). (a and b) Representative Agilent Bioanalyzer 2100
electropherograms of the total RNA and small RNA fractions, respectively. (¢) Agarose gel image highlighting representative genomic
DNA fractions obtained (Mean amount (n=23) loaded in pg*s.d., from right to left; NA: 0.35+0.17; QA: 0.35£0.08; TR: 0.83 £ 0.85;
RM: 0.08 £0.04) and (d) SDS-PAGE image of representative protein fractions (Mean amount (n=3) loaded in pg £ s.d., from right to left;
NA, first elution: 3.20 £0.19; QA: 5.44 £ 1.06; TR: 3.88 + 0.30; RM: 4.62 £ 0.09). The arrow and the box represent the dominant gel band
which was submitted to tryptic digestion and MALDI-ToF/ToF analysis. (e) Biomacromolecular yield obtained for the [l] small RNA, [J total
and large RNA, [l DNA and [] protein (first elution) fractions (n= 5, error bars represent s.d.). FU, fluorescent unit; L, ladder; M, marker; NA,
NA-based method; Norm., normalized; nt, nucleotides; RM, reference methods; TR, TR-based method; QA, QA-based method.

The size, the quality (degraded versus intact) and
semi-quantitative amount of DNA extracted were
determined by gel electrophoresis (Figure 4c).
Rather expectably, the dedicated reference method
results in the best DNA quality extract (Figure 4c,
lane RM). The genomic DNA fraction isolated using
the sequential biomolecular extraction protocol
based on NA provides the most similar results
to the reference method. Sequential biomolecular
isolation based on QA also results in DNA extracts
exhibiting intense and large bands. Importantly, the
TR-based extraction method results in poor quality
DNA extracts (Figure 4c), in concordance with the
low-absorbance ratios measured at 260/280nm
(Supplementary Table 3) and, thus, is rather ill
suited for comprehensive biomolecular isolations.

Gel electrophoresis of protein fractions (SDS-
PAGE) provides a visual representation of the
community metaproteomes derived from the repre-
sentative LAO-enriched microbial community sam-
ples (Figure 4d). Importantly, in terms of band
diversity and clarity, the efficiency of protein
extraction is superior for the sequential and simul-
taneous isolation protocols (Figure 4d, lanes NA,
QA and TR) compared to those obtained using the
reference method (Figure 4d, lane RM). This is
most likely due to the removal of ‘contaminant’
biomolecular fractions (for example, small mole-
cules, nucleic acids) from the protein fraction
during the sequential or simultaneous isolation
methods. In contrast, some of these biomolecules
may be retained in the extracts obtained with

the reference method. In summary, the developed
methodology results in higher quality protein
extracts than the dedicated protein extraction
method.

To further assess the compatibility of the protein
fractions obtained with the NA-based method with
subsequent downstream analyses, a protein band
of ~45kDa was excided from an SDS-PAGE gel
(Figure 4d) and analyzed by MALDI-ToF/ToF
following tryptic in-gel digestion. A de novo peptide
sequence was derived from a clear tandem mass
spectrum (Supplementary Figure 4). The peptide
(de novo sequence: VESITAPVVVTEDQTQR) has
been putatively identified as a possible cell surface
protein (Corynebacterium glucuronolyticum spp.;
GI: 227541404, e-value=3.7, score =31.6, BLASTP
against NCBInr). Overall, these results highlight the
ability to carry out proteomic analyses using either
gel- or liquid chromatography-based separation
followed by mass spectrometry on the obtained
protein fractions.

In terms of yields, larger quantities of nucleic
acids were obtained using the chromatographic spin
column-based methods (NA and QA) compared
with the reference methods (Kruskal-Wallis,
P=0.009, n=5; Figures 4c and e and Supple-
mentary Table 3). An analogous finding was
previously highlighted in a comparative analysis of
RNA yields obtained using a dedicated RNA extrac-
tion method and the simultaneous biomacromole-
cular extraction method based on TR (Chomczynski,
1993). In terms of protein quantity (Figures 4d
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and e), the overall yield is highest for the QA-based
method, followed by the exclusive isolation method.
However, extensive variation in terms of the quan-
tities of obtained biomolecular fractions is apparent
for the QA-based isolation methodology. In contrast,
the NA-based method results in the most consistent
results for the tested sequential/simultaneous
extraction methods.

Broad applicability of the methodological framework
The broad applicability of the developed methodol-
ogy was demonstrated by applying the NA-based

