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Abstract of dissertation

EVALUATION OF THE EFFECTIVENESS OF BIOGAS PRODUCTNOWITH A
COMBINATION OF PHYSIOLOGICAL AND MOLECULAR APPROACH

by Domen Novak

In order to test new and less used difficultly delgble substrates for biogas production, the
BMP assay was optimized for developing a stableiiac methanogenic process as well as for
routine monitoring of the process stability. BMRag combines molecular approaches (PCR, T-
RFLP, microarrays, cloning and sequencing) andadireknown methods for testing methane
production and was used for bio-monitoring of tlegrhdation process effectiveness, community
dynamics and structure-function relationship of hebgenic and also bacterial microbial
community in the event of substrate change.

With BMP assay we estimated the effects of a nawel difficult degradable substrate (brewery
spent grain) microbial community in three distilebmasses. As a result, a general positive
relationship between the flexibility of archaeahwaunity and its initial biogas production rate
was identified as a novel predictor of inoculuntaiiity in digester start up.

Further, we determined the possibility of cyanidmmhdation in two distinct and contrasting
biomass (continuous stirred-tank reactor - CSTRI) @pflow anaerobic sludge blanket - UASB)
samples. Experiments with CSTR biomass revealetl nieetal cyanide complexation was
probably the main reason that almost none of cyamiés removed during the anaerobic
incubation. Research showed that anaerobic midrabiasortia could be adapted to reduced
metal-complexed cyanide toxicity, but could stitfuse cyanide as carbon or nitrogen source for
growth.

UASB microbial biomass was successful in degradatiocyanide without noticeable inhibition
at cyanide ion concentrations up to up to 5 mgfLaAigher initial concentration of cyanide (8.5
mg/L), a lag phase, which lasted 21 days, was tited-ollowing the lag phase, normal
methanogenesis at rates comparable to those poBigve controls were observed. Based on the
results of the study, we concluded that anaeroleigratiation of cyanide observed in our
experiment was most probably a combination of diamélous abiotic and biotic processes.
Phylogenetic analyses of bacterial and archaealobiilml communities that are involved in the
cyanide degradation under anaerobic conditionsatdd that bacterial phylufirmicuteswas

the crucial microbial group in cyanide degradatisince their frequency significantly increased
in cyanide amended samples. Archaeal grtMgihanosarcinacould be associated with the

effects caused by the cyanide degradation.

Keywords: BMP assay, biogas, anaerobic digestioicraiial community, cyanide, brewery

spent grainFirmucutesMethanosarcia
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Povzetek disertacije

VREDNOTENJE LCINK(?VITOST BIOPLINSKE PROIZVODNJE S
KOMBINACIJO FIZIOLOSKEGA IN MOLEKULARNEGA PRISTOPA

Domen Novak

Z namenom, da bi lahko testirali tezko razgradljimezaradi teh lastnosti manj uporabljane
substrate v bioplinski proizvodnji, smo optimizirést biometanskega potenciala (BMP) za
nartovanje stabilnega anaerobnega metanogenega aréoestudi  za rutinsko spremljanje
njegove stabilnosti. Vzpostavljeni sistem je konalgija molekularnega pristopa (PCR, T-RFLP,
mikromreze, kloniranje in sekvenciranje) in &@gjnih, Ze vpeljanih metod za preizkuSanje
metanske produkcije. Vzpostavljeni sistem je bildalge uporablien za bio-monitoring
ucinkovitosti procesa razgradnje, dinamike mikrobrdruzbe in razmerij med strukturo in
funkcijo metanogenih arhej in bakterij v primeruremjave substrata.

Z vzpostavljenim sistemom smo ocenillinke novih, slabSe razgradljivih substratov (pivske
tropine) mikrobne zdruZbe v treh raziih mikrobnih biomasah. Rezultat je bil sploSnoifieen
odnos med prilagodljivostjo arhejske mikrobne z8riin njeno z&tno stopnjo proizvodnje
bioplina, in kot tak prepoznan kot nov pokazateilgrnosti inokuluma pri zagonu anaerobnega
reaktorja.

Nadalje smo dokili moZnost anaerobne razgradnje cianida z dverzéi¢créma biomasama
(CSTR in UASB). Poskusi z biomaso CSTR so pokaz#i, je bilo formiranje kovinsko
cianidnih kompleksov verjetno glavni razlog za nmajikoli¢ino odstranjenega cianidadasu
anaerobne inkubacije. Raziskave so pokazale, daasrobna mikrobna zdruZba lahko prilagodi
toksiénosti kovinsko cianidnih kompleksov pri tem pa nerenuporabljati cianida kot vir ogljika
in duSika za svojo rast.

Pri biomasi UASB je bila razgradnja cianida uspegn potekala brez opazne inhibicije do
koncentracije 5 mg/L cianida. Pri viSji &tni koncentraciji cianida (8.5 mg/L) je bila opaae
faza zamika (lag), ki je tajala 21 dni. Po kani fazi zamika je metanogeneza potekala
normalno, brez inhibicije, primerljivo s pozitivrkontrolo. Glede na rezultate raziskave smo
zakljwili, da je anaerobna razgradnja cianida v naSemaati verjetno kombinacija hkratnega
biogenega in abiogenega procesa, vendar ne drkljbioloSka.

Filogenetske analize bakterijskih in arhejskih mbkmih zdruzb, ki so vpletene v razgradnjo
cianida pod anaerobnimi pogoji, so nakazale, dabgkterijsko debloFirmicutes klju¢na
mikrobna skupina pri razgradnji cianida, saj s&jjpova zastopanost signifikantno pdaéa v
vzorcih z dodanim cianidom. Arhejska skupMathanosarcinabi lahko bila povezana zmki,

ki so povzr@eni s predhodno razgradnjo cianida.

Klju¢ne besede: test (BMP), bioplin, anaerobna razgaadnjkrobna zdruzba, cianid, pivske

tropine,Firmucutes Methanosarcina
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ABBREVATIONS

ATA
BMP
BWW
COD
CSTR
DGGE
DNA
FBY
FISH
HBY
MCC
NMDS
NanoSIMS
PCR
Q-PCR
SIP
SSCP
TCN
TOC
TRFLP
TS
UPGMA
UASB
VFA
VS

Anaerobic toxicity assay
Biochemical methane potential
Brewery wastewater
Chemical oxygen demand
Continuous stirred tank reactor
Denaturation gradient gel electrophoresis
Deoxyribonucleic acid
Fresh brewery yeast
Fluorescence in situ hybridization
Hydrolyzed brewery yeast
Metal cyanide complex
Non-metric multidimensional scaling
Nano secondary ion mass spectrometry
Polymerase chain reaction
Quantitative polymerase chain reaction
Stable isotope probing
Single-strand conformation polymorphism
Total cyanide
Total organic carbon
Terminal restriction fragment length polymiloisem
Total solids
Unweighted pair-group method with arithmedierages
Upflow anaerobic sludge blanket
Volatile fatty acids
Volatile solids
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1 INTRODUCTION

Organic waste typically originates from plant orinaal sources. It represents the
biggest fraction of municipal waste in Europe.sltestimated that 30 to 50 % of all
waste in EU is organic. It is broken down by miggamisms. The main
environmental threat from organic waste is the potidn of methane and carbon
dioxide from landfills, which accounted for some 38b total greenhouse gas
emissions in the EU-15 in 1995 (European Commis&ovironment, 2011). Three
decades ago biological treatment of waste wasduitiv a few composting plants for
treating unsorted organic waste (Alvarez, 1999)aiMehile anaerobic treatment of
organic waste became topical as an alternative adetlue to the oil crisis in the
seventies of the past century. Germany was theepiom this field. In the 1990s
biogas technology was even more stimulated by toéitability of using power
derived from biogas and because of the EU legsla(Waste Avoidance and
Management act), which resulted in higher costsligposal of organic waste. In the
year 2000 the law for renewable energies becaneetefé and enabled subsidization
of the power derived from biogas plants. In the tescade biogas plant production
has been continuously rising with Germany as theditey country in biogas
production having established approximately 5.0@@ds installations.

Anaerobic methanogenic fermentation is a complegrobial process that takes
place in sequential stages of decomposition amdnsed out by different groups of
microorganisms, acting in syntrophic interactiohe(texchange of substrates and
products of fermentation). Final end product ofephic digestion is biogas, which
is mainly composed of carbon dioxide and metharte aam be used as an energy

source.

Anaerobic treatment of organic waste is energdyicaind financially more

economical in comparison to the aerobic treatmemi @roduces less waste
biological sludge (Montero et al., 2007). Till tgdanany research groups have
developed different procedures for anaerobic treatnwith the use of various

organic substrates (Foster-Carneiro et al., 200082
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For optimization of methane production in anaeratgestion empirical methods are
most commonly used through measurements of sham ¢htty acids, temperature,
pH, hydrogen partial pressure, redox potential,ceatration of ammonia, biomass
load, specific surface of material and other patamse(Ahring et al., 1995, Leiu et
al., 2009).

Modern molecular biology techniques in microbiablegy provide new insight into
the structure of microbial communities and attertgotlink it to their function.
Phylogenetic analyses of anaerobic sludge micratmaimunity based on the 16S
rRNA genes identified several methanogenic archagatrophic bacteria, sulfate
reducing bacteria and a number of unknown populatito coexist in anaerobic
reactors (Plugge et al., 2002, Imachi et al., 2@@2Bok et al., 2005, Kobayashi et
al., 2008).

However, a few studies of microbial communitiesimaerobic processes focused on
the composition including also the changes in thecgire of microbial communities
through various stages of anaerobic process atletvedl of 16S rRNA gene or
different functional genes (Narihro, et al., 20Bi0yri et al., 2006). It has been shown
that differences between microbial communities grawith different substrates can
be observed on the level of 16s rRNA gene. Thiscatds that information from
molecular analyses could contribute considerablyatdetter understanding of
changes during the anaerobic digestion processdaemdify possible causes of the
process failure that may occur in response to mdiffees in substrate nature, amount,
loading rate, particle size or state. Implementatdd molecular techniques to the
standard optimization procedures would thus enfaser and more accurate set up

and maintenance of biogas production.

It has been long known that the most successfujasioreactors operate at the
constant flow of one substrate type and that amygé in the substrate type leads to
instability of the process (Chen et al., 2008). Buacreasingly strict environmental
policy, waste disposal methods have been constahidynging. As of 2011, the
requirement has been established to separate bautdie waste from other waste
and to treat the biodegradable waste properly (e€gmposting, anaerobic

decomposition) thus challenging the companies magalgiogas bioreactors with

2
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highly divergent nature, concentration and physstate of substrate mixtures (e.g.
waste from the production of food, organic munitiaste, green trim, ...etc). Such
substrates have not been used before in biogasigirod and represent a new or
unknown substrate to the residing microbial commesi Disturbances of anaerobic
digestion process, which are due to differencesth® substrates or substrate
concentration, can in the worst-case lead to adshurt of the gas production. The
consequent adaptation to the new conditions andesuient re-start of biogas
production can last up to three or even more wesdsulting in higher
(unsustainable) operating costs (Deublein et 8082 To ensure undisturbed and
efficient production of methane and thus the rerhoYavaste, it is necessarily to test
any such unproven or unknown substrate by a ragithble and economically
affordable lab scale test before being used inatieerobic degradation process on
the full-scale level. Such a test can verify thedeigradability of a substrate with a
precisely defined microbial biomass. On the babih® test results one can evaluate
biogas production and thus define appropriate pearars to reduce the risk of
process failure. Numerous industries generate migtless degradable but also toxic
substrates that can be used for biogas productiothat case long and stepwise
adaptation of microbial community is needed and enams precautions integrated
into original standard procedures.

One of commonly found pollutants in organic wastecyanide, a carbon-nitrogen
radical (CN). It is commonly found as a contaminant in wastewgafrom metal
finishing industries, mining, pharmaceuticals armbd industry. The industrial
effluents generally contain between 0.01 and 1(Loftotal cyanide, meanwhile in
unpolluted rivers, lake and other surface wateesixle concentrations are 100 — 500
times lower and range from 0.0001-0.05 mg/L (Wildale, 1994). Although cyanide
is present in low concentrations in various lifenfig, including photosynthetic
bacteria, algae, fungi, plants and foods (Dash let 2009), the wastewater
concentrations of cyanide often exceed the amcatt living creature are able to

survive.
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1.1 Microbial processes in anaerobic methanogenierimentation

Anaerobic fermentation is a natural biological m®x for the decomposition of
organic material in the absence of air. The protasss place in four strongly linked
phases: hydrolysis, acidogenesis, acetogenesimatithnogenesis (Fig. 1; Demirel
and Schrerer 2008). Each phase is carried outfigreit groups of microorganisms

acting syntropically.

Particulate Organic Matter

Carbohvdrates Proteins Lipids

[ Hydrolysis | U

‘ Amino Acids, Sugars, Alcohols, Fatty Acids ‘

Acidogenesis | ﬂ

’ Intermediary Products ‘

Acetate, Propionate, Ethanol, Lactate

ﬂ l Acetogenesis J L
oxidation Hydrogen

Acetate CO,

—
Reductive

H Homoacetogenesis —l

A4 N

Methanogenesis ‘

CH, + CO,

Fig. 1: Anaerobic conversion of biomass to methane (Demirel and Scherer, 2008)

Partially decomposed organic matter is first hygretl by hydrolytic bacteria. In
this phase undissolved compounds (proteins, faHulase) are degraded into
monomers by exoenzymes of facultative and obligatgmaerobic bacteria. The
facultative anaerobic microorganisms consume oxydjssolved in water and thus
lower redox potential, which is necessary for tmewgh of obligatory anaerobic
microorganisms. Degradation of carbohydrates t@kase within few hours, while

protein and fats are hydrolyzed within few days.

In the acidogenic phase, different facultative astiigatory anaerobic bacteria
degrade the monomers formed in hydrolytic phaseinguacidogenesis short chain
organic acids (e.g. acetic acid, butyric acid, o acid, valeric acid), alcohols,

carbon dioxide and hydrogen are formed. The ligitfactor for acidogenesis is
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hydrogen partial pressureg); the higher it is the fewer reduced compounds are
formed. There are three pathways of degradationngluthe acidogenesis for
different substrates. Amino acids are degraded tgkl8nd reaction in which
organisms similar and related ®Glostridium botulinumcouple oxidation and
reduction of two amino acids into organic acidsrli@aydrates are transformed to
propionic acid via the succinic acid and acrylidgzathway with formation of acetic
and butyric acid. Fatty acids are degraded3fxidation by organisms similar and
related toAcetobactersp. Many of the organisms performing these stepssall

unknown and uncultivated.

In the acetogenic phase, microorganisms reducg b hydrogen to form acetic
acid.

2CQO, + 4H, — CH,COOH+ 2H0 (1)

Acetogenic bacteria are obligatory Hroducers and acetate formation is thus only
possible when hydrogen partial pressurg)ps sufficiently low. This is enabled
with constant consumption of,Hby methanogens. Acetate and methane producers
therefore live in symbiosis (syntrophism). Methamoig archaea on the other hand
can survive only at higherpyp and they constantly remove the products of
metabolism of the acetogenic bacteria and so kkeppt: at a low level that is
suitable for acetogenic bacteria. At loy, @cetogens can grow and,tcetate and
CO, are formed. Higherp causes circumvention of acetogenesis and predoshyna
volatile fatty acids (VFA) and ethanol are formddhese intermediates are further
metabolized by methanogenic archaea to acetatanti CQ. Approximately up to

30 % of the entire ClHoriginate from the reduction of G®y H, and only 5-6 % of
methane can be attributed to dissolved hydrogen.

In the fourth, last stage, methane formation taglese under strictly anaerobic
conditions. Different methanogenic species degmditferent substrates. There are
three known methanogenic pathways: ;&€duction, methyl-group reduction, and
the acetoclastic reaction (Garcia et al., 2000).
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In the case ofhydrogenotrophic methanogenesismethanogenic archaea use

hydrogen as electron donor to reduce,@methane by the following reaction:

4H, + COy— CHy+ 2H,0 (AG*'=-136 kJ mclCH,) )

Some rare species of hydrogenotrophic methanogensapable also of formate
reduction (reduction of C in formate to QH

AHCOOH— CHy+ 3CO + 2HO  (AG®'=-130 kJ mctCHL). ()

Methylotrophs use methyl groups of methanol, metmghes or dimethylsulphides.

External electron donor is usually hydrogen:

ACH;OH — 3CH, + CO, + 2H,0 (AG°'=-104 kJ mofCH,), (4)
ACHsNH, + 2H,0 — 3CH, + CO, + 4NH,* (AG*'=-75 kJ mofCH,),  (5)
CHsOH + H, — CH; + H,O (A\G°'=-112 kJ m6fCH,). (6)

Acetoclastic methanogenic archaea grow on acetdteh serves as an electron

donor and acceptor:

CHsCOOH— CH; + CO, (AG°'=-31 kJ molCHy). (7)

Nevertheless, it is generally accepted that only8@7%% of methane arises from

hydrogenotrophic methanogenesis, while 70 % of aretrarises from acetate.

The reduction of carbon atom in all three methanageathways differs and
requires different enzymes (Fig. 2; Hedderich ankititvan 2006). Only the last
step, the reduction of methyl group to methanegasimon for all of them and

catalyzed by the key enzyme of methanogenesis hWi€benzyme M reductase.
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Fig. 2: Methanogenic pathways (Hedderich and Whitman, 2006, Prokaryotes)

1.2 Functioning of microbial communities in anaeroix digestion processes

Since anaerobic digestion is a biological procésis, imperative to understand the
ecology and function of the bacterial and archasarobial communities and their

functional guilds in those processes.

Microbiology of anaerobic digestion processes hasnbone of the most rapidly
developing technology associated fields in the 1est years. Knowledge covering
the ecology and function of the microbial commuestin these processes is required
to better control the biological processes to maenprocess yields (Fernandez et
al., 1999). Therefore, considerable effort has beade to understand the microbial
community structure and its correlation with systdonction using various
molecular approaches (Plugge et al., 2002, de Bak.e2005, Ishii et al., 2005).
Through these analyses, particularly those targete 16S rRNA gene, detailed
pictures of the community composition are beinguheented. In addition, several
functionally important anaerobes playing key roiesthe treatment process have

been cultivated and their physiological traits elcaerized.
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Population dynamics of resident microbes in andernpbatment processes have also
been analyzed by using rRNA and rRNA-gene basedhadst For example,
Shigematsu et al. (2006) studied the propionateadigy methanogenic consortium
in mesophilic anaerobic chemostat using rRNA gesell denaturing gradient gel
electrophoresis (DGGE) analysis and fluoresdersitu hybridization (FISH). Their
results indicated that dilution rates significantlffect the archaeal and bacterial
communities in propionate fed chemostats. SimilaHpri et al. (2006) analyzed
changes in a thermophilic methanogenic reactor wihaletuating (deteriorative) and
stable conditions, which were induced by acidifmatand neutralization, using
rRNA gene-based single-strand conformation polymisrmp (SSCP), quantitative
polymerase chain reaction (PCR), and FISH. Thelteesudicated that the original
methanogenic community was significantly affecteti/n@mically changed) by

volatile fatty acid (VFAS) concentrations in thepess.

Ishii et al. (2005) used culture dependent apprescand studied interspecies
hydrogen transfer between pure cultures of syntooplacteriumPelotomaculum
thermopropionicum and hydrogenotrophic methanogeklethanothermobacter
thermoautotrophicusResults of the study revealed thatthermopropionicumand

M. thermoautotrophicuso-aggregated when they were grown in syntrophic co

culture.

Lee et al. (2008) investigated quantitative chanigeshe original methanogenic
community in three anaerobic batch digesters tigatiifferent wastewaters, using
real-time PCR based on the 16S rRNA gene and themedric multidimensional

scaling (NMDS) analysis. Results demonstrated tttettommunity patterns in three
digesters were totally different from each otheon€ldering that the operating
conditions in all trials were identical except fibre substrates, the differences in
quantitative shift profiles were suggested to bes da the different substrate
compositions. This implied that the composition veistewater could affect the
evolution of quantitative methanogenic communitysiure in an anaerobic process.
Lee et al. concluded that more attention shouldlibected towards the quantitative
as well as qualitative changes in microbial commesi for fundamental

understanding of anaerobic processes, particulanyer dynamic or transitional

conditions.
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McHugh et al. (2006) used terminal restriction frent length polymorphism (T-
RFLP) analysis of methanogenic microbial communitiiey monitored temporal
shifts in archaeal communities during the operatbra low temperature reactor.
Performance problems with reactors resulted in @edsed relative abundance of
acetoclastic Methanosaeta sp.and an increase in relative abundance of
hydrogenotrophic methanogeltethanomicrobiales sp.

As described in this overview, significant advankcage been made in explaining the
diversity of yet-to-be cultured organisms in andeo(methanogenic) digestion
processes. Although some important research headgibeen published, significant
advances are yet to be made in our understandiagasrobic digestion process. The
accumulation of such information will provide sudgial improvement for more
sophisticated management of the anaerobic digesgohnology. Such analyses
could also find application in the study of anaérobigestion inhibition by the
accumulation of trace elements or toxic compourdsised by application of less

degradable substrates to the microbial biomass.

2 AIMS, OBJECTIVES AND THESIS STRUCTURE

The aim of this work was to establish a reliabletpcol for bio-monitoring process

of anaerobic degradation coupling the conventiqgraameters (temperature, pH,
VFA, hydrogen partial pressure, ¢Hind CQ gas composition) and molecular
approaches (PCR, T-RFLP, cloning and sequencingoariray) with the adaptive

changes in the methanogenic microbial communityeisponse to environmental

perturbation (e.g. new substrate). As a model apaation to the new substrates we
selected different substrates: readily degradalibstsate (brewery waste water) was
used for the optimization of BMP assay whereas deggadable substrates (brewery
spent grain, cyanide) were used in the subsequemtrienents. The effect of

different concentrations of substrates on microl@@ammunity structure and on

methanogenesis was determined by correlating aagptf microbial community

structure to the parameters of methane producyiehd( dynamics, etc).
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We identified the following four objectives of owork:

* To establish methodologies for bio-monitoring psscef anaerobic degradation
by selecting and evaluating suitable experimentthads to be used throughout
the study;

« To estimate the effect of less degradable subdiba¢every spent grain, cyanide)
on bacterial and archaeal microbial communities;

e« To determine the possibility of cyanide degradatiortwo distinct microbial
biomass samples in relation to previous findinggz@a et al., 2000, Fallon et
al., 1991, Fedorak and Hrudey 1989);

e Identify the key microbial constituents in the noioial biomass samples

involved in cyanide degradation.

Each of these objectives is described in its ovaptdr as follows:

CHAPTER 1: Optimization of BMP assay

CHAPTER 2: General microbial community flexibilityy biochemical methane
potential assay is highly correlated to initial¢gs production rates

CHAPTER 3: Cyanide degradation in two contrastimgexobic digester biomass
samples (five experiments)

CHAPTER 4: Microbial communities in cyanide degriaaia experiments

CHAPTER 5: Thesis discussion and conclusions

First, we established a method for predicting tHéectveness of available
methanogenic biomasses in the event of substraa@geh Acceptably adaptive
seeding biomass can be identified by the use oboutdr tools complemented by
functional performance to ensure quicker and mamnemical bioreactor start up
for different substrates. Therefore, with the use naolecular techniques in
combination with already known methods for testimgethane production, we
established bio-monitoring procedure, which canfln¢her used for planning a
stable anaerobic methanogenic process and alsaofdime monitoring of its

stability. Results are presented and discussedhapter 1.

10
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Secondly, we preformed biochemical methane pote(BMP) assays with spent
brewery grain as substrate that has not been tkrégtany of the three test biomasses
used in experiments in order to determine the rsogtable microbial biomass for
effective start-up of anaerobic bioreactor. Resals presented and discussed in
Chapter 2.

Thirdly, BMP assay was performed with wastewatergaining cyanide in different

concentrations (Experiments 1-5). Two distinct bé@ses with completely different
physiology and process history were used in thgperaments (Experiments 1-3 and
Experiments 4-5, respectively). Their adaptatiopatalities to cyanide loading were
tested as was described before (Gijzen et al., ,288llon et al., 1991, Fedorak and
Hrudey 1989).

At last, microbial communities in the above desedilexperiments were explored in
order to identify the key players responsible fgoparently biotic cyanide

degradation. The transition of microbial communiycyanide degrading consortia
was described. In addition, cloning and sequendetgrmined the detailed microbial
community structure of bacterial and archaeal nhiglo communities. In the

experiments where changes in microbial communityucsire were detected
microarray analyses of methanogenic archaea waerped (Chapter 4). Each
section contains a focused introduction, materiatl anethods section, result
presentation and detailed discussion of the outsoohéhe respective experiments.
The discussion and conclusions of the entire thasipresented in Chapter 5.

11






Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

CHAPTER 1

13



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

CHAPTER 1 - OPTIMIZATION OF BMP ASSAY

1 INTRODUCTION

Batch assays such as the Biochemical Methane Rat¢éBMP) or the anaerobic
toxicity assays (ATA) (Owen et al., 1979) have beeutinely used to determine
optimal reaction conditions or compound toxicityedio the level of experimental
control they offer in bench top or pilot plant expgents (Jessup et al., 2004; Drake
et al., 1996; Owen et al., 1979). Many variatiofish® BMP assay are available
commercially. The relatively inexpensive Oxitop® W, Germany), which is also
frequently used for biological oxygen demand (B@@asurements (Voorthuizen et
al., 2008, Fan et al., 2009 Bouzas et al., 2004 adapted and optimized for our
needs. OxiTop® has technical limitations, since ghessure increase due to biogas
formation is detected only up to 350 hectopasdala). Therefore, loading rates
must be calculated carefully. During the periodnmubation pressure increase must
be carefully monitored and if necessary it can deased without changes in the
composition of biogas during the period of incubati We tested our general
experimental set-up with a microbial biomass framustrial UASB reactor and
substrates, at mesophilic conditions (37°C) tol#isia a system for monitoring the
degradation process effectiveness, community dycgnaind structure-function

relationship of methanogenic biomass in the evéstibstrate change.

Research work described in this section was didegemarily to BMP assay
optimization with the system OxiTop® (e.g. bioga®dguction, sampling, VFA
extraction and separation, biogas composition) emchinal restriction fragment
length polymorphism (T-RFLP) technique optimizati@r the high-through put
analysis of microbial communities of our microbislomass samples (all steps
involved e.g. sampling, sample manipulation, praf)an and storage, DNA

extraction, PCR, selection of restriction enzynoésning and sequencing).
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2 MATERIALS AND METHODS

2.1 Optimization of BMP assay, sampling and analyse

The Oxitop® (WTW, Germany) consists of 1000 mL glé®ttles with measuring
heads (BMP bottles) that record the gas presswaegds in the bottles (Fig. 3). The
system simulates a batch anaerobic bioreactor BMié assay was used to measure
biogas production during the anaerobic digestioocgss. A microbial biomass
served as a source of microorganisms degradingnirgaatter of the substrate
samples. The biogas produced increased the bottkesyre and thus served as a
general indicator of the extent and rate of prodact(measuring head record
pressure in hPa). Basal biogas production of bignflalsnk samples) representing a
negative control test was monitored in parallelhwihe test substrate bottles.
According to test specifications, biomass was Idad&h appropriate amounts of
substrate to ensure measurable range of biogasugirod throughout the

experiment.

Before the set up of the experiments it was necgdeaobtain information on total

solids (TS) and volatile solids (VS) of the micrabbiomass first. In addition to

these data, it was necessary to obtain furthernmdtion on the total organic carbon
(TOC) or chemical oxygen demand (COD) of the salbstm order to calculate the
prerequisite biomass/substrate ratio needed focdhect set up of starting mixtures
in the experimental bottles.

The specified amount of microbial biomass was mgdated at 37°C for 5 days
according to the standard protocol (APHA, 2005pbefsubstrate, water, buffer and
nutrients was added to the microbial biomass. Ideorto ensure anaerobic
conditions, bottles were purged with nitrogen gaslO min before being sealed and
thermostated at 37°C (mesophilic conditions) fdeast 21 days. The contents of the

bottles were constantly mixed at 120 rpm throughloetexperiment.
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Measuring head

Sampling port

/ Gaseous phase

[~ Liquid phase

Fig. 3: Schematic view of Oxitop bottle

The Oxytop® bottles allow sampling efthe liquid or the gas phase during the
course of the test with syringe and injection neallfough the butyl rubber septum
covering the sampling port, which is located on e neck of the bottle and

prevents the entry of air into the bottle duringnpéing (sampling port on Fig. 3).

Since this is a batch system with a capacity of01®Q, sampling of small volumes

should not disturb the process, therefore the frqu of sampling, and cumulative
volumes of the removed analytical samples had tadpested to represent less than
5-10% of the initial total liquid and gas volumeo Tontrol sampling and test the
logistic requirements, the tests needed to be ddsdnn replicates (up to 9) so that
at least three bottles for each individual treatmesmained at the end of the

experiment.

During the test, liquid and gas samples were tdkem each bottle separately in
most informative time intervals, which were detarad on the basis of preliminary
results and recommendations in the published tiltezaBiogas composition, i.e. the
percentage of Cil CO, and B, was followed with gas chromatography using a
Shimadzu (Japan) gas chromatograph (GC) with tearthl conductivity detector
(TCD). For GC analysis of biogas composition on-30D ul of gas phase are
required thus avoiding significant variations ire tholume of biogas inside of test
bottle. The gases were separated using 4 m loegimn with inner diameter of
Y inch filled with Porapak Q. Helium was used-dseacarrier gas. The temperatures
of the injection port and of the column were 30°a@d the detector temperature was
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80° C. Calibration gas mixtures contained hydrogetrpgen, methane and carbon
dioxide. Chromatographic signals were evaluatednbggrator Chromatopack CR-
4A (Shimadzu) based on an absolute calibratioreghattion of individual peaks was
made by OriginPro "8 edition (Originlab, USA). VFAs were analyzed aftivuble
ether extraction with gas chromatography on SchauddC-14A with split/splitless

injector and flame ionization detector (FID).

During the test, the rising pressure in the botivas recorded in one-hour intervals
by measuring the heads (Oxitop pressure recordeflgcting the production of

biogas from degradation of organic substrate tegtédr the test, the data collected
were transferred to the computer with a control ud@dIn order to express the
quantity of biogas, which occurs only at the expensf added substrate,
measurements of blank sample were subtracted fhemteasurement of the test
mixtures. The differences were converted into tbkiwmes of biogas using general
gas law and were graphically presented as the aimellproduction of biogas. From
the fraction of CH (%) in the biogas and from the total volume ofdais in the

relevant time intervals we similarly calculated themulative production of methane.

= ®)

Po - pressure at standard conditions (101,3 kPa)

Vo - volume of gas at standard conditions

To - temperature at standard conditions (273 K)

P« - measured pressure

V, - available volume in the bottle {Mie -Vmixture= 710 mL)

Ty - temperature of incubation (310 K)

In a well-performed methanogenic anaerobic degm@damethane is the dominant
gas in the biogas (60-80 %) whereas hydrogen tipicgpresents far less than 1 %.
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2.2 Optimization of microbial community structure analyses

The structure of microbial communities (bacteriad aarchaeal) was analyzed at
several time periods. In this way we were ablerégkt possible cyclic changes or
responses of microbial communities to the giverssake, or a mixture of substrates
and the effects of incubation in the experimente Buthe slow growth of anaerobic
bacteria and methanogenic archaea, it was expecttdadaptation of microbial
community to new environment would also be slow theitectable within the time

span of experiments (tested at least at the begjrand at the end of BMP assay).

For the analysis of the structure of methanogenmrunities a technique termed
terminal restriction fragment length polymorphismRFLP) based on 16S rRNA
gene was used. T-RFLP is a molecular biology tepmniof high phylogenetic
resolution, suitable for high through put and cefé¢ctive profiling of microbial
communities based on the position of a restrictiba closest to a labeled end of the
amplified gene. Thus, numerous samples represemtiagbial community biomass
can be screened and community changes identifibd fhethod is based on
digesting a mixture of PCR amplified variants ofiagle gene using one or more
restriction enzymes and detecting the size of eft¢he individual resulting terminal
fragments using a DNA sequencer (Fig. 4; Gruntzi.e 2002)

@1 = :
(oo = o

(D ~ ExhactDNA - PR waith a fluorescently
fromn the commmnmity labeled 168 rRNA forward primer
’ 3

W
o &

L
{,\E ]
0L
e O

5 1 o
Restriction digest of
PR product
. —
E 2 3
5 — 3' -\ f \ ’
E 5 .
= - - ST, T
! | 1 '
g 5 3
u - va 5
Focognation of Fragment peparation m
labeled fragments seuencing rel

Fig. 4: lllustration of T-RFLP method (Grintzig et al., 2002)
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The result is the image where the X-axis represietsizes of the fragment and the
Y-axis represents their fluorescence intensity (@fiwal., 1997). We chose to use the
most frequently used restriction enzymelsial, Mspl, HaelllandHindlll (Kitts et

al. 2001, Osborne et al., 2000).

Comparison of T-RFLP profiles (presence / abserigeeaks and their intensity of
fluorescence) was performed using Bio Numerics $ottware (Applied Math,
Belgium). Similarity calculations of different T-RP profiles were based upon
densiometric curves and for calculation of similamatrix the Pearson correlation
was used. Relationship between samples was visdalw grouping them in a
dendrogram using unweighted pair-group method arithmetic mean (UPGMA)
clustering method. UPGMA is a pairwise clusteringoathm that uses similarity
matrix as input for construction of a rooted treendrogram) and is one of most
commonly used methods for similarity-based clustgri

2.3 Reactor operation, inoculums source and charaetistics

In total 350xitop bottles (WTW, Germany) with working volume$ 1000 mL were
used as anaerobic batch react@sitop bottles were equipped with pressure sensors.
They were operated anaerobically, thermostated7a€ 3WTW, Germany), and
protected from light for 21 days. Side necks (Samgpports on Fig. 3) were sealed
with new butyl rubber stoppers (WTW, Germany).

Reactors were inoculated with 43 mL (according ® & microbial biomass) of
anaerobic granulated biomass obtained from an tndusipflow anaerobic sludge
blanket (UASB) reactor. The UASB reactor was opegatore than 2 years at 37°C
and was loaded with brewery wastewaters at a Igadite 4g COD/L/day and
hydraulic retention time of 40 hours. The solublgamic carbon removal efficiency

measured as COD was greater than 90 %.