method to two additional mixed microbial commu-
nity samples of environmental and biomedical
research interest, that is, river water filtrate and
human feces. Some minor sample-specific pretreat-
ments, for example, RNAlater treatment of the fecal
samples, were necessary to guarantee sufficient
recovery of biomolecules. Analyses of the respective
biomacromolecular fractions’ quality and quantity
resulted in no apparent differences compared with
those obtained from the LAO-enriched microbial
community  (Kruskal-Wallis, 0.054<P<0.729,
n=>5, Figure 5, Supplementary Table 4 and
Supplementary Table 5). To ascertain the quality of
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Figure 5 Application of the developed biomolecular isolation methodology to a LAO-enriched microbial community (n= 3), river water
filtrate (n = 3) and human feces (n=3). (a—c) Left-hand panels represent LAO-enriched microbial communities, middle panels represent
river water filtrate and right-hand panels represent human feces. (a) Representative GC-MS total ion chromatograms of polar and
non-polar metabolite fractions. Representative Agilent Bioanalyzer 2100 electropherograms of the (b) total RNA fractions and (c) small
RNA fractions. (d) Agarose gel electrophoresis image of the genomic DNA fractions (Mean amount loaded in pg + s.d., right to left; LAO:
0.63 £ 0.28; river water: 0.35 + 0.03; feces: 0.61 + 0.26) for each of the three technical replicates considered. (e) SDS-PAGE image of protein
fractions, first elution (Mean amount loaded in pg * s.d., right to left; LAO: 1.19 £ 0.40; river water: 1.70 £ 0.63; feces: 1.19 £ 1.21) for each
of the three technical replicates considered. L, ladder; RT, retention time.
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the obtained DNA for further downstream analyses,
each DNA fraction from the three environmental
samples was subjected to PCR amplification with
primers targeting the 16S rRNA gene. For each
microbial community DNA extract, clear and dis-
tinct bands with the correct molecular size were
obtained (Supplementary Figure 5), highlighting the
possibility for specialised downstream analyses
without the need for additional purification steps.
Use of the developed standardized methodology
further allows comparative analysis of different
microbiomes. For example, it has not escaped our
notice that an apparent enrichment in small RNA
exists in human fecal samples (Figure 4b). Further-
more, to highlight potential signature metabolites
for the three analyzed microbial communities, we
contrasted the relative abundances of detected
metabolites for each microbiome. For this, the
metabolomic data sets from the respective micro-
biomes were subjected to a three-way comparative
analysis (Supplementary Materials and methods).
Clear differences in the metabolite composition of
the three microbiomes are apparent, allowing
the identification of specific signature metabolites
for three microbiomes (Figure 6). For example, the
enrichment of docosanol, a saturated fatty alcohol,
in the LAO-enriched microbial community from the
wastewater treatment plant may be explained by the
wide use of this molecule as an emollient, emulsifier
and thickener in cosmetics, nutritional and pharma-
ceutical products. Consequently, its presence may
be expected in domestic wastewater and through its
chemical properties would be enriched in LAOs.
The pronounced enrichment of mannose, a simple
sugar, in river water filtrate may be a direct result
of photosynthesis by the dominant phototrophic

organisms. Finally, a comparatively strong enrich-
ment in citric acid was found in the human fecal
samples. An increase of all metabolites involved
in energy metabolism including citric acid was
previously found in the serum of mice convention-
ally raised versus germ-free mice (Velagapudi et al.,
2010). Our present results indicate that this elevated
level may directly result from the metabolic
activities of microbial communities in the gastro-
intestinal tract.

By applying the NA-based workflow to these two
additional mixed microbial communities, we
demonstrate that the methodological framework
can be applied to a range of different samples and,
thus, represents a standardized biomolecular isola-
tion procedure for comparative eco-systems biology
investigations on a range of different microbial
communities in the future.

Discussion

With the advent of high-throughput omic technolo-
gies, powerful and sensitive methods are available
for the analysis of nucleic acids (DNA and RNA),
proteins and small molecules obtained from biolo-
gical samples including microbial communities
(Jansson et al., 2012). Molecular eco-systems biology
investigations, centered around the integration of
omic data from microbial communities, are faced
with major challenges arising from the complexity,
dynamics and heterogeneity of microbial consortia.
In the present work, we demonstrate that microbial
community metabolomes do not allow certain
biological and technical replicates to be discrimi-
nated, which is a direct consequence of the extensive
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heterogeneity encountered in these systems. Conse-
quently, major artifacts may be introduced into
coupled high-resolution omic experiments by sample
splitting before dedicated isolation of the respective
individual biomolecular fractions. Such approaches
will result in disparate omic results and, thus, will not
fulfill the premise of systematic measurements.
Furthermore, they will not allow meaningful in silico
reconstructions and modeling of community-wide
processes and interactions.

Here, we describe a methodological framework
that allows for the sequential extraction and pur-
ification of all known biomolecular fractions from
single unique samples. The methodology is based
on the combination of chromatographic spin
column-based biomacromolecular isolation with
prior extraction of concomitant polar and non-polar
metabolite fractions. We demonstrate that the
devised methodology yields equivalent or even
better results compared with those obtained with
dedicated extraction protocols, and that it is applic-
able to a range of different microbial community
samples. Furthermore, the methodology may prove
successful on a range of other biological samples, in
particular those that are precious or which are
characterized by extensive within-sample hetero-
geneity, for example, human tumor samples.
The utilization of spin column chromatography for
biomacromolecular separation minimizes the risk of
exposure to harmful chemicals and, thus, allows
routine laboratory use. Finally, the methodological
framework is potentially compatible with sequential
biomacromolecular isolation methods other than
those used in the present work, for example, the
GE Healthcare illustra triplePrep kit.