Regarding to the COD of the substrate (Table miaiss was loaded with 50 mL
and 62 mL brewery wastewater (BWW) from the sameSBAeactor supplemented
with 0.37% of fresh (FBY) or hydrolyzed brewery geéHBY), respectively. COD
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was 4095 + 113 mg/L and 3.127 + 123 mg/L for HBYdafBY, respectively.
Loading rate was 0.2 gCOD/gV¥&nass Phosphate buffer (20 mL) and diluted fresh
deoxygenated water was added to the 500 mL manth Babstrate was run in 7
parallels together with additional blank sample riegative control and sample for

positive control with added glucose (loading ragsw.2 gCOD/gV§omas3-

2.4 Analytical techniques and assays

Gas composition was measurea days 1, 3, 6, 10, 14, 21 with gas chromatograph
(Shimadzu, GC14A-TCD)The gases were separated using 4 m long steel nolum
with inner diameter of ¥ inches, filled with Por&g@. Helium was used as a carrier
gas. Injector and column temperature was 30° Cthaddetector temperature was
80° C. Calibration gas mixtures contained hydrogetipgen, methane and carbon
dioxide. Chromatographic signals were evaluatednbggrator Chromatopack CR-

4A (Shimadzu) based on an absolute calibration.

The concentration of VFAs was determined on day8,@, 10, 14, 21 using gas
chromatograph Schimadzu GC-14A with split/splitiegector and flame ionization
detector (FID), equipped with fused silica capilazolumn DB-WAX of 30 m
length, 0.326 mm diameter and 0,25 stationary phase thickness (J&W Scientific,
123-7032). Quantification was performed by an maérstandard method. The
injector temperature was 160 °C, the detector teatpee 210 °C, the column
temperature 75 °C. Volatile fatty acids (VFAs Cl-@mlecules) were extracted
from the samples with diethyl ether according te gnocedure of Holdeman et al.
(1977) and analysed.

The efficiency of soluble organic carboemoval was monitored by analyzing COD,
which was measured by LCK 514 COD cuvette test liHange, Germany)
according to the manufacturer instructions. Thexqple of determination is that
oxidizable substances react with sulphuric acidbtagsium dichromate solution in
the presence of silver sulphate as a catalyst.rdelis masked by mercury sulphate.
The green coloration of €ris evaluated photometrically using Hach-Lange DIRR8

VIS spectrophotometer at 605 nm.
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2.5 DNA extraction, PCR amplification of partial 165 rRNA genes and T-RFLP
analysis

The genomic DNA was extracted from the microbiabnbass samples using
UltraClean Soil DNA Isolation kit (MO BIO, USA) aoading to the manufacturer's
instructions. The quality of DNA was checked by agpion in 1% agarose
(SeaKem, USA) gel electrophoresis (BioRad, USA)tr&cted DNA was purified
with High Pure PCR purification kit (Roche, Switieard) and then used as PCR
template. PCR amplification was performed using Msl€r (BIO-RAD, USA). For
amplification of 16S rRNA gene of methanogenic aes 109f (5° - CAN GCT
CAG TAA CRC GYR-3’) and 691r (5-CGA TTA CAR GAT 1T AC-3") PCR
primers were used (Watanabe et al., 2004). Battdé6& rRNA genes were
amplified using 27f (5' - AGA GTT TGA TCC TGG CTC@3’) and 926r (5-CCG
TCA ATT CCT TTR AGT TT-3’) primer pair. For T-RFLBnalysis, forward primer
was labeled with 6-FAM on a 5'-end. The bactermal archaeal PCR started with 5
minutes initial denaturation at 94°C. A total of 8&les included 60 s at 94°C, 60 s
at 53°C, and 60 s at 72°C, and was followed bynal fextension step of 10 min at
72°C. The correct length of PCR products was exadtwith electrophoresis on 1 %
agarose gels. PCR products were digested iatHll restriction enzyme (Fermentas
Inc, USA) over night at 37°C and deactivated at@GB@r 20 min. prior to T-RFLP
analysis, salts and inactivated enzymes were rethovith ethanol precipitation
(Ausubel et al., 1999).

After precipitation, 2 uL of each sample was mixeith 2 puL of DNA internal
standard (TAMRA 1000 fragment length standard, Pé&systems, USA) and 2 uL
of formamide and 0.5 pL loading buffer. Prior tagment analysis, samples were
denatured at 94°C for 5 min and then chilled onfae5 min. A fragment size
analysis was carried out with an ABI 3100 genetialgzer (Applied Biosystems,
USA). Only terminal restriction fragments (TRFs}hviotal fluorescence exceeding
the limit of 10.000 units were analyzed. The remtabundance of a TRF in a T-
RFLP profile was calculated by dividing the pealghtof the TRF by the total peak
height of all TRFs in the profile. All peaks witleights that were less than 0.5% of

the total peak height were not included in furthealyses. This approach minimized
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the effect of variations in the T-RFLP profiles sad by the quantity of DNA
analyzed.

T-RFLP profiles were analyzed with Bio Numerics pApd Maths, Belgium) and

comparisons were presented as dendrograms.

3 RESULTS AND DISCUSSION

3. 1 Batch reactors performance

Three different substrates (Table 1) were addedhw® inoculum - anaerobic

granulated biomass obtained from industrial UAS&cter at 0.2 g/COD of substrate
to the 1 g/VS of microbial biomass. Besides subs$taa blank control was used (e.g.
biomass without substrate for negative control) a@hadcose as a substrate for

positive control. The initial substrate charactatizns are presented in Table 1.

Table 1: initial substrate characterizations (Values are means for 3 replicates, variance did

not exceed 5 %)

Substrate 1 Substrate 2 Substrate 3
Mixture ]
Mixture
. Fresh Hydrolyzed | Brewery BWW+0,37%
Biomass BWW+0,37%
yeast yeast waste waten Hydrolyzed
Fresh Brewery
(BWW) Brewery Yeast
Yeast FBY)
(HBY)
TS 8.95 g/L 152 g/L 186 g/L 9.89 g/L 9.76 g/L 9g/6
VS 23.07 g/lL | 142 g/L 177 g/L 1085 g/L 1.41 g/L 1496
TOC / 76.07 g/L| 49.99 g/L 0.728 g /L 1100 g/L 0gre
COD / 293 g/L 277 g/lL 3062 g/L 4095 g/L 3172 g/l

The highest VS content was observed in HBY. Conténi¥S in BWW was quite

similar. The same pattern was observed in the nmeamnts of COD and TOC.

The process was successfully completed and highulative biogas production was
recorded (Fig. 5, Fig. 6, Fig. 7). Most of the lmegvas produced during the first 6
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days. However, the average biogas production caitBWW was 3.24 + 0.3 mL/day,
for HBY 2.91 + 0.42 mL/day and for FBY 3.81 = 0.822./day.

] FBY
. —
70 —
60 /’E
55 - —
50 . /
45

Volume (ml)
&8
P I

10 —=— biogas
5 —e«— CH4

T T T T T T T T T
0 5 10 15 20

t (day)

Fig. 5: Cumulative biogas and methane production for Fresh Brewery Yeast and Water

(FBY) (loading rate 0.2gCOD/gVSpiomass)-Values are means of three replicates + SD.
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Fig. 6: Cumulative biogas and methane production for Brewery Waste Water (BWW)

(loading rate 0.2gCOD/gVSbiomass).Values are means of three replicates + SD.
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Fig. 7: Cumulative biogas and methane production for Hydrolized Brewery Yeast and Water

(HBY) (loading rate 0.2gCOD/gVSpiomass). Values are means of three replicates + SD.

The highest biogas production was observed in dtéebsupplemented with FBY as
a substrate (Fig. 5, Fig. 8) and the lowest biggasluction was in the bottle that
contained HBY (Fig. 7, Fig. 8)

After 6 days of operation, most of the methane wagluced (Fig. 8). The results
showed that the addition of FBY resulted in higberduction of methane.
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Fig. 8: Cumulative methane production (loading rate 0.2gCOD/gVSpiomass). Values are
means of three replicates + SD.

Maximum cumulative methane production was deteateckactor containing FBY
as substrate. At a loading rate 0.2gCOD/gVS cunwalg21l days) production of
methane was 63.17 £ 0.9 mL ¢Hnd 45.75 + 1.2 mL CHfor FBY and HBY

material, respectively.

We also calculated methane yields as the ratio dmtwthe theoretical values of
methane production from 1 kg degraded COD and hgiaaluction of methane
from 1 kg of degraded COD in the BMP test accordingthe standard (ISO
11734:1995). Theoretical value assumes that frg &f degraded COD gives 0.35
m® of methane at standard conditions; an approackinedy used in industrial

wastewater treatment plants.

The calculations revealed that methane yield fonBWas 75.6 %, for HBY 65.7 %
and for FBY 91.5 %.
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Although pH values decreased slightly in all of tieactors during the incubation
(from 7.08 to 6.94 (Fig. 9), the values were stillthe optimum area and did not
differ significantly. The pH optimum of the methapgoduction in anaerobic
bioreactor is at pH = 6.7-7.5 (Deublein et al., 200

7,15—_ pH
7,10 —
7,05
7,00

6,95 -

pH

6,90 —

6,85

6,80 — BWW
— HBY
— FBY

6,70 T T T T T T T T T
0 5 10 15 20

t (day)

6,75

Fig. 9: pH value during the experiment. Values are means of three replicates + SD.

Acetate and propionate were the major VFAs formeitiaily. After 3 days of
operation, VFAs concentrations decreased (Figah@)were completely degraded at
day 10, with the exception of acetic acid.
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Fig. 10: Concentrations of VFAs. Values are means of three replicates; SD is omitted for

clarity but represented less than 10% of the average.

In the case of brewery wastewater (BWW) and hyaredlyyeast (HBY), acetic acid
started to accumulate again at day 3 and was mdstyaded by day 14. However,
this did not affect the methane production (Fig). 1Acetic and propionic acid
concentrations were highest at the beginning ofptloeess as was described before
(Chen et al., 2008).
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Fig. 11: Accumulation of methane (CH4) and acetic acid concentrations. Values are mean of

three replicates; SD is omitted for clarity but represented less than 10 % of the average.

3.3 Microbial community structure analysis

Biomass samples were collected directly from Oxibopttles. Bottles were sampled
six times, at days O, 1, 3, 6, 10, 14, 21, duridgd2ys of operation. Each of the
samples was run in three parallels. To exploreaverall variability in microbial
community structure, DNA was extracted from dayop fay 6 (¢) and day 21 {)
samples. The quality of DNA was checked with agargsl electrophoresis (Fig.
12).
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Fig. 12: Agarose gel electrophoresis of DNA extracts (f.yeast- FBY, h.yeast - HBY, BWW-

brewery waste water, blank - negative control, glucose - positive control) and corresponding
DNA ladder.

The extracted DNA was stored at -20°C, and usddraplate for archaeal (Fig. 13)

and bacterial (Fig. 14) polymerase chain react®t@R) amplification.
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Fig. 13: Agarose gel electrophoresis of archeal PCR products (f.yeast- FBY, h.yeast - HBY,
BWW-brewery waste water, blank - negative control, glucose - positive control) and DNA
ladder on the left side of the gel with indicated length of DNA fragments (t0 — day 0, t6 — day
6, 21 — day 21).
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Fig. 14: Agarose gel electrophoresis of bacterial PCR products (f.yeast- FBY, h.yeast - HBY,
BWW-brewery waste water, blank - negative control, glucose - positive control) and DNA
ladder on the left side of the gel with indicated length of DNA fragments (t0 — day 0, t6 — day

6, t21 — day 21).

PCR amplification was successful and restrictioactiens were performed. After
enzyme deactivation, fragment size analysis wasiechrout on an automatic
sequencer. Resulting T-RFLP profiles were analyaed hierarchically clustered
based on Pearson correlaticempyd dendrogram was constructed using UPGMA

method (Fig. 15 and Fig. 16).

30



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

Pearson correlation [0.0%-100.0%]

oo
Loz
o3
o4
Fos
FoG
7
o
[%
L1on

91

| FBY_t6
N | HBY t6
I BWW_t21
| BWW._t6
| | blank_t6
| t0
| blank_t21
= HBY t21

| FBY_t21

Fig. 15: Pearson correlation dendrogram of T-RFLP fingerprints of methanogenic microbial
communities (t0 — initial state, FBY_t6 f.yeast at day 6, FBY_t21 f.yeast at day 21, HBY_t6
h.yeast at day 6, HBY_t21 h.yeast at day 21 BWW_t6 brewery waste water at day 6,
BWW_t21 brewery waste water at day 21, blank_t6 - negative control at day 6, blank t21 -
negative control at day 21). Gray lines delineate relevant clusters separated by the cluster-
cut off method and similarity values (cophenetic correlation) are shown as numbers at each
branch. Horizontal bars (error flags) represent the reliability and internal consistency of the

branch.

The average similarity and the exact standard tiewiare shown at the position of
the cursor. The smaller the horizontal bar, the enconsistent a group is. The
cophenetic correlation is also shown at each brémgimber) and this is a parameter
to express the consistency of a cluster. This nietbalculates the correlation
between the dendrogram-derived similarities and thetrix similarities
(BioNumerics manual, AppliedMaths, Belgium).
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Fig. 16: Pearson correlation dendrogram of T-RFLP fingerprints of bacterial microbial
communities (t0 — initial state, FBY_t6 f.yeast at day 6, FBY_t21 f.yeast at day 21, HBY_t6
h.yeast at day 6, HBY_t21 h.yeast at day 21 BWW_t6 brewery waste water at day 6,
BWW_t21 brewery waste water at day 21, blank_t6 - negative control at day 6, blank_t21 -
negative control at day 21). Horizontal gray lines delineate relevant clusters separated by the
cluster-cut off method and similarity values (cophenetic correlation) are shown as numbers
at each branch. Horizontal bars (error flags) represent the reliability and internal consistency

of the branch.

Multivariate statistical analyses showed that tiveas no significant change either in
bacterial (only 12 % dissimilarity) or archaeal Ifopdl % dissimilarity) microbial
community structure during 21 days of anaerobicraidation in response to either
yeast material as substrates (Fig. 15, Fig. 163hSasults were expected since the
substrates were mainly brewery wastewater suppledenith very low amount of
yeast materials (0.37 %) and granulated biomasgnated from UASB reactor

treating the same brewery wastewater as before.

Tested substrates were used (i) for optimizatiothefBMP test, (ii) to elucidate the
effects of minor additions of novel substrates gstem functioning, and (iii) to
optimize T-RFLP analysis for bacterial (hydrolysesidogenic, acetogenic) and
archaeal (methanogenic) consortia. We successhiltyulated batch anaerobic
reactor and degradation processes. We were abheototor anaerobic digestion
parameters (biogas production and composition, Vip&E temperature). We were

also successful at DNA extraction, PCR and miclatdenmunity structure analysis.
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3.4 Conclusions

We used the system (Oxitop) and optimized the syste for our needs. A
manageable system for monitoring the degradation mcess effectiveness,
community dynamics and structure-function relationsip of methanogenic and
also bacterial biomass in the event of substrate ahge was established. In this
experiment, the addition of limited amounts of diferent substrates resulted in
significantly different system functioning; however the underlying microbial

communities remained stable and unaffected.
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CHAPTER 2 — GENERAL MICROBIAL COMMUNITY FLEXIBILITY IN
BIOCHEMICAL METHANE POTENTIAL ASSAY IS HIGHLY
CORRELATED TO INITIAL BIOGAS PRODUCTION RATES

1 INTRODUCTION

Monitoring anaerobic digestion is a difficult anoheplex multivariate process (Ward
et al., 2008). Performance of such systems carelaéed to a number of different
environmental parameters, but it is widely accepteat performance is tightly

coupled to microbial community structure (McMahdnak, 2001; Dearman et al.,

2006; Lee et al., 2010). However, changes in conitystructure were shown also
to occur without detectable changes in performaffeernandez et al., 2000;
Dearman et al., 2006). Thus, the link between comiystructure and performance
Is unclear and more studies are needed (Boualktgal., 2005). In addition only a

few studies investigating anaerobic microbial comityustructure have focused on
simultaneously seeding replicate reactors (Fermamtal., 1999; Fernandez et al.,
2000; Hasham et al., 2000), leaving thus littleceptor factorial experimentation.

Despite these limitations, microbial diversiper sewas shown to be of lesser
importance for the biogas production than was nhiedccommunity structure and its
community flexibility (Dearman et al., 2006; Leeatt, 2010).

Batch systems such as biochemical methane potéBfdlP) or anaerobic toxicity
assays (ATA) (Owen et al., 1979) have been rowtinsled as microbial model
systems to determine optimal reaction conditiong€@npound toxicity due to the
level of experimental control they offer in factrexperiments (Jessup et al., 2004;
Drake et al., 1996; Owen et al., 1979). Nybergle(2®08) and Fernandez-Cegri et
al., 2010) have used molecular profiling in attertgotink microbial communities
and functional characteristics in ATA and BMP. Imeit studies, however, the
structure of microbial communities present in negatand positive controls
(Fernandez-Cegri et al., 2010; Nyberg et al., 208&) the starting community
structures (Nyberg et al., 2008) have not beenrahed. To fill this gap, we
analyzed and compared methanogenic community shiissociation with process
data under simulating batch start-up conditionagisiiree different biomass inocula.

Further, the relationship between the general rhiatocommunity flexibility in
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BMP and initial biogas production rates was essdleld as a novel parameter to

diagnose anaerobic processes, particularly undeardic conditions like start-up.

2 MATERIALS AND METHODS

2.1 Inoculum and substrate collection

Biomasses were obtained from three full-scale deges receiving different
substrates: A - sewage sludge, B - urban organgtena@nd C - agricultural organic
waste. Inoculum samples were collected aseptically20 L containers and
immediately transferred to laboratory. None of éhbgmasses had been previously

exposed to brewery-spent grain.

The brewery-spent grain was obtained from the brewsant. Substrate was
collected in 20 L plastic containers and stored’&@ until use (< 5 days). Total
organic carbon (TOC) (106.8 g / kg) and Total Kgtnitrogen (TKN) (13.511 g /
kg) were determined according to the APHA methcdaBHA, 2005) and SIS EN
25663 (1996), respectively. The C:N ratio was 1@ the NH* content 0.21 g / kg.
Brewery spent grain contains cellulose, hemicetiseland also lignin, which are
known for slow degradability under anaerobic caondg. Composition of these
substances in brewery-spent grain varies and ranges16.8—25.4% for cellulose,
21.8-28.4% for hemicellulose (mostly arabinoxylaasd 11.9-27.8% for lignin
(Mussatto et al., 2006). Lignin derivatives withdethyde groups or apolar
substituents are highly toxic to methanogens arwudme of this biodegradation of

lignocellulosic substrates is quite difficult (Chenal., 2008).

2.2 Reactors setup

The experiment was conducted essentially accorttin§IST EN ISO 11734:1999
standard and independently replicated twice. Oxboftles (1000 mL) equipped
with pressure sensors (WTW, Germany) were usethasrabic batch reactors. Side

neck sampling ports were sealed with butyl rublbepers to prevent gas leakage.
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The inoculum biomass concentration was adjuste@gtof volatile solids per liter
(VS/L). Inoculum with no carbon substrate additsmmved as negative control of the
basal metabolic activity. Positive control and ekpental inoculums were supplied
with 50 mg TOC of glucose or brewery spent graingo¥S inoculums (TOC /g VS
inoculum). The Oxitop bottles were flushed withrogien gas for 15 minutes to
ensure anaerobic. The bottles were rotated at p&0 during incubation at 37°C
(Infors, Switzerland). Hourly measurements of tdimlgas produced during the 14
days of incubation were recovered from pressureeetiata loggers. The headspace
gas composition was measured on days 0 and 14 sghgamatograph (Shimadzu,
GC14A-TCD). The gases were separated using 4 m $teg) column with inner
diameter of ¥ inches, filled with Porapak Q. Heliwmas used as a carrier gas.
Injector and column temperature was 30° C and #tectbr temperature was 80° C.
Calibration gas mixtures contained hydrogen, négrggnethane and carbon dioxide.
Chromatographic signals were evaluated by integrabromatopack CR-4A
(Shimadzu) based on an absolute calibration. pHmeesured on days 0 and day 14
using pH meter (Orion 520A). Initial biogas prodantrates were calculated from
biogas accumulation curves through a curve fitapgroach using linear regression
in STATISTICA & (StatSoft Inc, USA).

2.3 Microbial community structure

Genomic DNA was extracted using UltraClean Soil Déalation kit (MOBIO,
USA) according to the manufacturer instructions moaximum DNA vyield. The
quality of DNA was checked by 1 % agarose gel ebpttoresis. PCR amplification
was performed using MyCycler (BIO-RAD laboratorielsSA). The PCR primers 6-
FAM labeled 109f (6-FAM, 5’ - CAN GCT CAG TAA CRCYR-3’) and 691r (5'-
CGA TTA CAR GAT TTC AC-3’) were used to amplify thE6S rRNA gene of
methanogenic archaeal community (Watanabe et @04)2Three replicate PCR
reactions were performed for each DNA extract arngsequently pooled essentially
as described before (Stres et al., 2008) Afteiirthial denaturation (5 min 94°C), a
total of 35 cycles, each including 60 s at 94°Cs6ft 53°C, and 60 s at 72°C, was
followed by a final extension step of 10 min at €2and PCR products were

examined by electrophoresis on 1.5 % agarose Beldual primers were removed
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using High Pure PCR Product Purification Kit (Roclavitzerland) according to

manufacturer instructions.

To provide a rationale in choosing gene-primersyare combinations with highest
resolution in T-RFLP analysis all restriction enagn
(http://rebase.neb.com/rebase/rebase.html) werdedteson 120.000 archaeal
sequences (Ribosomal Database Project Il, http:@nde.msu.edu/, Releasel0.05)
using BESTRF software as described before (Strak,&2009).

T-RFLP analysis was conducted essentially as destibefore (Stres et al., 2009).
Digestion of 50 ng of PCR products was carriedioat 30uL volume using 3iL of
red buffer, 0.5uL of Hhal (10 UuL-1, Fermentas Inc, USA) in separate reactions.
The volume was adjusted to 30 with nuclease-free water (Sigma-Aldrich) and
incubated at 37°C overnight. Digestions were ivatéid for 15 min at 85 °C and
purified by ethanol precipitation (Stres et al.080Likar et al., 2009). Separation,
detection and basic GeneScan analysis of fluortdgcdabeled T-RFs were
performed on an automated ABI PRISM 3100 DNA seqeeanalyzer (Applied
Biosystems Inc.). Purified digested products wemneeoh with 0.5uL internal-lane
DNA standard (Genescan 500 ROX, Applied Biosystémg and 10uL deionized
formamide. Before analysis, DNA samples were desdtdior 2 min at 95 °C and
immediately placed on ice. T-RFLP patterns withakdluorescence exceeding the
limit of 10.000 units were analyzed and peaks regméng 0.5% or less of the total
community signal were excluded from further anadyby BioNumerics software
(AppliedMaths, Sint-Martens-Latem, Belgium). Peafsocorrelation coefficient
with  UPGMA clustering (for unweighted pair-group tined with arithmetic
averages) was used to derive general similaritycarhmunity profiles and the
significance of clusters was determined using elustitoff tool in BioNumerics
(Stres et al., 2008, Likar et al., 2009).

Variation partitioning was conducted in CANOCO 4#o5extract the most important
parameters explaining variation in microbial comityilata (Stres et al., 2010).
Detrended correspondence analysis was performaetéomine whether unimodal or
linear models fitted the community datasets beRedundancy analysis (RDA) with

forward selection was then used first to determamperimental parameters
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significantly associated with community data tarefiate co-linear variables. The
significance of the final RDA was determined by 99@nte Carlo permutations.
Data collected in BMP experiment served as exptagatariables. The association
between microbial community flexibility (defined adifference in Pearson’s
similarity between initial and developed microbimmunity fingerprints) and
various BMP parameters was tested by multiple fimegression in STATISTICA 6
(StatSoft Inc.).

3 RESULTS AND DISCUSSION

Initial methanogenic community in inoculum A difégt significantly (54%

dissimilarity) from inoculums B and C that sharedmach larger fraction of

communities (only 17% dissimilarity) (Fig. 17) aftdmed one separate cluster from
inoculum A community supported by cluster cut-adlues. This general distinction
between inoculum A and the BC cluster was evidisat at the end of BMP assay, as
developed communities remained separated in twsterlsl (Fig. 17). This suggests
that significant starting differences in microb@mmunities were also recovered

after incubation in BMP assay.
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Fig. 17: Pearson correlation dendrogram of T-RFLP fingerprints of methanogenic microbial
communities originating from digesters treating sewage sludge (A), municipal organic waste
(B) and agricultural waste (C). Initial — inoculum at the onset of BMP assays; blank, glucose,
spent grain— developed microbial communities without substrate or supplied with glucose or
100 mg spent grain TOC / g VSiecuum- HOrizontal gray lines delineate relevant clusters
separated by the cluster-cut off method and similarity values (cophenetic correlation) are
shown as numbers at each branch. Horizontal bars (error flags) represent the reliability and

internal consistency of the branch.

Developed inoculum B and C were much more similad &ranched closely to
respective initial inoculum communities (17% and/dl@issimilarity, respectively)
(Fig. 17). Developed microbial communities of inbocu A differed from initial
community (35% dissimilarity), formed a separatestér supported by cluster cut-
off values and thus showed high response to nawedlitons in BMP assay. It is
important to note that microbial communities ofheit inoculum degrading novel
substrate (spent grain) developed highly similanewnities to respective glucose or
no substrate BMP assay controls (>91% similarityurther, RDA identified
incubation in BMP assay and inoculum as the keyeswrpental parameters
explaining 82.5% of the total variance in microb@mmunity data (P < 0.02).
These results show that for the correct distinctbreffects of novel substrates in
BMP assay or toxic compounds in ATA (Owen et ab/9) from the general
incubation effects observed in positive and negatentrols, factorial design of
experiments is needed. In published literature, stagt-up of unreplicated batch
mode operated lab-scale reactors (Lee et al., 26&fhandez et al., 2000) is
described (Annex 1).
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To our knowledge, this may be one of the first msdwhich provided methanogen
community dynamics in all routine BMP assay vasafor three distinct inoculums
and statistically compared the community shift pesf It also extends well to ATA,

as reanalysis of published data reversed the owarfrprevious studies (Nyberg et
al., 2008) and showed that the effects of differenbstances on microbial

communities could be detected (Annex 2).

Further, archaeal community flexibility was showmn dorrelate with stable biogas
production in lab-scale operated reactors (Fermamdel., 1999; Fernandez et al.,
2000; Hasham et al., 2000), and during batch-sstdg-up of lab-scale reactors
(Dearman et al., 2008, Lee et al.,, 2010). Howetbg relationship between
community flexibility and measured parameters itchascale BMP assay has not
been determined. In our study, biogas productida flom novel substrate spent
grain (Table 2) and general community flexibilityserved in BMP (Fig. 17) showed
a significant linear relationship (P > 0.94, R2.88) (Fig. 18).

Table 2: Results of spent grain degradation in biochemical methane potential assay using
microbial communities originating from digesters treating sewage sludge (A), municipal

organic waste (B) and agricultural waste (C).

Parameter A B C
mitial biogas production rate (mL / d) 22125 713 3+21
methane vield (mL CH4 / ¢ TOC spent gram) 193 £155 215+155 130+12
spent gram degradation (%o) 55£9 65+ 4 4006

pH 72401 71+01 7.4+03
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Fig. 18: The relationship between initial biogas production rate and overall genetic flexibility
observed in biochemical methane potential assays in experiments on three distinct

inoculums. o - data recalculated from Lee et al. (2010).

Other physiological parameters measured (metharedd ycoefficient, grain
degradation efficiency, pH) were not significantiglated to general community
flexibility in BMP. Thus the relationship betweemetgeneral community flexibility
in BMP assay and initial biogas production rates loa used as a novel parameter to
diagnose anaerobic processes, particularly undeardic conditions like start-up.

3.1 Conclusions

A general positive relationship between archaeal comunity flexibility and its
initial biogas production rate was identified as anovel predictor of inoculum
suitability in digester start up. The coupling of methane potential test and T-
RFLP analysis of methanogenic microbial community o the level of archaeal
16S rRNA genes suggests these two approaches cobkl applied in biogas
production management routinely as additional measwe of anaerobic microbial
biomass suitability for the degradation of specificsubstrates or substrate

mixtures.
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CHAPTER 3
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CHAPTER 3 - CYANIDE DEGRADATION IN TWO CONTRASTING
ANAEROBIC DIGESTER BIOMASS SAMPLES

1 INTRODUCTION

Cyanide is carbon nitrogen radical, which can bénébin low concentrations in a
wide range of various life forms including photoBwtic bacteria, algae, fungi,
plants and foods despite its toxicity (Dash et2008). Cyanide is commonly found
as a contaminant in wastewaters from metal finghimdustries, mining
pharmaceuticals and also food industry. The incalséffluents generally contain
between 0.01 and 10 mg/L of total cyanide, mearenhilunpolluted rivers and lake
waters cyanide concentrations are 100 — 500 tiowesrland range from 0.0001-0.05
mg/L (Wild et al., 1994). It is estimated that geoduction from this industries is
approximately 14 million kg/yr (ATSDR, 1997).

Cyanide occurs in many different forms in waterd dne specific form of cyanide
determines its reactivity and toxicity. The form ofanide also determines the
management of cyanide contaminated organic wastemially cyanide is
classified into organic and inorganic forms. Ingngaforms occur in all three
physical states (solid, aqueous and gas). The aoosinon gaseous form of cyanide
is hydrogen cyanide (HCN), which is present in wastter discharges and industrial
leachates and can be formed also in nature. HCNsgeslorless with an odor of
bitter almonds. It is highly toxic to humans. Ituery soluble in water, forming a
weak acid, HCN (aq), upon dissolution. It also hagh vapor pressure and is readily
volatilized from water at pH values less than 9 MR, 1997). Aqueous forms of
cyanide appear as free cyanide, metal-cyanide @ap] hydrogen cyanate HCNO,
cyanate CNOand thiocyanate SCMpecies and organocyanide compounds (Ghosh
et al., 1999).

Free cyanide is the most toxic form and it appesssoluble hydrogen cyanide
(HCN) aq or soluble cyanide anion (GMt pH values less than, 9 HCN is the
dominant free cyanide species, while at higher piies cyanide ion dominates free
cyanide. The cyanide is a very good ligand and mmaatals can associate with the

cyanide anion to form dissolved metal-cyanide caxgs$, which are generally less
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toxic. Metal cyanide complexes are divided in twoups; weak metal cyanide
complexes (Ag, Cd, Cu, Ni, Hg, Zn) and strong metanide complexes (Fe, Co,
Pt). Free cyanide can be oxidized to form cyanmai¢Q’, which is substantially less
toxic than free cyanide. Furthermore, free cyargde react with various forms of
sulfur to form thiocyanate SCNwhich is relatively nontoxic (seven times lessi¢o
than free cyanide), but can form complexes with ynmaetals.

Anaerobic microbial degradation of cyanide and oggmic compounds has been
studied in the last two decades (Fallon et al.,119%edorak and Hrudey 1989,
Annachhatre et al., 2000, 2001 Gijzen et al., 26tixao et al., 2000, Quan et al.,
2004) with some promising results. There are famegal pathways for the cyanide
biodegradation: hydrolytic, oxidative, reductivendasubstitution transfer (Ebbs et
al., 2004). According to the literature under anhér conditions reductive or

hydrolytic pathway are present (Fallon, 1992, Kwizal., 1992). Metabolic

pathways are not only influenced by the presenaeyaiide, but also by pH, carbon

source and oxygen partial pressure (Ebbs et @4)20

The reductive pathway is mediated by nitrogenasgyrae. The enzyme utilizes
HCN and produces methane and ammonia as the eddgiso(Gupta et al., 2010).
However, as the enzyme (nitrogenase) requiredutchn pathway is very rarely found
in organisms, the fraction of cyanide convertechgighis pathway is believed to be

very small.

There are five enzymes present in microbial systéms catalyze the hydrolytic
pathway: (i) cyanide hydratase, (ii) nitrile hydrse, (iii) carbonyl pathways
(thiocyanate hydrolase), (iv) nitrilase, and (vaoidase. First three enzymes have a
specific substrate and directly hydrolyze and atethhe carbon-nitrogen triple bond
to form formamide, and last two convert it to ammoand formic acid, which are

utilized in the metabolism activity (Gupta et 2010).

The degradation pathways are primarily utilizedobykaryotic organisms when their
presence in contaminated media (e.g wastewatens gmid mining, metal plating
etc...) provided a selection pressure that enrichaside degrading organisms in the

microbial consortia or those tolerant or capablasofietoxification.
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Based on the information in rare published litematan anaerobic degradation of
wastewaters contaminated with cyanide, anaerolgcadation is possible following
the proper adaptation period. However, the widesprebservation of cyanide
toxicity to methanogens has resulted in minimaliaatiion of this technology, in
spite of the potential for reduced operating costsus aerobic treatment (Dash et
al., 2009).

The first modern report of anaerobic biological uge transformation was made by
Fedorak and Hrudey (Fedorak and Hrudey 1989) fori-sentinuous batch cultures
with a 25-day hydraulic retention time. Semi-contns anaerobic phenol-degrading
cultures were exposed to a range of total cyanheentrations from 5 to 30 mg/L
for a 140-day period. The higher cyanide conceommat resulted in longer lag
periods before the onset of methane production.t M@thanogenesis occurred after
the free cyanide had been significantly reducede Tmjor product of cyanide
transformation could not be identified, althouglkaibonate was found as a minor

product.

Fallon (1992) demonstrated that cyanide was anaaibp hydrolyzed to form

ammonia and formate, while the latter was subsdtyjueonverted to bicarbonate.
The appearance of bicarbonate was correlated witineh rates of cyanide
transformation. The anaerobic systems describetthanstudy showed good, long-
term removal of cyanide in presence of a varietyesgfd media. Systems retained
metabolic activity at cyanide concentrations of tg about 300 mg/L, which

appeared to be higher than reported previously aoeaerobic microbes under

controlled conditions.

Gijzen et al., (2000) demonstrated that anaerohidge must be adapted to the
cyanide to enable its stable long term converdiinst addition of CNat 5 mg/L and
subsequent sudden increases in influent = Cébncentrations during the
acclimatization process resulted in temporary dmi@ion of reactor performance in
terms of methane production and COD conversion|es®N concentrations in the
effluent were temporarily increased. Recovery fr@N inhibition was observed

within 3-4 weeks, when effluent Concentrations decreased again below about 10
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mg/L. However, once the sludge was adapted to dgaconcentration further step-
wise increases of CNconcentration up to 125 mg/L were possible, while
maintaining high methane production and COD dedranlafficiency. This clearly
demonstrated that sludge can be adapted to highdsyaoncentrations, although the
results of adaptation at the cellular level of undual microbe (bacteria or archaea)
remained unclear. The results of sludge activisystén the Gijzen study suggest that
hydrogenotrophic methanogens were less sensitivecyianide compared to
acetoclastic methanogens. However, as researamdhese studies focused on the
effects and degradation of cyanide, there had heaeport on microbial community
dynamics during the process of cyanide removal. 3&teto fill this gap with our

research work.