The reported methodological framework provides
the basis for conducting molecular eco-systems
biology investigations on a range of different mixed
microbial communities in the future. The methodo-
logy will facilitate meaningful data integration,
analysis and modeling of metabolomic, transcrip-
tomic, genomic and proteomic data. Furthermore, it
will allow exploitation of the inherent heterogeneity
through spatial and temporal sampling of microbial
communities to allow deconvolution of community-
wide, population-wide and individual-level pro-
cesses using statistical approaches. Consequently,
it will allow the determination of associations
between distinct biomolecules that may provide
pointers towards the discovery of previously
unknown metabolic processes linked to specific
community members, a need which is highlighted
by the relatively large number of uncharacterized
metabolites detected in the metabolomic experi-
ments carried out as part of the present work.
Finally, by providing a standardized workflow,
the methodology lays the foundation for future
comparative molecular studies of different micro-
bial ecosystems leading to further discovery
of functional microbiome-specific biomolecular
signatures.
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Abstract

In microbial ecology, high-resolution molecular approaches are essential for character-
izing the vast organismal and functional diversity and understanding the interaction of
microbial communities with biotic and abiotic environmental factors. Integrated omics,
comprising genomics, transcriptomics, proteomics, and metabolomics allows
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conclusive links to be drawn between genetic potential and function. However, this
requires truly systematic measurements. In this chapter, we first assess the levels of
heterogeneity within mixed microbial communities, thereby demonstrating the need
for analyzing biomolecular fractions obtained from a single and undivided sample to
facilitate multi-omic analysis and meaningful data integration. Further, we describe a
methodological workflow for the reproducible isolation of concomitant metabolites,
RNA (optionally splitinto large and small RNA fractions), DNA, and proteins. Depending
on the nature of the sample, the methodology comprises different (pre)processing and
preservation steps. If possible, extracellular polar and nonpolar metabolites may first be
extracted from cell supernatants using organic solvents. Cells are homogenized by cryo-
milling before small molecules are extracted with organic solvents. After cell lysis,
nucleic acids and protein fractions are sequentially isolated using chromatographic spin
columns. To prove the broad applicability of the methodology, we applied it to micro-
bial consortia of biotechnological (biological wastewater treatment biomass), environ-
mental (freshwater planktonic communities), and biomedical (human fecal sample)
research interest. The methodological framework should be applicable to other micro-
bial communities as well as other biological samples with a minimum of tailoring and
represents an important first step in standardization for the emerging field of Molecular
Eco-Systems Biology.

1. INTRODUCTION

1.1. From multi-omics to integrated omics: The necessity
for systematic measurements

The field of microbial ecology has advanced rapidly since the introduction of
molecular biology methodologies, which have allowed the exploration of
microbial diversity and function in a multitude of different environments.
Over the past two decades, a wide variety of techniques have been devel-
oped to describe and characterize microbial assemblages. More recently,
revolutionary improvements and advances in high-throughput “omic”
technologies, ranging from metagenomics to metabolomics, are allowing
resolution of community- and population-level processes from genetic
potential to final phenotype. However, in order to collect such
high-resolution data in a truly systematic fashion and facilitate meaningful
data integration and analysis, robust sampling, sample preservation, and
biomolecular isolation methodologies are essential.

In Foundation of Systems Biology, Kitano defined the ideal systematic mea-
surement as the “simultaneous measurement of multiple features for a single
sample” (Kitano, 2001). This consideration is particularly important in eco-
systems biology as a vast microbial diversity is a hallmark of natural settings
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(Caporaso et al., 2010) and even within-population genetic heterogeneity is
very pronounced in natural microbial communities (Wilmes, Simmons,
Denef, & Banfield, 2009). To assess the extent of heterogeneity at each bio-
molecular information layer, a comparative experiment was carried out on
islet forming spatially resolved lipid-accumulating organisms (LAO)-enriched
microbial community samples from a biological wastewater treatment plant
(Roume et al., 2013). We measured the phylogenetic composition using
454 pyrosequencing of 16S rDNA amplicons (Muller et al., in preparation),
the functional genetic potential using an Illumina HiSeq platform (Pinel
et al., in preparation), and the community-wide metabolic profile using gas
chromatography coupled to mass spectrometry (GC-MS; Roume et al.,
2013). We generated data of the concomitant biomolecular fractions for four
biological replicates (i.e., space resolved LAO islets) and four technical repli-
cates of one single islet (i.e., different subsamples derived from the same islet
after sample splitting), sampled at the same point in time (Fig. 11.1). Extensive
sample-to-sample variation is apparent at each level of biomolecular informa-
tion. Interestingly, the ability to discriminate between biological and technical
replicates decreases from phylogenetic profiles (Fig. 11.1A) to metagenomes
(Fig. 11.1B) and lastly metabolite profiles (Fig. 11.1C). This finding reflects
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Figure 11.1 Within- and between-sample heterogeneity as determined from a biolog-
ical wastewater treatment plant microbial community. Scatter plots of the results of
principal coordinate analysis of Bray—Curtis dissimilarity indices of four biological rep-
licates (BR1-BR4), from a unique sampling date, including one biological replicate
(BR1) split into four technical replicates. Each biological replicate is indicated by a rect-
angle, and each technical replicate is represented by a dot. The ellipse covers two-thirds
of the technical replicates, which are derived from the same biological replicate, with
the rectangle indicating their common center of gravity. (A) Community compositions
of the samples as revealed by 16S rDNA amplicon sequencing (Muller et al, in
preparation), (B) corresponding functional capacities determined using KEGG
orthologous group annotations of metagenomic sequence data (Pinel et al., in
preparation), and (C) corresponding polar metabolomes (Roume et al.,, 2013).
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increased complexity at each biomolecular information layer. The resulting
fine-scale heterogeneity underlines the requirement for the isolation of con-
comitant biomolecules to fulfill the premise of systematic measurements and
enable meaningful integration of space- and time-resolved microbial commu-
nity omic datasets.