Quan et al. (2004) were the first to describe th@racteristics of microbial
community of a cyanide-degrading consortium thdiciehtly removed nickel-
complexed cyanide under sulfate-reducing conditio@®nsortium completely
removed 0.5 mM of nickel-complexed cyanide unddfaserreducing conditions in
11 days. Analysis of clone library of 16S rRNA gerghowed that the consortium
was composed of three major phylotypes identifisdN&1, NC2, and NC3. The
group NC1 was a member of sulfate reducing bactdr@esulfovibriq resembling
Desulfovibrio magneticusvith 99.4% similarity. NC2 was closely related ao
uncultured bacterium 2C (Richardson et al. 2002J.1%), which was from
anaerobic trichloroethene (TCE) dechlorinating @mrent. NC3 was close to clone
AA56 (96.3% similarity), which became dominant im anaerobic digester

degrading lactate (Delbés et al. 2000).

However, complexed cyanides are known to be gdgeriss toxic for
microorganisms than free cyanide (CRGijzen et al., 2000, Fallon et al., 1991).

Thus, our research was focused on free cyanide’)(@Ngradation under
methanogenic conditions at pH 7 as to the besuokoowledge there has been no
published analysis describing fully the microbiaihsortia able to degrade Chh
different concentrations under methanogenic coonti We focused our research on
structural and functional aspects of the key mi@obcommunities using

physiological and molecular approaches to bridgeghap.
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2 MATERIALS AND METHODS

2.1 Experiment overview

During research work with cyanides we conducteé faxperiments. We used two
different microbial biomasses from full-scale bisgaactors (two experiments with
biomass from CSTR and two experiments with bionfassy UASB reactor) as

shown in Table 3. Materials and methods for allrfexperiments are described

below.

Table 3: An overview of experiments

Page
CN concentration WWTP Industrial #
Experiment 1 1.5mg/LCN CSTR 52
Experiment 2 5and 10 mg /L CN’ CSTR 55
adaptation experiment: 2 mg /L applied 3 times
Experiment 3 *(1.5, 2 and 3.5 mg/L sub experiment) CSTR 66
Experiment 4 1,2,3mg/LCN UASB 75
5 and 8.5 mg /L CN' (sterilization and Kiliani
Experiment 5 Fischer sub experiment) UASB 81

2.2 Inoculum and substrate collection

For the ® 2" and 3 experiment microbial biomass from continuous stirtank
reactor (CSTR) biogas reactor was used as inoculin@.mother biogas reactor has
been operated for more than 25 years at 38°C atktbwith municipal sludge from
aerobic wastewater treatment at a loading rate ZOP/L/day and hydraulic
retention time of 48 days. The soluble organic eartemoval efficiency measured
by COD was greater than 65 %. Inoculum was colteatelO L plastic containers
and thermostated at 38°C for 5 days to remove asidwal carbon source (e.qg.
carbon source for microorganisms). TS (24.21 g,/\M$ (50.3 %) and COD of
biomass were determined according to the APHA stahchethods (APHA, 2005).
For 4" and %" experiment we used anaerobic granulated biomatsined from
industrial UASB (Up flow Anaerobic Sludge BlankeBactor. The UASB reactor
has been operated for more than 2 years at 37 ingebrewery wastewaters
(BWW) at a loading rate 4g COD/L/day and hydrauktention time of 40 hours.
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The soluble organic carbon removal efficiency measgiy COD was higher than 90
%. TS (43.7 g / L), VS (48.4 % of TS) and COD ofcrobial biomass were
determined according to the APHA standard metha&HA, 2005).

2.3 Reactors setup and analytical methods

All of the experiments were conducted essentiabgoading to SIST EN ISO
11734:1999 standard and independently replicatécketvOxitop bottles (1000 mL)
equipped with pressure sensors (WTW, Germany) weezl as anaerobic batch
reactors. Side neck sampling ports were sealedlwtyl rubber stoppers to prevent

gas leakage.

For the 1% experiment reactors were inoculated with 100 mimédrobial biomass
from CSTR reactor. All of the samples except blankjch served to monitor the
basal metabolic activity, were amended with 2 mLOB3 M glucose (carbon
source), 20 mL of phosphate buffer and diluted Hiresleoxygenated water was
added to the 500 mL mark. The initial cyanide comion in reactor volume was
1.5 mg/L of KCN. KCN was used due to a high soltypih aqueous solutions and
releasing of free cyanide anion (JNHourly measurements of total biogas produced
during 21 days of incubation were recovered fromspure-sensor data loggers and
served as descriptors of the initial lag phasesptbgas production rate and the total
amount of biogas produced. The headspace gas cdinpasas measured on days
6, 13 and 21 by GC-MS as described below (2.4).

2nd experiment was conducted in the same way *asedcept that initial cyanide
concentration in reactor volume was increased @ &d 10mg/L in and was
incubated for 29 days. The headspace gas compositis measured on days 1, 8,
15, 21 and 29 by GC-MS
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3 experiment was conducted in the same waySasetcept that initial cyanide
concentration in reactor volume was 2.0 mg/L and waubated for 63 days with
two subsequent applications of 2.0 mg/L of KCN gv2i days. The purpose of
three consecutive cyanide amendments was a stewaptation of microbial
community to higher cyanide concentrations thatused in 3 experiment. The
headspace gas composition was measured on dags 81,125, 28, 37, 42, 46, 52
and 63 by GC-MS

For the 4" experiment reactors were inoculated with 40 mbiofass from UASB
reactor. All of the samples except blank, whiclvedrto monitor the basal metabolic
activity, were amended with 60 mL of brewery wastater (180 mg of COD as
carbon source), 20 mL of phosphate buffer and etildteshly deoxygenated water
was added to the 500 mL mark. The initial cyanidecentration in reactor volume
was 1.0, 2.0 and 3.0 mg/L of KCN. Hourly measuretser total biogas produced
during 21 days of incubation were recovered froespure-sensor data loggers and
served as descriptors of the initial lag phasesbtbgas production velocity and the
total amount of biogas produced. The headspaceamagposition was measured on
days 5, 14 and 21 by GC-MS

5" experiment was conducted in the same way'§segcept that initial cyanide
concentration in reactor volume was 5.0 and 8.3.n§KCN and it was incubated
for 60 days. The headspace gas composition wasuneebsn days 7, 14, 21, 28, 35
and 60 by GC-MS. Sterilization sub experiment waggymed in order to determine

the proportion of biotic and abiotic conversiorcgénide.

2.4 GC/MS analyses

The headspace gas composition for all five experimmevas measured by gas
chromatograph (AGILENT 3000 A Micro GC-TCD) in comAtion with quadrupole
mass spectrometer (PFEIFFER PRISMA PLUS QME 22@).v&as equipped with
three parallel columns. The carrier gas was argtmavilow of 2100 mL / min or 6 L
/ min. Injection temperature was 130°C, working sstge was 1 bar, injector
retention was 90 ms. Temperatures and pressutbs ofdividual columns differed:
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PLOT U: 100 °C; 2,068 bars,
(silicon capillary column with combined stationaphase divinylbenzene and

ethylene glycol dimethacrylate)

PLOT Q: 70 °C; 2,068 bars,
(robust column with a stationary phase consistingotystyrene and divinylbenzene)

PLOT MS: 80 °C; 2,206 bars

(molecular sieve)

Table 4: Retention times of analyzed gases (t)

Column t/min Gas
1.424 HO
PLOT U 0.767 HS
2.689 HCN
1.214 HO
1.144 HS
PLOTQ 1.971 HCN
0.727 CQ
0.739 H
PLOT Molecular Sieve 1.775 CH
1.195 N

Inlet pressure in the QMS was 1 mbar, the workiresgure was 1.00 x 10-6 mbar.
Integration of individual peaks was made by OrigmB" edition (Originlab, USA).
VQMS calibration data were obtained using the sagwalve on the calibration loop
at the injection of the test gas in the GC/QMSallrcases 1 mL of gas was injected
eleven times and the response amplitudes were gagkrdor GC calibration the

following gas mixtures were used:

e Ar—C0; (96-4 vol.%),

e Ar—CO~CH, (92-4-4 vol.%),

e Ar—CHy (96-5 vol.%),

*  Ar—CHy (96-4 vol.%),

e Ar-H,S (1000 ppm),

«  Ar—-CH/~CO-CQ—H, (84-4-4-4-4 vol.%).
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Data obtained from GC/QMS were processed usingddadt Excel and Origin 8.0.

Calibration data of gases is given in (Table 5).

Table 5: Calibration data of gases

IQMS/A.min.mol'l o/A.min.mol™
H, 1,958 x 10°® +3,92 x 10
CO, 2,049 x 10”7 +4,10 x 10°
CH, 3,130 x 10” +6,26 x 10”
co 3,038 x 10” +6,08 x 10”

2.5 Confirmation of gaseous HCN detection on GC/MS

For the determination of the retention time of gaseHCN, a water solution of
sodium cyanide was prepared in the pressure b¢@ed op) at different pH values.
Namely, the boiling point of hydrogen cyanide girassure of 101.3 kPa is 26 °C.
Since K, of HCN is 9.24 (Sehmel et al., 1989), the equilibr between gaseous
HCN and CN in the solution is strongly pH dependent. A voluofe450 mL of
distilled water was added to the OxiTop bottle,gmar with argon and 2.40 mL of
0.20 M KCN was added trough septum. The pH valuthefresulting solution was
8.5. The GC apparatus did not detect any HCN gathd next experiment the pH
value of the sodium cyanide solution was loweredtly addition of a known
predetermined volume of 0.10 M HCI to 5.0. The Gi@lgzer detected HCN on Plot

U at a retention time of 2.69 min and on Plot @ attention time of 1.97 min.

2.6 Analysis of NH4-N

Ammonia concentrations in all experiments were mess by LCK 305, 302
Ammonium cuvette test (Hach Lange, Germany) usisgh-Lange DR2800 VIS
spectrophotometer according to the manufacturérnicsons. Ammonium ions react
at pH 12.6 with hypochlorite ions and salicylat&san the presence of sodium
nitroprusside as a catalyst to form indophenol blwehich is determined
photometrically at 560 nm. Spectrophotometer wdibreded according to the 1ISO
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8466-1 and DIN 38402 A51 standards ,Calibration amfalysis methods”. The
detection and the quantitation limits were deteedim conformity with DIN 32645.

Table 6: Technical data for cuvette test LCK302 (Results as NH4-N)

Detection limit 0.8 mg/L
Quantitation limit 2.4 mg/L
Sensitivity 0.049 Abs./(mg/L)

Ordinate intersect 0.128 Abs.
Residual standard

douiat 0.0073 Abs.

eviation

Meth_oq variation 1.49 %

coefficient

(I;/let_hold standard 1.5 mg/L
eviation

Confidence +3.7 mg/L

intervall (95%)

Table 7: Technical data for cuvette test LCK305 (Results as NH4-N)

Detection limit 0.033 mg/L
Quantitation limit 0.099 mg/L
Sensitivity 0.140 Abs./(mg/L)

Ordinate intersect 0.092 Abs.
Residual standard

doviati 0.0019 Abs.

eviation

Meth_oq variation 1.63 %

coefficient

(I\j/let_ho_d standard 0.13 mg/L
eviation

Confidence +0.33 mg/L

intervall (95%)

2.7 Analysis of cyanide

Free cyanide concentrations in all experimentshagfer 3 were measured by LCK
315 cyanide cuvette test Pyridine-Pyrazalone Meffigabtein et al., 1947) (Hach-
Lange, Germany) according to the manufacturer ucsbns. The principle of

determination is that cyanides react with chloiméorm cyanogen chloride, which
in turn reacts with pyridine in the presence ofbaric acid, condensing to form a
violet colorant, which is determined photometrigalsing Hach-Lange DR2800 VIS
spectrophotometer at 590 nm. Spectrophotometer catilsrated according to the
ISO 8466-1 and DIN 38402 A51 standards ,Calibratdbranalysis methods”. The

detection and the quantitation limits were deteedim conformity with DIN 32645.
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Table 8: Technical data for cuvette test LCK315

Detection limit 0.002 mg/L

Quantitation limit 0.007 mg/L

Sensitivity 2.725 Abs./(mg/L)

Ordinate intersect 0.059 Abs.

(I?es]dyal standard 0.0074 Abs.
eviation

Meth_oq variation 0.82 %

coefficient

(l\j/let_hold standard 0.003 mg/L
eviation

Confidence intervall

(95%) +0.007 mg/L

Total cyanide was analyzed according to the APHa&ndard methods (APHA,
2005).

2.8 Analysis of COD

COD in all experiments in Chapter 3 were measuretl@K 514 COD cuvette test
(Hach-Lange, Germany) according to the manufaciastructions. The principle of
determination is that oxidizable substances reatt sulphuric acid — potassium
dichromate solution in the presence of silver salphas a catalyst. Chloride is
masked by mercury sulphate. The green coloration Cot" is evaluated

photometrically using Hach-Lange DR2800 VIS speutaiometer at 605 nm.
Spectrophotometer was calibrated according to $it2 8466-1 and DIN 38402 A51
standards ,Calibration of analysis methods”. Theéeckton and the quantitation

limits were determined in conformity with DIN 32645
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Table 9: Technical data for cuvette test LCK514

Detection limit 4.6 mg/L

Quantitation limit 13.7 mg/L

Sensitivity 0.0005 Abs./(mg/L)

Ordinate intersect 0.063 Abs.

(I?e;ldgal standard 0.0017 Abs.
eviation

Meth_oq variation 0.33 %

coefficient

(l\j/let_hold standard 3.5 mgiL
eviation

Confidence intervall

(95%) +8.7 mg/L

2.9 pH measurements

pH was measured in 20 mL samples without centrifagaimmediately after
sampling using pH meter (Orion 520A). pH meter veadibrated with two pH
calibration buffers of exactly known pH.

2.10 Analysis of volatile fatty acids

Volatile fatty acids (VFAs C1-C5 molecules) werdragted from the samples with
diethyl ether according to the procedure of Holderatal. (1977) and analysed by
gas chromatograph Schimadzu GC-14A with splitgsi# injector and flame

ionization detector (FID), equipped with fusedcsllicapillary column DB-WAX of

30 m length, 0.326 mm diameter and 0,48 stationary phase thickness (J&W
Scientific, 123-7032). Quantification was perform®dan internal standard method
(addition of crotonic acid an VFAs to the sampkr calibration, we used a mixture
of short chain fatty acids in the composition: acatid (0.525 g / L), propionic acid
(0.495 g / L), iso-butyric acid (0.475 g / L), ntc acid (0.480 g / L), iso-valeric

acid (0.465 g / L), n-valeric acid (0.470 g / L)ycapronic acid (0.465 g / L). The
injector temperature was 160 °C, the detector teatpee 210 °C, the column

temperature 75 °C.
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2.10 Analysis of metals in microbial biomass

Triplicate samples (10 mL) were wet digested inosed PFA vial (561B, Savillex,
Minnesota, USA) with 3 mL of HN¢XTraceSelect Fluka, Buchs) and 2 mL of
(Suprapur Merck, Darmstadt). Complete digestiothef samples was performed at
200 °C for 1 h. After 1 h vials were opened and [gas1were heated until almost
dry. Digested samples were diluted to 10 mL witHliNQ water and analyzed with
Agilent 7500ce series ICP-MS instrument. Standaduiteon technique (N = 10) was
used to avoid matrix interferences. Limit of dei@tiwas calculated as concentration
corresponding to three-fold standard deviation [Bs; 6) of blank determinations.
Blanks were subjected to the same digestion proeegkisamples.

3 RESULTS AND DISCUSSION

3.1 Experiment I: CSTR sludge amended with 1.5 mg/lof KCN

Aim: The aim of the first experiment was to observ@oase of selected biomass to
CN" application. We started with initial concentratiatb mg/L of KCN in first
experiment to see if the chosen system operatéds neivly selected biomass from
full scale CSTR biogas reactor. Low concentratiblKGN was selected (1.5 mg/L)
since there was no report about inhibition of thaeaobic process at concentrations
below 2 mg/L of free cyanide. Fedorak and Hrude38@) reported about inhibition
of the process at concentration 2.0 mg/L. Shoriplagse of approximately 60 hours

was observed in the case of cyanide amended sample.
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Fig. 19: Cumulative biogas production. Values are means of three replicates + SD.
Following the lag phase (which lasted approximated$ hours) normal
methanogenesis compared to the positive contrololasrved as shown in Fig. 19.

Methane content in cumulated biogas was 59.6 20fér cyanide sample and 60.27

+ 2.1 % for glucose - positive control sample (F2@).
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—=—glucose + CN 1.5 mg/L
-—— 777"
0 2 4 6 8 10 12 14 16 18 20 22 24

t (day)

Fig. 20: Methane content during 21 days of incubation. Values are means of three replicates

+ SD.
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Free cyanide concentration decreased rapidly. Aferdays of incubation
concentration of free cyanide was only 0.6 = 0.0¢LmAt the end of incubation
period free cyanide concentration was 0.034 + Q4L (Fig. 21).