1.2. Methods for the isolation of concomitant biomolecules

Previously published methodologies for the simultaneous isolation of certain
biomacromolecules, namely DNA, RNA, and proteins, from biological samples
are primarily based on monophasic mixtures of water, phenol, and guanidine
isothiocyanate (Chomezynski & Sacchi, 1987). The simultaneous extraction
of metabolites, proteins, and RNA has previously been carried out on plant
material (Weckwerth, Wenzel, & Fiehn, 2004). For safe routine laboratory
use, chromatographic spin column-based methods have been developed for
the combined extraction of RNA and proteins from a variety of cells and tissues
(Morse, Shaw, & Larner, 2006). The additional isolation of DNA from tissues
and cultured cells 1s the primary feature of the Qiagen AllPrep method (Tolosa,
Schjenken, Civiti, Clifton, & Smith, 2007), and this has since been validated on
an extensive set of medical samples (Radpour et al., 2009). Since then, several
additional manufacturers, for example, GE Healthcare, Macherey-Nagel,
Norgen Biotek, etc., have commercialized chromatographic spin column-based
kits for the sequential isolation of DNA, RINA, and protein extraction from tis-
sues or cultured cells.

The detailed protocols presented here provide a unique methodological
framework for the reproducible isolation of high-quality genomic DNA,
large and small RINA or total RNA, and proteins, as well as polar and non-
polar metabolites from single and undivided samples. This chapter focuses
on biological wastewater treatment biomass, planktonic freshwater, and
human fecal mixed microbial communities, which are representative of
the differing sample characteristics one may encounter. However, the pro-
tocols can also be successfully applied to other samples with minor
preprocessing modifications. Examples include frozen human feces,
methanogenic reactor digestates, and diverse mouse tissue samples.

2. SAMPLING AND SAMPLE PREPROCESSING
2.1. Sample fixation

When collecting biological samples for systematic molecular analyses, it is
crucial to immediately fix the samples in a state which best preserves the
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information contained within the system at the time of sampling. If care is

not given to this step, the information contained within the DNA, RNA,

protein, and metabolites will rapidly change due to specific and nonspecific

degradation, regulation of expression, and protein modifications. Sample

fixation directly after sampling 1s therefore a key step in the experimental

workflows presented for the three different microbial communities

described below:

Biomass from a biological wastewater treatment plant (LAOs)

— Collect sample in a 50 ml tube and immediately snap freeze on-site in
liquid nitrogen.

Freshwater filtrate

— Collect approximately 40 I of freshwater and preserve the sample at 4 °C.
Proceed immediately to the preprocessing step.

Human fecal sample

— Cover 300 mg = 10% of fresh human fecal sample immediately with 1.5 ml
of RN Alater solution (Ambion) and carry on to the preprocessing step.

2.2. Preprocessing: Dealing with differing sample
characteristics

Sample preprocessing is an important step, which varies significantly

depending on the overall characteristics of samples (Fig. 11.2A). If possible,

this step consists of the separation of the intra- and extracellular compart-

ments and accompanying concentration of cells.

2.2.1 Biological wastewater treatment plant biomass
or similar samples

For a sample which allows recovery of the extracellular medium, the sample
preprocessing begins with slowly thawing the sample on ice to allow the
subsequent separation of cells from the supernatant (extracellular compart-
ment) by centrifugation. The detailed preprocessing protocol involves the
following:

1. With a sterile spatula, reduce to powder around 200 mg £10% of frozen
LAO sample. To conserve the frozen state of the powder, cool down all
equipment and refreeze the material regularly by briefly dipping it into
liquid nitrogen. Float a weighing boat on the surface of the liquid nitro-
gen and pour the powdered sludge into this.

2. Transfer the frozen powder into a precooled 2 ml sample tube and place
this into a liquid nitrogen bath. Optionally, it can be stored for few days
at —80 °C until further processing.



A Biomass from a biological wastewater treatment plant Freshwater sample Human feces

Immediate weighing out of fresh material

Flash frazen sample
Add 1.5 ml of RNAlater

Weighing out frazen material Tangential flow filration

Y

Thaw the sample on ice

Add 4mm milling balls
Snap freeze the pellet :

=5 Preserve the supematant
Preserve the supernatant Snap freeze the pellet

Snap freeze the pellet

o vy v

and from cells (polar and non-polar)

from the
(polar and non-polar)

Frozen pellet
Supematant
Add 2mm and Smm milling balls
/Add methanol/water and chloroform !

+ internal standard
i Add methanol/water and chloroform

+ intemnal standard

4+

Polar phase Nonpolar phase v T v
U Polar phase Interphase peliet Nonpolar phase
B Cell lysis c Cell lysis
Interphase peliet Interphase pellet

Add modified lysis buffer Add modified lysis buffer
' '

Preserve the cell lysate

*—l

Transfer the cell lysate to the QlAschredder column

Preserve the flow-through (cell lysate)
RNA, DNA, and protein
purification
Add ethanol to the lysate
DNA purification
Transfer the cell lysate on the Transfer rt‘::u:: All-in-one
AllPrep DNA spin column =
./ ¥
ONAs bound 1o the co ¥ el
is boun e column are bound to the column
Small RNA purification
RNA purification i
Wash the column Add ethandl 10 the flow-through Wash the column Add ethanol to the flow-through
) ) Transfer it to the
Elute DNA fraction Transfer it to the RNeasy spin column) Elute RNA fraction microRNA-enrichment column
NV v
Small RNA is bound to the column
RNA s bound o the column
¢ T Wash the column
he column
Wash the column ek o ol
e oty Elute DNA fraction
Transfer the flow-through I TRETUE Elute small RNA fraction
108 new tube e 5
Add precipitation bufier Adjust the volume of the flow-through
6]
e
Add ethanol Add protein-binding buffer
Dry the protein pellet 'ansfer_lhe mix
1o the same All-in-one column
Dissolved the protein pellet Prateins are bound to the column
%@ Wash the column
Elute protein fraction

Figure 11.2 Synopsis of the described methodological workflow. (A) Preprocessing and
metabolite extraction; (B) isolation of DNA, total RNA, and proteins using the Qiagen
AllPrep-based procedure; and (C) isolation of DNA, small and large RNA, and protein
using the Norgen Biotek All-in-One-based procedure. The circular arrows denote a cen-
trifugation step, and the horizontal arrows symbolize a mix or bead beating step.
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3. Thaw the sample on ice for approximately 10-15 min by placing the
sample tube horizontally on the ice surface. Flip the tube regularly
and verify the consistency of the sample every 5 min. It is highly rec-
ommended to place the thawed sample into ice immediately after the
sample is completely thawed.

4. Centrifuge the thawed sample at 18,000 X g for 15 min at 4 °C and trans-
fer the supernatant into a new 2 ml sample tube kept at 4 °C. Around
150 pl of supernatant for 200 mg of starting material may be expected.
[f visible material particles are still present in the supernatant, carry out an
additional centrifugation for 5 min until a completely limpid supernatant
is obtained. Proceed to Section 3.1 with the supernatant.

5. Snap freeze the cell pellet and preserve it at —80 °C until step 2 of
Section 3.2.

2.2.2 Freshwater planktonic microbial communities

The preprocessing of a liquid sample with a low density of biomass consists

of first concentrating the cells present within the sample before snap freezing:

1. Concentrate cells by tangential flow filtration using, for example,
Sartocon silica cassettes (Satorius Stedim Biotek) with a filtration area
of 0.1 m*> and molecular weight cutoff of 10 kDa at a flow rate of
~1.51 min"".

2. Pellet the concentrated cells by ultracentrifugation at 48,400 X ¢ for 1 h
at 4 °C.

3. Resuspend the resulting pellet in 1 ml of supernatant and transfer it to a
2 ml centrifugation tube.

4. Further concentrate the suspension by an additional centrifugation step
at 14,000 x g for 5 min at 4 °C.

5. Snap freeze the resulting pellet and preserve it at —80 °C until step 2 of
Section 3.2.

2.2.3 Human fecal sample

For a complex sample such as fresh feces, in which biomolecules are highly
sensitive to degradation and which are rich in PCR inhibitors, the
preprocessing step involves treatment of the sample to preserve the integrity
of the biomolecules, especially RNA (Fitzsimons, Akkermans, de Vos, &
Vaughan, 2003). The optimized workflow for fecal samples is thus as
follows:

1. Add three autoclaved stainless steel milling balls with a diameter of 4 mm

to the tube of fresh fecal sample overlaid with RNAlater.
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2. Homogenize the mixture by cold bead beating in a Mixer Mill 400
(Retsch) for 5 min at 10 Hz. For this, the rack holding the sample tube
needs to be precooled at 4 °C.

3. Centrifuge the homogenized sample at 700 X ¢ for 1 min at 4 °C. This
low-speed centrifugation step should result in a supernatant containing
detached cells. Transfer the supernatant into a fresh 2-ml sample tube.

4. Pellet the cells contained within the supernatant at 14,000 X ¢ for 5 min
at 4 °C. Discard the supernatant.

5. Snap freeze the resulting pellet and preserve it at —80 °C until step 2 of
Section 3.2.

3. SAMPLE PROCESSING AND SMALL MOLECULE
EXTRACTION

Depending on the physical characteristics of the sample and the
preprocessing, metabolite extraction can be done separately on supernatant
and/or on cells (Fig. 11.2A).

3.1. Extraction of extracellular metabolites

from cell supernatant

For metabolite extraction, the polar and the nonpolar solvent fractions

should be present in equal volumes. The method for cold solvent extracting

metabolites from the supernatant of a wastewater treatment plant biomass
sample is as follows:

1. Addto one volume of the aqueous supernatant obtained in Section 2.2.1
at step 4, one volume (e.g., 150 pl) of cold methanol at —20 °C and two
volumes of cold chloroform at —20 °C (e.g., 300 pl).

2. Mix the sample tube in a thermomixer (e.g., Thermomixer comfort,
Eppendorf) for 30 min at 4 °C at maximum speed (e.g., 1400 rpm).

3. Centrifuge the tubes at 14,000 X ¢ and 4 °C for 5 min.

4. Transfer the polar and nonpolar phases into separate 2 ml sample tubes. If
required, the different phases can be preserved for a few hours at —20 °C
at this step.

For a description of processing the polar and nonpolar metabolite fractions for

subsequent GC-MS analyses, please see Roume et al. (2013).

3.2. Sample homogenization by cryomilling

The cryomilling (or cryogenic grinding) step involves breaking up the struc-
ture of the biological material and allows homogenization of the sample. The
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frozen homogenous powder obtained at the end of this step guarantees a
sufficiently large surface area for the solvents to extract the small molecules.
The processing, described below, is of fundamental importance for efficient
metabolite extractions from cellular biomass and subsequent representative
metabolic profiling thereof (Lolo et al., 2007).

1. Cool autoclaved-sterilized milling balls (5 X 2 mm+2 X 5 mm) by dip-
ping the tubes containing them in liquid nitrogen.