CN- (mg/L)
S o kB B B B
o [ee] o N » o
| I T | | I BT Y

o
i
[

o
[N
[

+

—=— Glucose + CN 1.5 mg/L
T T T T T T T T T T 1
0 5 10 15 20 25

t (day)

o
[=)
A

Fig. 21: Concentrations of free cyanide during 21 days of incubation. Values are means of

three replicates + SD.

Significant findings of the T experiment

First application of cyanide to selected microbiabiomass resulted in unaffected
methanogenesis based on methane content, cumulatibegas production and
free cyanide removal. Such results were expectedhse there were no previous

reports on inhibition at KCN concentration (1.5 mg/L) used in experiment.

3.2 Experiment II: CSTR sludge amended with 5 and@ mg / L of KCN

Aim: The purpose of the second experiment was to obsesponse of selected
biomass to much higher concentrations of KCN. Wepliag two different
concentrations of KCN (5.0 and 10.0 mg/L of KCN)tést the response of selected
biomass to concentrations that were reported ialobiting concentrations (Fedorak
and Hrudey 1989, Gijzen et al., 2000).

Twenty lab-batch reactors (Oxitop) were tested riurihe period of 29 days to
evaluate mesophilic anaerobic digestion of the idgar(KCN) in two different
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concentrations. KCMas added at the beginning of the experiment iceotnations
5 mg/L and 10 mg/L, respectively. Performance ef tbactors is shown in Fig. 22.
In the case of positive control (glucose) procesmmeted successfully and high
cumulative biogas production was recorded (149.4.i@bntrary in the case of KCN
addition, strong inhibition of process was obserasdvas reported before (Fedorak
and Hrudey 1989, Gijzen et al., 2000). Both authremorted significant inhibition
effect on methanogenesis at the application of @Noncentrations higher than 5

mg/L.
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Biogas (mL)

40

20
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—e— glucose + CN 5.0 mg/L

——glucose + CN 10.0 mg/L
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Fig. 22: Cumulative biogas production during 29 days of incubation. Values are means of

three replicates + SD. SD is omitted for clarity but represented less than 15% of the average.

Cumulative biogas production in the experiments rheyanide was added to the
substrates was 25.3 £ 1.4 mL and 259 £ 1.1 mL edsgly, which is
approximately 83.1 and 82.7 % less than in the cdsthe positive control with
added glucose. This indicates a partial inhibitmin methanogenesis, but not a
complete shutdown as was reported by Fedorak andeyr(1989). In their batch
anaerobic study with 2-2.5 mg/L of CMoncentration in the medium, methane
generation had started only after the completeedigpl of CN. Chakraborty and
Veeramani (2006) also reported total inhibition ofethanogenesis at CN

concentration 2.1 mg/L. In our case methane cordighhot exceed 40 (vol.%) at a
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cyanide concentration of 5 mg/L and below 25 (v)l&a cyanide concentration of
10 mg/L as shown in Fig. 23. According to the resubf methane content
measurements in our case methanogenesis was elgfisignificantly inhibited but
did not completely fail. These differences can babpbly explained by differences
in microbial biomass as was reported by Gijzenl.ef2900). Thicker biofilms are
supposed to be capable of handling higher €dhcentrations due to a minimal
exposure of inner biofilm layer. Forming of biofiloan also explain more effective
CN degradation in batch experiments (Gijzen et @002 Fedorak and Hurdey
1989) in comparison with continuous systems in Whiofilm is hardly formed

because of the continuous flow.
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Fig. 23: Methane content during 29 days of incubation. Values are means of three replicates
+ SD.

Reactors performance in terms of removing COD (Bi#) was 92 % in case of
glucose. Meanwhile in the presence of @sended samples no COD removal could
be detected. On the contrary, COD was apparentyeasing until the end of
experiment. This can be explained by Gdkicity to microorganisms, which caused
accumulation of organic compounds derived from ab@l biomass and consequent
increase in COD. This is yet another indicatiomprfcess inhibition and CNoxicity

to the microbial community.
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Fig. 24: COD concentrations in batch reactors during 29 days of incubation Values are

means of three replicates + SD.

In the acidogenic phase monomers are degradedtbdtain organic acids, (C1-C5
molecules; ...acetic acid, propionic acid, butyricddac). In all samples, the acetic
acid represented the largest fraction as shownign 5. Other acids were also

present (not shown), but in minor quantities.
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Fig. 25: Acetic acid concentrations in samples during 29 days of incubation. Values are

means of three replicates + SD
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In the case of glucose sample, we observed anaserna the concentration of acetic
acid during the first days of incubation followed la decrease. Acetic acid
concentration was correlated to methane conteshawn in Fig. 26. Meanwhile, in

the case of cyanide samples, there was no accuomulaf acetic acid. The

concentration of the acetic acid in cyanide samplas the same during the whole
period of incubation with minor fluctuations. Thaso correlates with methane
production in both cyanide samples (for cyanide @an.0 mg/L, not shown) as

shown in Fig. 27.
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Fig. 26: Correlation between acetic acid concentration and methane content in glucose

sample. Values are means of three replicates + SD. SD is omitted for clarity but represented
less than 15% of the average.
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Fig. 27: Correlation between acid concentration and methane content in cyanide sample with
initial CN" concentration 10 mg/L. Values are means of three replicates + SD. SD is omitted

for clarity but represented less than 15% of the average.

Concentrations of volatile fatty acids were too Bnta cause inhibition of the
process. Acetic acid starts inhibition at 1000 mgtlpH <7 (Deublein et al., 2008).
The same concentrations of acetic acid in cyarsdegples could indicate inhibition
of anaerobic process. Because of the inhibition wueyanide toxicity, we could
assume that hydrolysis, acidogenesis and acetagemwese inhibited. Therefore
methanogenesis could not take place, at leastnnfutliextent as can be seen from
Fig. 23. Because of inhibition, there was no acatic accumulation during 29 days

of incubation.

Most authors report on hydrolytic pathway in anaeralegradation of CNFedorak

and Hrudey 1989, Paixao et al., 2000, Annachhatcke Amornkaew., 2000, 2001,
Kunz et al., 1992; Fallon 1992, Fallon et al., 19®eductive pathway is believed to
be uncommon and there are no reports to best dirmwledge about occurrence of
such pathway under anaerobic conditions since eezfmtrogenase) required for
such pathway is very rarely found. Enzyme utilitgBSN and produce methane and

ammonia as the end products.
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Hydrolytic reactions

Cyanide Hydratase Cyanidase

HCN + H,0 — HCONH, HCN + 2H0O — HCOOH + NH; (9)
Nitrile hydratase Nitrilase

R-CN + HO - R-CONH, R-CN + 2HO - R-COOH + NH (10)

Reductive reactions
HCN + 2H +2€ - CH,=NH + H,O - CH,=0
l
CH,=NH +2H + 26 - CH;— NH, + 2H" + 26 —. CH,+ NHs (11)

Regarding to the possible pathways, inhibitors ethanogenesis next to GNould
be ammonia, but regarding to the pH in our expenin?e7.5 and temperature g7,
ammonia concentration could not inhibit the proceBmal concentrations of
ammonia in our experiment were 255.6 + 1.3 and 333.4 mg/L in case of
cyanide samples respectively (Fig8). These conditions are well within fully
functionalconditions as the general inhibitory concentratistast at 1500 mg/L at
pH higher than 8 (Deublein et al., 2008).
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Fig. 28: Concentrations of ammonia (NH4-N) during 29 days of incubation. Values are

means of three replicates + SD.
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There was also no significant difference in ammaaacentrations between positive
control (249.1 £ 0.3 mg/L) and Cldmended samples (255.6 £ 1.3 and 253.6 + 3.4
mg/L respectively), but the process proceeded withohibition in the case of
glucose, meanwhile in case of CiHethanogenesis was inhibited. These results rule

out ammonia as inhibitor of the process in thiscas
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Fig. 29: Concentrations of free cyanide during 29 days of incubation. Values are means of

three replicates + SD.

Concentration of free cyanide was depleted in 2jsd# incubation without any

evidence of anaerobic transformation (FRR). Measurements of total cyanide
concentrations (TCN) revealed that TCN concentnatiier 29 days of incubation
was almost the same as it was in the beginningcpérement as shown in Fig. 30
and Fig. 31. At the beginning of the experimenading rate 10 mg/L of KCN),

measured TCN concentration was 10.42 + 0.09 mgd_aanhe end it was 9.36 £ 0.1
mg/L. So, only 1.06 mg/L (10.3 %) of the total Optesent was removed from the

system.

The same results were obtained for the samples dadewith 5 mg/L cyanide,
where 5.42 + 0.07 mg/L of TCN was measured at #ginming of the experiment
and 4.32 = 0.09 mg/L of TCN (20,3 % removal) afF days of incubation,
meanwhile free cyanide decreased from 5 mg/L tceurlde detection limit (0.01
mg/L).
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Fig. 30: Concentrations of free cyanide and total cyanide for sample with initial cyanide
concentrations 5 mg/L during 29 days of incubation. Values are means of three replicates +
SD.
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Fig. 31: Concentrations of free cyanide and total cyanide for sample with initial cyanide
concentrations 10 mg/L during 29 days of incubation. Values are means of three replicates +
SD.

Further we analyzed microbial biomass for the preseof metals, which are very
common in WWTP sludge (Alonso Alvarez et al., 20684 et al., 2008). Since the
simplest form of soluble cyanide is the negativaigrged cyanide ion, CNwhich is
composed of a carbon atom triple bonded to a retmagom (&N). Because of this

bond cyanide anion is a versatile ligand that seagth many metal cations to form
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metal-cyanide complexes (MCC). The results revedlgti concentrations of iron

and also presence of some other metals as showabie 10.

Table 10: Concentrations of metals present in CSTR microbial biomass

Metal | Concentration mg/L
Fe 461 + 15

Ni 11+0.1

Zn 52+1

Cu 19.8+0.1

Iron is known to form very strong complexes wittanide. Based on that knowledge
and analytical results we concluded that free damnwas transformed to metal-
cyanide complex. Regarding to the metals presetitaranalyzed microbial biomass
four species of metal-cyanide could be formed;Qd, Zn, Fe. Since the Cd, Ni and
Zn form weak complexes with cyanide, and Fe fortneng MCC and also have the
highest equilibrium constant (Table 11) for formatiof MCC, we assume that iron-
cyanide complex prevails in the system. Schecheal.e1998) calculated that in
anoxic conditions the ferrocyanide form (Fe(¢l)prevails. This is a very strong
complex and there are no reports of anaerobic datjiom of Fe(CNYs. Since the
MCC are not biologically available (but still toxito microbial consortium),
dissociation is needed for biological treatment.sdociation of iron-cyanide
complexes is only possible under strong acidic targ (pH=1.5, heat 125°C, for
2h; APHA, 2005, ASTM 1998) to dissociate and fomeefcyanide. Meeussen et al.
(1992) demonstrated the high degree stability afofyanide Fe(CNJ. Projected
half-lives were raging from 1 year under reduciogditions pE=5) at pH 4 to 1000
years at the same pH under oxidizing conditiguiz:=10). Acidic conditions are toxic
for anaerobic microbial consortia, since the optmpH for methane-forming

microorganisms is at 6.7-7.5 (Deublein et al., 2008

69



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

Table 11: Equilibrium constants for formation of selected metal-cyanide complexes (Schmel

g.a. 1989)

Reaction Log K (at 25°C, | = 0)
Cd”™ + CN” > CdCN~ 5.32
Cd™ + 2CN™ - Cd(CN)", 10.37
Cd** + 3CN™ — Cd(CN) 3 14.83
Cd™ + 4CN™ — Cd(CN)*"4 18.29
Cu™ +2CN™ — Cu(CN) > 24.03
Cu” + 3CN™ — Cu(CN)" 3 28.65
Cu" + 4CN™ = Cu(CN)*, 30.35
Ni“* + 2CN™ — Ni(CN)’, 14.59
Ni” + 3CN™ = Ni(CN) 3 22.63
Ni” + 4CN™ — Ni(CN)* "4 30.13
Ni* + H" + 4CN™ — NiH(CN) 4 36.75
Ni“* + 2H" + 4CN™ — NiH2(CN)’, 41.46
Ni* + 3H" + 4CN” — NiH3(CN)", 43.95
Zn”* + 2CN” — Zn(CN)"%, 11.07
Zn°" + 3CN” — Zn(CN) 3 16.05
Zn°" + 4CN™ — Zn(CN)* "4 16.72
Fe”™ + 6CN™ — Fe(CN)" ¢ 45.61
Fe™ + H" + 6CN™ — HFe(CN)*6 50.00
Fe” + 2H" + 6CN™ — H,Fe(CN)™ 52.45
Fe® + 6CN™ — Fe(CN) ¢ 52.63
2Fe* + 6CN™ — Fe(CN)% 56.98

It was reported that, MCC are less toxic to micablgommunity than free cyanide
(Rollinson et al., 1992). Quan et al. (2004) repdrtemoval of 0.5 mM nickel-
complexed cyanide Ni(CK) under sulfate-reducing conditions. The consortium
enriched for cyanide degradation effectively rentbwéckel-complexed cyanide in
11 days. In another experiment, which lasted 17sdawicrobial consortium
degraded the free cyanide ion concentration frotmrOM to 0.05 mM. However,
efficiency was only 20 % regarding to the degramabf nickel-complexed cyanide
and this suggests that free cyanide is more towiccomparison with metal-

complexed cyanide.

The microbial biomass was not tested for the pesen MCC, but regarding to the
result of TCN and heavy metals we could concludeat there were probably
ferrocyanide complexes present in the system, pitgbge(CN}s species, since it

was reported that this was prevailing form of feganide in anoxic conditions
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(Schecher et al., 1998). Since the MCC are less than free cyanide we assume
that this was probably the reason that in our erpErts methanogenesis was still
present in comparison to the previous reports tdl tmhibition, in one case at
concentrations 2.0 mg/L of free cyanide (Fedorak ldrudey 1989) and in the other
case at 5.0 mg/L (Gijzen et al.,, 2000). Poor bimagavailability of MCC for
microorganisms resulted in limited cyanide remoVéé could not find evidence of
biological transformation of cyanide, since thererevno intermediate products of
hydrolytic or reductive pathways of cyanide degtemha Small amounts of cyanide
missing could be explained either by volatilizatiaa HCNg or by biological
transformation during the first days of incubatisiimnen free cyanide was still
available (Sharpe, 1976). HNwas not detected on GC-MS analysis.

From the results we concluded that none of theseiple pathways took part in our
experiment with 5.0 and 10.0 mg/L cyanide concéiaing, which is yet another
indicator of process inhibition and also indicatdrCN toxicity to the microbial

community.

Since the Gijzen et al. (2000) reported about adept of UASB sludge to cyanide
influent concentrations as high as 125 mg/k tested the adaptivity of microbial

consortium to the cyanide toxicity in the next expents.

Significant findings in the 2'® experiment:

We could not find evidence of anaerobic microbiolagal transformation of

cyanide at concentration 5.0 or 10.0 mg/L in CSTR rarobial biomass, since
there were no intermediate products of hydrolytic @mthways for cyanide
degradation detected. Poor biological availabilityof metal-cyanide complexes

(MCC) for microorganisms resulted in minor cyanideremoval.
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3.3 Experiment Ill: CSTR sludge amended three timesvith 2 mg /L of KCN

Aim: Main goal of this experiment was to achieve adaptatof microbial
community to the cyanide toxicity since in th& Bxperiment methanogenesis was
highly inhibited at concentration of 5.0 mg/L cyd®i and contained high
concentrations of iron ferrocyanide complexes. fideo to achieve methanogenesis
without noticeable inhibition at final CNconcentrations higher than 5.0 mg/L of
total cyanide,we used step-wise increasing of free cyanide (KCd)centrations

during 63 days of incubation by three times amendrog2 mg/L cyanide.

At the beginning of the experiment microbial biomas the reactors was amended
with glucose and 2 mg/L of free cyanide (in theriasf KCN). Positive control was

amended only with glucose in order to observe treesobic process in the absence
of cyanide toxicity. In the case of glucose san{plesitive control) methanogenesis
started immediately, meanwhile in the case of d@ansample lag phase was
observed (Fig. 32). Lag phase lasted for approxmdi days in cyanide-amended
sample with initial concentration 2.0 mg/L of KCRNollowing the lag period normal

production of biogas was observed.
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Fig. 32: Cumulative biogas production during 63 days of incubation. Values are means of

three replicates £ SD. SD is omitted for clarity but represented less than 15% of the average.
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After day 13 of incubation only small incrementhiomgas production as well as in
methane content was detected. Methane contentdooge sample was 61.98 + 1.99
% and 62 + 1.8 % on day 13 and 21, respectivelg Miethane content of cyanide
amended samples was similar as shown in Fig. 39,60.36 % and 63.7 £ 0.04 %
on day 13 and 21, respectively. On day 21 samplese vagain amended with
substrates of the same concentration as in theamg&ndment. As in the first run,
biogas production started immediately for the gheceample. In the case of cyanide
amended samples lag phase was observed againy&ude amended sampleg
phase was shortened from 5 days in the previoustou# days for the second
amendment (Fig. 32). Following the lag phasermal biogas production was
observed and cyanide sample reached almost the lseagleof cumulative biogas
production (143.5 £ 1.3 mL) as the positive contfd#6.9 £+ 1.7 mL). Level of
cumulative biogas production was higher than irvipies run in both samples, where
cumulative biogas production was 104.31 + 3 mLdloicose sample and 103.7 £ 2.9

mL for cyanide sample.
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Fig. 33: Methane content in produced biogas during 63 days of incubation. Values are
means of three replicates + SD. SD is omitted for clarity but represented less than 15% of

the average.