2. Add the cold milling balls to the previously obtained frozen cell pellet
(Sections 2.2.1, 2.2.2, or 2.2.3 at step 5).

3. Cryomill the frozen pellet for 2 min at 25 Hz in a Mixer Mill 400
(Retsch). The adaptor rack holding the sample tube needs to be preco-
oled in liquid nitrogen to —80 °C prior to the milling step.

4. Dip the tube immediately into liquid nitrogen to preserve the sample in a
frozen state.

At the end of the cryomilling step, the sample should comprise a frozen

homogenous powder. If it is not the case, repeat the cryomilling step or

empirically optimize the number and size of stainless steel milling balls
according to the nature of the sample.

3.3. Extraction of intracellular metabolites from cell pellet

1. Addsequentially 300 pl of cold methanol/water (1:1, v/v) and 300 pl of
cold chloroform. Vortex the solution until complete dissolution of the
powdered sample into the solvent mixture.

2. Mill the sample tube in a Mixer Mill 400 (Retsch) for 2 min at 20 Hz.
In order to avoid solvent leakage, wrap parafilm around the rim of
the cap of the sample tube before starting the milling to ensure a
tight seal.

3. Centrifuge the sample tube at 14,000 X ¢ and 4 °C for 5 min to separate
the solvent mixture into a polar (top) phase, an interphase pellet (mid-
dle), and nonpolar (lower) phase.

4. Transfer the polar and nonpolar phases into new 2 ml sample tubes. If
required, the different phases can be preserved for a few hours at
—20 °C at this step.

5. Preserve the interphase with the milling beads in the original cen-
trifugation tube on ice (until proceeding with step 1 of Section
4.1 or 4.2).

For an example of the processing of polar and nonpolar metabolite fractions

for subsequent GC—MS analysis, please see Roume et al. (2013).



228 Hugo Roume et al.

4. SEQUENTIAL BIOMACROMOLECULAR ISOLATION

Biomacromolecules, including large, small, or total RNA, DNA, and
proteins, are isolated from the interphase pellet obtained following the
metabolite extraction step (Section 3.3, step 5). Two sequential
biomacromolecular isolation protocols, modified from commercially avail-
able kits, are described here. The Qiagen AllPrep DNA/RNA/Protein
Mini Kit-based method (Fig. 11.2B) allows for sequential extraction of total
RNA, DNA, and protein. The Norgen Biotek All-in-One Purification Kit-
based method (Fig. 11.2C) facilitates the sequential extraction of large
RNA, small RNA, DNA, and proteins. Although these two kit-based
methods for biomacromolecular purification are described here, application
of alternative methods to the interphase pellet should be entirely feasible but
may require some minor adjustments.

Cell disruption, comprising both sample homogenization and cell lysis, is
an early and fundamental step in any biomolecular isolation methodology.
Both chemical and mechanical/physical methods are available for cell dis-
ruption. However, in natural microbial communities, due to the presence
of many different microorganisms with vastly differing cellular properties
and due to the presence of different interfering matrixes, chemical and/or
enzymatic lysis by themselves are typically ineffective at comprehensive
and reproducible cell lysis. In the methodology presented here, we combine
the mechanical method of cryogenic grinding with chemical lysis to result in
indiscriminate cell lysis.

The efficiency of cell lysis should be assessed for each new type of sample
(Section 5.1). Furthermore, following sequential extraction, an aliquot of
5 pl for small and large or total RINA and 10 pl for DNA should be stored
at 4 °C for quality assessment (Sections 5.3.1 and 5.3.2). These steps are
essential to guarantee the efficiency of cell lysis as well as the quality of
the obtained biomolecular fractions.

4.1. Qiagen AllPrep DNA/RNA/Protein Mini
Kit-based method

The interphase pellet is overlaid with lysis bufter before bead beating with
the same milling balls as used previously. Importantly, a modified lysis buffer
is used to prevent RNNA degradation. Following addition of the modified
lysis bufter, the sample is subjected to shearing of high-molecular weight cel-
lular components in order to reduce the viscosity of the lysates, to improve



All-from-One-Sample Biomolecular Extraction 229

the binding efficiency of nucleic acids to the chromatographic spin columns,

and thereby to increase the overall yield and purity of the obtained biomo-

lecular fractions. The methodology is summarized in Fig. 11.2B and is as
follows:

1. Add 10 pl of B-mercaptoethanol per milliliter of RLT buffer (Qiagen).

2. Add 600 pl of cold (4 °C) modified RLT butfter (step 1) to the interphase
pellet (step 5 of Section 3.3) and cover the rim of the closed tube cap
with parafilm.

3. Resuspend the interphase in the modified lysis buffer by a quick
vortexing of the sample tube.

4. Proceed to a bead beating in a Mixer Mill 400 (Retsch) for 30 s at 25 Hz.
Note that the adaptor racks should be at 4 °C.

5. Transfer up to 700 pl of the lysate to a QIAshredder column (Qiagen)
and centrifuge for 2 min at 12,100 X ¢. The entire lysate should pass
through the QIAshredder column. If a pellet forms in the collection
tube, it should be resuspended before loading the lysate onto the next
column.

All further steps are described in the AllPrep DNA/RNA/Protein Mini

Handbook (Qiagen, version 12/2007) in the section “Simultaneous purifi-

cation of genomic DNA, total RNA, and total protein from animal and

human cells” p. 22 step 4. In our own experience, the elution of DNA
and total RNA in the dedicated buffers can be repeated in order to recover
more nucleic acids.