Following the next 21 days (42 day form the begigmf the experiment), inoculum
was again amended with the same concentrationkiodge and cyanide. In the case

of glucose there were no changes in biogas pramtuati comparison to the first two
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runs. In the case of cyanide-amended sample, &tdag phase occurred than was
observed before in the first two amendments anédagpproximately 10 days. This
kind of behavior was expected and could be linkedncreasing total cyanide
concentrations (formation of ferrocyanide complgxadich was 5.7 £ 0.3 mg/L at
the end of experiment. Cumulative biogas produciiotine last run was 140.1 + 3.5
mL for cyanide sample and 158.6 = 1.7 mL for glceample. Methane content at
the end of the third amendment (day 63) was 62325+% and 57.6 £ 3.3 % for

glucose and cyanide samples respectively.

Concentration of free cyanide was decreasing fotigveach application (days 0, 21
and 42) as shown in Fig. 34. With respect to tiselte of total cyanide (5.7 + 0.3
mg/L) at the end of the experiment on day 63, tgenide was transformed only to
the metal-cyanide complexes. Methanogenesis wasitihibited for only a few days
in case of cyanide amended samples. Followingsthist lag period normal biogas

production (regarding to the positive control) veserved.
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Fig. 34: Concentrations of free cyanide for sample with initial cyanide concentration 2 mg/L

during 63 days of incubation. Values are means of three replicates + SD.

COD removal efficiency in the first two runs wasngar in all samples. The only
difference was during the lag phase in case of idgasamples, where glucose
sample showed more efficient COD removal. After ldge phase COD removal was

almost identical for all samples as shown in Fhy. 3
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Fig. 35: COD values for adaptation experiment during 63 days of incubation Values are

means of three replicates + SD. SD is omitted for clarity but represented less than 15% of

the average.

It was reported before (Yang et al., 1980) thdbfeing the reduced concentration of
free cyanide normal methanogenesis occurred. Affierd® run significantly lower

COD removal efficiency and methane content in bsogeere detected for the
cyanide-amended samples (Fig. 33) in comparisaieopositive control (glucose
sample). This was due to the accumulated totalidgafT CN) in the concentration

of 5.7 £ 0.3 mg/L of cyanide-amended sample.
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Fig. 36: Cumulative biogas production and CH; content for sample with initial cyanide
concentration of 2 mg/L during 63 days of incubation. Values are means of three replicates +

SD. SD is omitted for clarity but represented less than 15% of the average.

Free cyanide is more toxic to microbial communitiesn is cyanide complexed with
metal (Rollinson et al., 1987). On Fig. 36 we cdsayve correlation between lag
phases and methane content. We believe that lagepbacurred during the
complexation of free cyanide to form metal comptex®anide. Following the

cyanide complexation the toxicity decreases andmabrbiogas production was
observed, comparable to glucose amended positimgato Another indicator for

these events is demonstrated on Fig. 37 where weloserve correlation between
the lag phase and free cyanide concentrations.

With the decreasing free cyanide concentrations;aveobserve the end of lag phase
and more biogas produced with higher concentratiohsmethane content in
comparison with methane content during the lag @h&lse average methane content
during the lag phases was 52.3 £ 0.5 % for cyasataple. Meanwhile in positive
control at the same measurements poimsthane concentration was significantly
higher 61.2 + 1.4%. This is another indicator thpplication of free cyanide to
normal performing reactor has an inhibitory effdxtf after the metal complexation,
normal methanogenesis occurred. Cumulative biogaduption during 63 days of
incubation for positive control was 409.8 + 1.7 mhd for cyanide sample 387.3 £

3.5 mL as seen from Fig. 32.
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Fig. 37: Cumulative biogas production and CN concentrations for sample with initial cyanide
concentration of 2 mg/L during 63 days of incubation. Values are means of three replicates +

SD. SD is omitted for clarity but represented less than 15% of the average.

If we compare these results with the results offitise experiment where 5.0 mg/L of
free cyanide was directly applied, we can obsengehdifferences in process. When
5.0 mg/L of free cyanide was directly applied methgenesis was strongly inhibited
(Fig. 22, Fig. 23), but when a stepwise incremdrdyanide concentration was used
we detected a short-term inhibition, in comparismthe positive control. Inhibition
was present only during the lag phase and aftérniamal biogas production was
observed again. In both cases only small amountyafide were removed. Most of
the cyanide was still present in the final sludgethe form of metal-cyanide
complexes, most probably ferrocyanide, regardinghto metals in biomass (Table
10).
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Fig. 38: Cumulative biogas production — comparison between 2" and 3" experiment. Values

are means of three replicates + SD. SD is omitted for clarity.

From Fig. 38 we can observe differences in cumdlaiegas between"2and &
experiment. Final total cyanide concentration ia fecond experiment was 4.32 +
0.09 mg/L, and there was 33.3 mL of accumulateddsowith average methane
content of 37.4 % + 1. Meanwhile, at the end &f &periment total cyanide
concentration was 5.7 + 0.3 mg/L, and there was11403.5 mL of accumulated

biogas with methane content (last 21 days of intabpof 57.6 + 3.3 %.

There was no COD removal detected in tPfeeperiment, meanwhile in the last run

of the 3% experiment the COD removal efficiency was 75.6 2%.
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Fig. 39: Methane content in biogas — comparison between the 1* and the 2" experiment.
Values are means of three replicates + SD. SD is omitted for clarity but represented less

than 15% of the average.

Toxicity of cyanide to anaerobic microbial consartias been previously reported
(Gijzen et al., 2000, Fallon et al., 1991, Annad¢ttnand Amornakaew 2001, Smith
et al.,, 1985). Laha and Luthy (1992) reported thlerance of bacteria to cyanide
species at concentrations from 10 to 1000 mg/Lhaut evidence that bacterial
consortium could grow on cyanide as carbon sowtéirect application of 5 mg/L
KCN (glucose as carbon source), we observed sirgnbition of anaerobic process
and there was no cyanide removal and also no C@val detected. But when we
applied a stepwise increasing of cyanide conceatrsit starting with concentrations
of 2 mg/L of KCN, the anaerobic process was peréarmormally following the lag
phase. We assume that during the lag phase, a eratioin of free cyanide to iron-
complexed cyanide took place, and after that améenqrocess continued without
inhibition. We repeated this for additional two ésmwith addition of 2 mg/L of KCN
plus glucose as carbon source for each time, analwagys observed the same event:
following the lag phase (complexation) normal pgxe/as observed in comparison
to the positive control. At the last/®3application of 2 mg/L of KCN lag phase
prolonged (Fig. 32) and we assume that this wast@@aecumulated cyanide effect.
Since, we detected almost none of free cyanideSand 0.3 mg/L of TCN in final
samples, we concluded that final media with accabedl metal complexes started to

inhibit methanogenesis, but its effect was muchelowhan effect of the direct
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application of 5 mg/L KCN. With respect to the regoof adaptation and tolerance
of anaerobic microbial consortia to cyanide (Gijatral., 2000, Fallon et al., 1991,
Laha and Luthy 1992), we concluded that microbmhsortia was adapted to the
toxicity of metal-complexed cyanide, but could mse cyanide as a carbon source
under tested conditions. In our experiments we adtlecose as a carbon souraed
once that free cyanide was complexed, microbiakodra used glucose as carbon
source and normal methanogenesis took place. @dinfis can also be corroborated
with studies that have shown that cyanide complex#s iron are most resistant to
microbial degradation (James and Boegli 2001),asd the studies, which reported
on adaptation of microbial consortia to cyanideidibx (Gijzen et al., 2000). In
described experiments we used CSTR biomass, whictained significant fraction
of heavy metals (Table 10). Once the free cyanide somplexedits toxicity was
decreased. We tested that hypothesis with shant-wub-experiment with three
different concentrations of free cyanide as showikig. 40.
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Fig. 40: Influence of free cyanide concentration on the duration of lag phase in the course of
biogas production in laboratory tests of BMP assay (A). The linear relationship between the
lag-phase (inhibition) before full biogas production and the concentration of free cyanide in
the BMP assay (B).

From results we can observe a linear correlatiomvden the lag phase and free
cyanide concentrations. At the application of fig@nide in concentration of 5
mg/L, the process was strongly inhibited (experimgnand it never recovered.
From these results we can determine that irreversihibition point for microbial

consortia in selected biomass is between 3.5 and/k of cyanide. We believe that

complexation takes place during the observed |lag@h
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Significant findings the 3° experiment:

Metal cyanide complexation is probably the main reson that almost none of
cyanide was removed during the anaerobic incubatianUp to our knowledge
there are no published reports of anaerobic degradeon of FeCN. And due to
the chemistry of FeCN complexes dissociation (pH 4-at 125°C) it is highly
unlikely that this is possible under anaerobic condions. However, our research
showed that anaerobic microbial consortia could beadapted to metal-
complexed cyanide toxicity, but could still not useyanide as carbon or nitrogen

source for growth.

3.4 Experiment IV: UASB sludge amended with 1, 2, g / L of KCN

Aim: The aim of this experiment was to apply the miabbiomass that does not
contain metals in concentrations that would allowtarcyanide complexation. In
reports on the removal of cyanide under anaerobiditions, granulated biomass
from UASB reactors or synthetic wastewater was ysediorak and Hrudey 1989;
Gijzen et al., 2000; Fallon et al., 1991; Paixaoakt 2000; Annachhartre and
Amornkaew et al., 2000; Chakarobrty et al., 20@gsed on that knowledge we

used granulated UASB microbial biomass as inocu’tunour next experiments.

Table 12: Concentrations of metals present in UASB microbial biomass

Metal | Concentration mg/L
Fe 12104

Ni <0.5

Zn 1.1+01

Cu 0.58 £0.2

In this experiment granulated anaerobic biomass ftbASB reactor was amended
with three different concentrations of cyanide (1200 and 3 mg/L of KCN).
Brewery wastewater (BWW) was used as carbon sobexguse this was the long-
term substrate in the bioreactor from which thigerial was obtained. BMP assay
lasted for 21 days. No problems were encounteraeminpleting the process as can
be seen from Fig. 41. There was no sign of inlghitr lag phase as witnessed in the
previous three experiments with CSTR biomass fraastewater treatment plant.
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Fig. 41: Cumulative biogas production during 21 days of incubation. Values are means of

three replicates + SD. SD is omitted for clarity but represented less than 15% of the average.

Measurements of biogas composition by GC-MS redehlgh methane content in
all samples. At the end of experiment, the highmesthane content was found in
positive control (77 = 0.2 %) and 74.3 £ 0.9 % Ime tsample with cyanide
concentration of 3.0 mg/L of KCN. No HCN8l or H was detected in the gaseous
phase. Cumulative methane production was the higf¥ds26 + 0.9 mL) in the
sample with initial cyanide concentration 3.0 mgKleanwhile in positive control
cumulative methane production was 68.2 + 0.3 mlis Thuld indicate that cyanide
was anaerobically converted to methane via hydolgathway as was reported
before (Fallon et al., 1991; Fallon 1992, Fedorall &lrudey 1989). Annachhartre
and Amornkaew (2000) reported particularly aboudrbiytic pathway at anaerobic

degradation of cyanide with biomass obtained froAEB reactor.
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Fig. 42: Methane content during 21 days of incubation. Values are means of three replicates
+ SD.

Concentration of free cyanide decreased rapidlyinduirst 5 days of incubation as
shown on Fig. 43. After 21 days of incubation antcation of free cyanide stayed
almost the same as it was at day 5. In the casetiad concentration 1.0 mg/L KCN

there was 78 = 0.02 % degradation of free cyanweday 5 and 82.4 + 0.02 %
degradation at day 21. In the case of initial cotregion 2.0 and 3.0 mg/L of KCN

degradation was 81 £+ 0.03 % and 80.5 + 0.05 % grbdand 83,1 £ 0.01 % and 83.5
+ 0.01 % on day 21 respectively. Approximately 83d&gradation of free cyanide

was observed in all cases.
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Fig. 43: Concentrations of free cyanide during 21 days of incubation. Values are means of

three replicates + SD.

Removal of cyanide from the system correlated witinulative biogas production as
seen from Fig. 44. It was reported before, thahim@ degradation without carbon
source is not possible (Fallon et al., 1991), amdocan conclude that removal of
cyanide was directly connected to the availabitifycarbon source, and once the
source was depleted, cyanide concentrations stayedhe same level, simply
because there was no energy source for microbreartia. KCN is also a source of
nitrogen, but in very limited amount, which canmah metabolism of anaerobic

microbial consortia.
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Fig. 44: Concentrations of free cyanide and cumulated biogas for sample with initial cyanide
concentration 3mg/L during 21 days of incubation. Values are means of three replicates +
SD.SD is omitted for clarity.

We failed to measure COD efficiency removal. Catiohs revealed that COD
efficiency removal was 73.25 + 1.5 % for positiantrol, 71.2 £ 1.1 %, 69.32 + 2.1
%, 72.95 £ 1.9 % for cyanide samples with initi@ncentrations 1, 2, 3 mg/L
respectively. Based on the result of COD remaxahklso estimated that decreasing
the free cyanide concentrations correlated welhvdOD removal. Concentration of
total cyanide after 21 days of incubation for samplith starting concentration
2mg/L was 0.45 mg/L £ 0.1 (free cyanide measuremem s 0.338 mg/L = 0.012.

We also measured concentrations of volatile fatigsa(VFAs, C1-C5 molecules)
during 21 days of incubations. On Fig. 45 acetid aod methane concentrations are
shown. Acetic acid is the dominant acid during pphecess of methanogenesis. If the
process is disturbed, this is usually reflectethamnconcentrations of VFAs. At pH 7,
the inhibiting threshold is up to 1000 mg/L of acetcid (Deublein et al., 2008). In
our case the process ran smoothly, and there wasconomulation of VFAs.
Comparison between positive control sample andidgasample in Fig. 45 shows,

that there was no inhibition by cyanide regardmg¢ghie positive control.

85



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

30 —1T———7——7—"—F——F—F—1——]——T——1——7—— 100
28—- A L 90
26 r
j L 80
24 4 ;g = |
= 22 -— 70
- )
S 20 -60
£ 184 I =
o ] rs =
S 16 [ S
) L4 =
Qo o
T 144 3 S
o ] 30
< 124 L
10 - 20
1 1
8 . .. 10
] —=— acetic acid |
6] —+—CH4 -0
T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22
t (day)
100
T T T T T
34 B L
32 ] 90
30 [ 50
28 N r
- / -
06 . 70
T 244 - 60
()] 1 L
é 22 —- - 50 (:E
T 20 r2
& 18 r40 3
L 6] L0 8
g 0 [0 <
< 7] L 20
12 L
10 - 10
8 1 —=—aceticacid Lo
6 —-—CH4 -
. . ; . ; . ; . ; . -10
0 5 10 15 20 25
t (day)

Fig. 45: Concentrations of acetic acid vs. methane content for positive control (A) and
cyanide sample with initial concentration 3mg/L of KCN during 21 days of incubation (B).
Values are means of three replicates + SD.

Significant findings of the 4" experiment:

First experiment with granulated microbial biomass from UASB reactor

showed more than 80 % of 3 mg/L free cyanide remoVaMeasurements of total
cyanide revealed that there was no formation of mat-cyanide complexes. This
was expected since in selected biomass there werdycssmall amounts of heavy

metals Table12). Higher cumulative methane production in the cyaide sample

86



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

(compared to positive control) could indicate thatcyanide was anaerobically

converted to methane via hydrolytic pathway.

3.5 Experiment V: UASB sludge amended 5 and 8.5 mid. of KCN

Aim: After the experiment of anaerobic methanogenic albgion with three
different concentrations of free cyanide, we testde effects of higher
concentrations of cyanide on UASB microbial bioma$his experiment was
conducted in the same way as th8 dxperiment except that higher cyanide

concentrations (5.0 and 8.5 mg/L) and longer tifi@aubation (60 days) were used.

Samples amended with initial concentration of 5.@/Lmof KCN showed no
inhibition; meanwhile sample with concentration8% mg/L of KCN was strongly
inhibited as shown in Fig. 46. Inhibition lastedpegximately 22 days without
significant biogas formation. The only biogas prciitn was observed during the
first two days (4.3 mL £ 0.6 and 1.64 mL + 1 redpesy), probably due to delayed
toxic effect of cyanide. After day 22, biogas sdrto accumulate very rapidly and

reached the same volume as in 5.0 mg/L at day 38.
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Fig. 46: Cumulative biogas production. Values are means of three replicates + SD. SD is

omitted for clarity but represented less than 15% of the average.
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Methane content during 60 days of incubation wasoat the same in positive
control as it was in cyanide sample with conceinab.0 mg/L of KCN. There was
only a small amount of methane detected in cyamsdmple with initial KCN

concentration of 8.5 mg/L. Methane was probablynied during the first two days

of incubation, when there was some small biogagraatation.
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Fig. 47: Methane content (A) and cumulative methane production (B).Values are means of

three replicates + SD. SD is omitted for clarity but represented less than 15% of the average.

Interestingly, the volume of accumulated biogasnfimyanide-amended samples was
higher than the volume of accumulated biogas framsitiwe control that received

only brewery wastewater as carbon source. Thatalgasobserved in experiment IV
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(Fig. 41), where cyanide sample with initial contcation of 3 mg/L of KCN, also
resulted in more accumulated methane comparedsitiyeocontrol.