Importantly, if the lysate has not passed through the AllPrep DNA spin
column completely after 5 min of centrifugation at the maximum speed,
transfer the liquid retained in the column to an additional AllPrep DNA col-
umn, which should then be processed along with the first tube. Both AllPrep
DNA columns should be used for the subsequent DNA recovery steps.

4.2. Norgen Biotek All-in-One Purification Kit-based method

Similar to the Qiagen AllPrep-based method, the interphase pellet is
resuspended in a modified lysis bufter, which prevents RINA degradation.
Cell disruption is carried out in this buffer using the milling balls still present
in the centrifugation tube following step 5 of Section 3.3. A few essential
modifications to the manufacturer’s instructions have been implemented
and are detailed below. The workflow is also summarized in Fig. 11.2C.
1. Add 400 pl of cold lysis buffer supplemented with 10 plml™" of
B-mercaptoethanol and 100 ul of cold 1x TrissEDTA buffer
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(pH 7.2) to the interphase pellet. Cover the rim of the closed tube cap
with parafilm.

2. Resuspend the pellet by quickly vortexing the sample tube.

3. Carry out cell lysis by bead beating the sample in the Mixer Mill 400

(Retsch) for 30 s at 25 Hz in a cold rack (4 °C).

4. Add 100 pl of pure ethanol to the lysate and mix by vortexing for 10 s.
In our own experience, increasing the proportion of ethanol in the lysate
prior to loading of the column results in a higher yield of nucleic acids
recovery.

Follow the procedure of the All-in-One Purification Kit protocol from
(Norgen Biotek, 2008; P124200-12) section 3: “Isolation of large RNA,
Genomic DNA, microRNA, and Proteins” p. 17 3A.1.b.

Importantly, and as recommended by the manufacturer for bacterial
starting material, two elutions of large RINA, DNA, and protein from the
All-in-One column should be carried out in order to maximize the yield.
We typically also carry out the column-based procedure for total protein
purification.

5. QUALITY CONTROL

The different methods presented in this section are typically used in
our laboratory to assess the efficiency of the protocol when applying it to
new samples and to assess the quality of the recovered biomolecular
fractions.

5.1. Cell lysis

Conservation of cell integrity until sample processing as well as representa-
tive cell lysis prior to biomolecular extraction are essential considerations for
the methodology to result in reproducible and representative biomolecular
fractions (Roume et al., 2013). The proportion of cells which are intact
before and after cell disruption may be assessed using the Live/Dead
BacLight Bacterial Viability Kit (L7012, Invitrogen). Figure 11.3 shows that,
in the case of LAO samples from wastewater, most cells in the snap-frozen
sample still have intact cell membranes after 10 min of thawing on ice
(Fig. 11.3A) and that the vast majority of the cells are lysed after cryomilling,
metabolite extraction, and combined mechanical/chemical lysis in the mod-
ified Norgen Biotek lysis buffer (Fig. 11.3B). To assess the lysis efficiency:
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Figure 11.3 Cell integrity before and after cell lysis. Representative epifluorescent
micrographs of microbial cells from a representative biological wastewater treatment
plant sample stained with the Live/Dead stain. Propidium iodide specifically stains bac-
teria with a damaged cell membrane, whereas Syto 9 serves as the counterstain. Intact
cells are highlighted in green and disrupted cells in red. Scale bar is equivalent to 10 um.
(A) Sample having undergone a single freeze-thaw cycle and (B) sample having under-
gone subsequent metabolite extraction followed by mechanical and chemical lysis
using the Norgen Biotek All-in-One Kit's modified lysis buffer.

Propidium iodide Overlay

»
s

1. Pellet cellular material from the individual protocol steps for which you
want to assess cell membrane integrity by centrifugation at 14,000 X ¢
and 4 °C for 5 min.

2. Wash the pellet once with phosphate buffered saline solution (1 x PBS,
pH 7) and redilute into 1 ml of 1 X PBS butffer.

3. Follow the manufacturer’s instructions of the Live/Dead BacLight Bac-
terial Viability Kit (Molecular Probes, rev. July 15, 2004, p. 3).

For the determination of the red and green pixel ratio, multiple red and

green fluorescence micrographs can be processed as described in Roume

et al. (2013).

5.2. Metabolite fractions

Quality control in metabolomics is a challenging task. The metabolites have
to be extracted without compromising either their chemical structure or
their relative abundance. Some metabolites are extremely unstable and
therefore prone to degradation during sample preparation. Several
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recommendations should be considered, from the sampling to the

metabolomic analyses, to ensure the generation of reliable data.

5.2.1 Sampling and sample preprocessing

The sample should be processed immediately or snap frozen in liquid
nitrogen right away on site to stabilize the sample and stop any enzymatic
activity.

The sample should be preserved at a minimum of —80 °C, ideally
—150 °C.

The sample should be homogenized by cryomilling to facilitate efficient
metabolite extraction from solid sample.

5.2.2 Validation of metabolomic analyses

In the case of GC-MS, the analytical procedure usually needs to be opti-
mized for each sample type with the fine tuning of several parameters,
including, for example, the volume of metabolite fraction to be injected,
the split or the oven program. The derivatization procedure may also
need to be adapted.

The polar and/or the nonpolar solvents used for the extraction should be
supplemented with exogenous chemical compounds which should not
be present endogenously within the sample and can serve as internal stan-
dards. During metabolomic analysis, the internal standard is a useful
benchmark to assess metabolite recovery as well as the reproducibility
of the analysis.

When large numbers of samples are analyzed in a single analytical run,
pool samples, which are mixtures of aliquots of all the samples included
in the run and which, thus, reflect the entirety of metabolites detectable,
should be included in the sample analysis sequence at regular intervals.
For example, we typically include a pool sample as every seventh sample
in a sequence, followed by a blank sample. The measurement results
obtained from the pool samples can provide an indication of possible
instrument drift during the run. Importantly, the pool samples, as well
as the internal standards, can later also be used to normalize the data
(Roume et al., 2013).

The metabolomics data obtained by GC—MS can be displayed as total ion
chromatograms (TICs). We routinely assess the quality of the TICs to get

an indication of the purity and representativeness of the metabolite extracts.

For example, the metabolomic analysis of the three different samples, for
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which the extractions are described, resulted in clear TICs comprised of
numerous small and well-defined peaks (Fig. 11.4A).

5.3. Nucleic acids

5.3.1 Ribonucleic acid

Because RINA is a biomacromolecule prone to degradation, the accurate
assessment of its integrity is one of the most critical steps for the success
of any downstream analysis (Vermeulen et al., 2011), including ribosomal
RNA removal, reverse transcription, and high-throughput cDNA sequenc-
ing (RNA-Seq). A commonly accepted large and total RNA quality and
integrity indicator is Agilent’'s RNA integrity number (RIN; Fleige &
Pfaffl, 2006). A RIN >7.0 ususally satisfies accepted quality requirements
for most RNA-Seq protocols (Jahn, Charkowski, & Willis, 2008) and
ensures a low contamination of the small RNA fraction with degradation
products. If a sample exhibits a RIN of <7.0, we recommend not to use
all other biomolecular fractions obtained from this sample and to carry
out an additional extraction.

As shown in the representative electropherograms displayed in
Fig. 11.4B and C, the extraction method described here facilitates the iso-
lation of high quality and pure RINA. The large RNA fractions of the three
different sample types were analyzed using the Agilent 2100 Bioanalyzer
with the RNA 6000 Nano RNA Kit and 2100 Expert software
(Fig. 11.4B). In order to compare different RINA fractions, fluorescent units
of the traces were normalized (Roume et al., 2013). The traces exhibit dis-
tinct peaks between 100 and 4,500 nt. The two major peaks, at around 1,500
and 2,900 nt, show distinctively the 16S and the 23S rRINA, respectively.
The broad peak around 100 nt indicates the small RNA fraction.

The electropherograms of small RNA traces (Fig. 11.4C), obtained
using the Agilent RNA 6000 Small RNA Kit, are dominated by peaks
around 60 nt representative of the transfer RNA (tRNA). Other small
RNAs are represented by multiple peaks around 120 nt, including 5S
rRINA. In eukaryotic systems, the “miRNA”-like region is typically defined
as the broad peak ranging from 10 to 40 nt.

5.3.2 Deoxyribonucleic acid

The size, the quality (degraded vs. intact), and semiquantitative amount of
DNA extracted can be determined by agarose gel electrophoresis as
highlighted in Fig. 11.4D. The methodology described herein is able to
yield DNA which exhibits intense and high-molecular weight DNA bands
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Figure 11.4 Representative quality control results for biomolecular fractions obtained
using the Norgen Biotek All-in-One Purification Kit-based biomolecular isolation meth-
odology when applied to a biological wastewater treatment sample (left hand panes),
river water filtrate (middle panes), and human fecal samples (right hand panes). (A) Rep-
resentative GC-MS total ion chromatograms of polar and nonpolar metabolite fractions.
(B) and (C) Representative Agilent Bioanalyzer 2100 electropherograms of the obtained
total RNA fractions and small RNA fractions, respectively. (D) Agarose gel electrophoresis
image of genomic DNA fractions for three technical replicates for each of the samples.
(E) SDS-PAGE image of the first protein elution for three technical replicates for each of
the samples. Norm, normalized; FU, fluorescent unit; M, marker; L, ladder; nt, nucleo-
tides; RT, retention time. Figure reproduced from Roume et al. (2013) with permission from
Nature Publishing Group.
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and can be directly used for library construction for high-throughput
sequencing.

5.4. Proteins

The quality of obtained protein fractions is typically assessed by SDS-PAGE.
The obtained gel should exhibit clear bands, as highlighted in Fig. 11.4E for
the three different samples for which the biomolecular extraction protocol is
described herein. The gel obtained can also be directly used for proteomics
either by analysis of individually excised bands or entire lanes.

6. OUTLOOK

In microbial ecology, an increasing number of studies aim to integrate
multi-omic datasets in order to obtain comprehensive high-resolution over-
view of microbial community structure and function. Considering recent
technological improvements and the accompanying decrease in the cost
of high-throughput molecular methods as well as associated progress in
computational and statistical methodologies, these types of investigations
will dramatically intensify in the coming years. As demonstrated in the pre-
sent work, sample-to-sample variation is extensive for microbial communi-
ties at each biomolecular level. Consequently, the sequential isolation of
biomolecules from an undivided sample is a clear prerequisite for meaningful
multi-omic data integration and analysis (Muller, Glaab, May, Vlassis, &
Wilmes, 2013). Application of the methodology presented here will allow
truly systematic measurement of microbial consortia and will allow the
deconvolution of microbial community-driven processes in unprecedented
detail. Consequently, the described methodolgy and future iterations
thereof provide the backbone of the emerging field of Eco-Systems Biology.
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