Methane content at the end of process was almaststme in all samples;
meanwhile cumulative methane production was higheyanide-amended samples,
suggesting that a fraction of biogas was derivethfCN degradation probably by
hydrolytic pathway. From the cumulative methanedpation (Fig. 47 b) it is evident
that more methane was formed in cyanide amendegleanHydrolytic pathways
have several advantages for detoxication of cyanbbeause direct enzymatic
cleavage of the carbon nitrogen triple bond of HEMves to degrade the cyano
group and thus eliminates the possibility of furtheactivity (Raybuck, 1992). The
products of hydration (formamide — amide derivemhfrformic acid) and hydrolysis
(formic acid and ammonia) are considerably lesgtthan cyanide and can serve as
carbon and nitrogen source for microbial communityother advantage is that no
additional cofactors are needed; the only requirgnfier catalysis is presence of
functional enzyme (e.g cyanide hydratase, cyanjdagglase, nitrile hydratase).
Therefore, hydrolytic systems are adequate for mezystabilization and
immobilization technology, which can result in thegeatment of higher
concentrations of cyanide, than could be toleratethe living cell (Raybuck, 1992).
Sanchez et al., (1967) reported of spontaneousti@akdigdrolysis of cyanide to

formate, which is thermodynamically favorable react

HCN + 2H0O - HCOOH + NH AG° =-15.6 kcal (12)

Fallon (1992) also observed direct hydrolysis adrdgle to formate and bicarbonate.
Therefore, cyanide is degraded through conversioforimate and then to Gy
formate hydrogenase (Wu et al., 2003). Conversidiortimate could be mediated by
nitrilase or alternatively to formamide by cyanitgdratase and formamidase (Gupta
et al., 2009).
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Cyanide Hydratase Cyanidase

HCN + H,0 — HCONH, HCN + 2H0O - HCOOH + NH; (13)
Nitrile hydratase Nitrilase

R-CN + HO - R-CONH,  R-CN + 2HO - R-COOH + NH (14)

It is well known that anaerobic microbial commundagnverts formate to CQand
methane. C@also exists in equilibrium with bicarbonate (HEOwhich is poorly
soluble in lipid membranes compared to carbon dexcarbon dioxide can freely
diffuse in and out of the cell, while bicarbonatashbe actively transported (McRae
et al, 1983). Further, it is also well known, thatthe case of hydrogenotrophic
methanogenesis, methanogenic archaea use hydrageralso formate) as electron
donor to reduce COto methane. On the other hand formic acid reptsseable
substrate for methanogens and could play importesie in  maintaining
thermodynamically favorable conditions for cyanigemoval, since methanogens
utilize formic acid for their own metabolism andighshifting the equilibrium in the
forward direction for hydrolytic reaction (equatid?) with enzyme cyanidase and

further initiating cyanide degradation.

110
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COD (%)
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Fig. 48: COD efficiency removal during 60 days of incubation.. Values are means of three

replicates = SD.
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COD removal (Fig. 48) for positive control was &% 1.4 %, for cyanide sample
with initial concentration 5.0 mg/L 68.9 = 2.1 %dafor cyanide sample with initial

concentration 8.5 mg/L COD removal was 70.25 +90.9
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Fig. 49: COD removal efficiency and methane content for sample with initial cyanide
concentration 8.5 mg/L during 60 days of incubation. Values are means of three replicates +

SD. SD is omitted for clarity but represented less than 15% of the average.

There was a delay in COD removal for the highesin@de concentration as shown
on Fig. 49. With the decreasing COD values metltameent in accumulated biogas

started to rise.
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Fig. 50: Concentrations of free cyanide during 60 days of incubation. Values are means of

three replicates + SD.

Free cyanide concentrations started to decreaseedimately in samples amended
with initial concentration of 5.0 mg/L. Gijzen dt £000) reported strong inhibition
of methanogenesis and COD removal at direct agpicaf 5.0 mg/L of KCN to
well functioning UASB reactor. We observed perfémctioning of the process.
COD removal was almost the same as it was for tatipe control. We also
observed strong inhibition in samples amended &#&Bhmg/L until the concentration
of free cyanide decreased under 4.0 mg/L. Aftet biagas and methane content
started to increase at approximately the sameasaia the control samples (Fig. 47
A). In the case of cyanide samples supplemented iwitial concentrations of 5 and
8.5 mg/L of KCN, 94.34 + 0.043 % and 93.1 £+ 0.06lof/cyanide were removed,
respectively. Total cyanide analyses of sludge akeethatremoval of cyanide was

not due to complexation with metals.
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Fig. 51: Concentrations of acetic acid in samples during 60 days of incubation. Values are

means of three replicates + SD.

Concentrations of acetic acid were almost the sama## samples at the beginning of
incubation (§). In bioreactors with initial concentrations o68ng/L of KCN, acetic

acid started to accumulate. The concentrationge&ti@and propionic acid were 72.6
+ 0.4 mg/L and 3.9 £ 0.2 at day 21 (not shown an BiL). The positive control and
5.0 mg/L cyanide amended sample that contained40.3 and 7.8 = 0.1 mg/L of
acetic acid, respectively, whereas the propionid a@s below the detection limit.
From these observations, we concluded that metlaesis was inhibited for the
first 21 days in case of the sample with initiahcentration of 8.5 mg/L KCN, until

the concentration of free cyanide decreased un@emg/ L (Fig. 50). Then normal

methanogenesis was observed as seen from figurd&and Fig. 47.

Concentrations of NEHN were 172.6 times lower than in CSTR biomass
experiments due to different properties of micrbbiamass. As seen from figure 52,
concentrations of ammonia were almost the sambeaend of incubation time in
positive control and cyanide amended sample witiairconcentration of 5.0 mg/L
of KCN. In case of cyanide sample with initial centration of 8.5 mg/L of KCN,
NH4-N concentrations were 1.72 times higher. Diffee=nm NH-N concentrations
between control and cyanide amended samples were tdo small to serve as
evidence for the presence of enzymes involved ianice transformation via

hydrolytic pathway. In general, when MN concentrations are of similar

93



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

concentration as observed in our experiments, thea@nia derived from cyanide
degradation could be completely consumed in theqa® of cell synthesis (Raybuck
1992).
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Fig. 52: Concentrations of ammonia (NH4-N) during 60 days of incubation. Values are

means of three replicates + SD.

Measurements of total cyanide at the end of incabdtme showed that there was
no complexed cyanide present in the sludge. Intaddino HCN was detected by
analyses of gaseous phase. With respect to the @@®Dval and methane content
measured in our experimentse believe that cyanide was degraded into simple
organic or inorganic molecules (abiotic), which wefurther metabolized by
enzymes of microbial community (biotic) to ammoaiad either carbon dioxide or
methane as was reported before (Fedorak and Hrug89; Gijzen et al., 2000;
Fallon et al., 1991; Paixao et al., 2000; Annactibaand Amornkaew et al., 2000,
2001; Chakarobrty et al., 2005).
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Fig. 53: Concentrations of free cyanide during 14 days of incubation. Values are means of

three replicates + SD.

In order to determine whether the process of cyauielgradation observed in our
experiments was biotic or abiotic we decided tdqrer the second(sterilization)
subexperimentin which we applied KCN in the concentration 00 3ng/L. This
experiment was conducted essentially in the sameasalescribed in materials and
methods for experiment IV with an additional stéterilization of the whole setup
by autoclaving. KCN was added aseptically afterodalving to prevent its
degradation during the process of sterilization. #wn in Figure 54, the
concentration of free cyanide decreased fasterhan gample, which was not
autoclaved and thus contained live microbial bicsna@dter 14 days of incubation
the final concentration of free cyanide was the esam both samples. GC-MS
measurements revealed that £d N were the sole major constituents of the gas
phase of autoclaved samples with traces of otheesggaelow detection limit. The
non-autoclaved samples contained 78.2 + 0.6 % thane, which was similar to the
methane content in samples amended with 3 mg/Lidgan experiment IV. The
measurements of NFN at day 3 of the experiment V showed the presem&?2 +
0.1 mg/L NH-N in autoclaved sample, 50.3 £ 0.3 mg/L in positoontrol and 75.2
+ 0.3 mg/L in cyanide-amended sample. At end ofeexpent concentrations of
NH4-N were 4.2 + 0.4 mg/L for autoclaved sample, 5.0.2 mg/L for positive
control and 7.3 + 0.1 mg/L for cyanide-amended damphis is yet another

evidence for the microbial nature of cyanide degtiadh in our experiment. Five
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enzymes, which are present in microbial systemislyze the hydrolytic pathway:
(i) cyanide hydratase, (ii) nitrile hydratase, )(icarbonyl pathways (thiocyanate
hydrolase), (iv) nitrilase, and (v) cyanidase. Thst three enzymes are known to
possess sufficient substrate specificity to digebidrolyze and cleave the carbon—
nitrogen triple bond to form formamide. The lattevo convert the resulting
formamide further to ammonia and methanoic or foragid, which are utilized in
microbial metabolism (Gupta et al., 2010). Our hssishowing low ammonia
concentrations also indicate that ammonia derivedhfcyanide degradation was
most probably taken up by microorganisms for thetlsgsis of cell constituents. In
the experiment V with 5 and 8.5 mg/L we analyzed,MHbnly at day 21 and day 60

and probably missed the most informative ammonia&ion window.

These results described above indicated two thiigsthe amended cyanide is
spontaneously transformed via abiotic hydrolytithpay yielding formic acid and
ammonia in sterile conditions as was reported legigrFallon (1992):

HCN + 2HO - HCOOH + NHK (15)

(if) with the respect to faster turnover of freenide in presence of biotic factors we
could conclude that UASB microbial consortia adiualleaved carbon nitrogen
triple bond of HCN using their enzymes and then aielized the product of
hydration (formamide) and hydrolysis (formic aciadsammonia and either carbon

dioxide or methane).

Significant findings the 58" experiment:

UASB microbial biomass was successful in degradatioof cyanide without

noticeable inhibition up to 5 mg/L of KCN. At higher initial concentration of 8.5

mg/L of KCN lag phase was detected, which lasted Zays. Following the lag
phase normal methanogenesis at comparable rates adbserved in positive
controls was observed. There was more accumulatedolgas and methane after
60 days of incubation in cyanide samples in compa®n to the positive control,
suggesting that cyanide was anaerobically transfored. Measurements of the
total and free cyanide in microbial sludge and biogs revealed that none of
cyanide was complexed or escaped via the gas pha€sganide was removed
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from the system regardless the presence of biotiadtors, however, abiotic
conversion proceeded at two times lower rate®ased on the results of the study
we concluded that anaerobic degradation of cyanidebserved in our experiment

was most probably a combination of simultaneous abtic and biotic.

4 CONCLUSIONS OF CHAPTER 3

In our five experiments and three sub experimerggested two different anaerobic
biomasses for cyanide removal under anaerobic tondi First microbial biomass
was from CSTR anaerobic reactof%(8tage of waste water treatment plant). The
diversity of substrates fed to the biomass, occaigpresence of cyanides in
wastewater and suspended nature had no positieetedh the performance of
anaerobic cyanide degradation. Because of the enaifiwastewaters the CSTR
biomass was full of metalg4ble 10), which are known that forms weak and strong
metal complexes with cyanide anion. In the seledtemnass iron prevailed as
transition metal, which forms especially strong ptemes as shown in Table 11.
There were four possibilities of cyanide degradatio this study: (i) Reductive
reactions in which HCp, is converted to methane and ammonia; (ii) Hydrolyt
reactions, which can be spontaneous (abiotic) @lyzed by microbial community
enzymes (biotic), forming formamide, formate (comed to bicarbonate) and
ammonia; (iii) metal complexation and (iv) alsdi&mi—Fischer synthesis. The latter
(Kiliani-Fischer synthesis) is the so called reactbetween the reducing sugars and
cyanide. It was reported by Hope et al. (1991)f tlegradation of cyanide under
anaerobic conditions in the presence of reducingasu was independent of
microbial metabolism. All the sugars tested showaiility to cause the formation of
ammonia in the presence of potassium cyanide. We hlso performed a control
experiment with glucose and KCN, together with tiegacontrol (no glucose
added). Thighird (Kiliani-Fischer) subexperiment was conducted in the same way
as all other experiments with cyanide except tharabial biomass (biotic source)
was omitted and the reactions assembled undedestnditions. We observed
cyanide disappearance in all samples, whether guagas or was not present.
Measurements on the GC-MS did not show any formatiogaseous HCN, and we

also did not observe any additional formation ofnaonia either in gaseous or
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aqueous phase. We concluded that under our expgahwnditions Kiliani-Fischer

synthesis could be excluded.

Which of these reactions will actually take placepeinds on the kinetic and
thermodynamic factors. The basic differences betviee CSTR and UASB samples
were summarized in Table 13. In th& 2" 39 experiment we observed metal-
cyanide complexation. Once the cyanide is complégadng lag phase) it becomes
biologically unavailable or poorly available, whidhdicates minor removal of
cyanide in the ¥ cyanide experiment. Although, that cyanide is ctexed and
biologically unavailable for degradation it is ktibxic for microbial consortium as
shown in the ¥ experiment. But it is obvious and was also regbktefore (Gijzen
et al., 2000) that microbial consortia can adaptotacity of cyanide to the certain
concentrations as was shown in tH& &periment when step wise increase of
cyanide concentrations was applied. After threecsssive applications of KCN
metal cyanide complexation was detected and fimacentration of complexed
cyanide after 63 days of incubation was 5.7 + OgdLmAlthough, that concentration
of complexed cyanide was higher then if{ 8xperiment (4.32 + 0.09 mg/L)
methanogenesis ran smoothly in comparison wittditet application of 5 mg/L of
KCN (Fig. 38). From the results of our experimen¢ \@o not believe in the
possibility of cyanoferrate degradation under aobier conditions or in presence of
sulfate reducing bacteria, due to the parametetsatie needed for dissociation of the
complexes (pH 1-2, temperature 125°C). However,exyperiments with suspended
biomass from CSTR showed that anaerobic microlmakaertia could be adapted to
tolerate toxicity of metal-complexed cyanide butulcbstill not be able to use

cyanide as carbon or nitrogen source for growth.

On the other hand, granulated nature of UASB miatdiilomass and small amounts
of metals (Table 12) most probably allowed biotyamide degradation. The second
microbial biomass that was tested with cyanide sates originated from industrial

well performing UASB reactor (4and %' experiment). In this case we actually
observed cyanide removal up to 8.5 mg/L of inibahcentrations. Up to 5 mg/l of

KCN added we did not observe any disturbance ohamgtgenesis in comparison
with positive control. Analyses on all levels shawbat no cyanide was complexed

or escaped via gas phase. This is probably dugtarailated biomass, which differs
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from suspended sludge. Granulated biomass haseeethgtructure. McLeod et al.
(1990) demonstrated that the granular aggregateshaee-layered structures. The
exterior layer of the granule contained a very tugfeneous population that included
acidogens, hydrogen consuming organisms and filesneh various sizes. The
middle layer consisted of a slightly less heter@gpers population than the exterior
layer. The third layer formed the internal coretlod granules. It consisted of large

numbers of methanogdviethanothrixlike cells.

Table 13: Differences in the performance of biomasses in the 5 experiments

parameter WWTP Industrial

Reactor type CSTR UASB

Biomass suspended granulated
Substrate diverse brewery waste water
CN- loading occasional none

Metals > 550 mg/L <3.5mg/L

Treating CN- [mg/L] up to 3.5 up to 8.5

Adaptation possible existing activity
Bacterial community unknown unknown

Archaeal community unknown unknown

Studies on the micro-morphology of the granules alestrated that colonies of
acetogenic bacteria are closely linked with miontenies of hydrogenotrophic
methanogenic archaea allowing an efficient intecigsehydrogen transfer and as a
result, high degradation rates of various substrétilshoff Pol et al., 2004). From
this we can also conclude, that granulated bioroassists of thicker biofilms and it
is supposed to be capable of handling higher cgacimhcentrations due to the
minimal exposure of inner biofilm layer. Forming libfilm can also explain more
effective cyanide degradation in batch experimé@igzen et al., 2000, Fedorak and
Hurdey 1989) in comparison with continuous systemsvhich biofilm is hardly

formed because of continuous flow.

With respect to the experimental data includingrstesm aseptic experiment we
believe that cyanide was actually removed from system by the hydrolytic
reactions, probably partly spontaneous, abiotic padly biotic with enzymes
derived from microbial community. This resultedtire formation of simple organic
or inorganic molecules, which were further metatedi by microbial consortia as
was reported before (Fedorak and Hrudey 1989; Gigteal., 2000; Fallon et al.,
1991; Paixao et al., 2000; Annachhartre and Amawket al., 2000; Chakarobrty et
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al., 2005). Based on the results of the study welcded that anaerobic degradation
of cyanide is combination of simultaneous abioti &iotic processes and not

exclusively biological.
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CHAPTER 4 - MICROBIAL COMMUNITIES IN THE EXPERIMENT S |-V

1 INTRODUCTION

Based on the physiological results obtained in @hap, analyses of the microbial
communities at the level of bacteria and archae® wenducted. In order to obtain
as much information as possibtajcrobial communities were analyzed in a number

of samples using different but complementary apghrea. These are summarized

and integrated with the five experiments from Chaftin Table 9.

Table 14: Overview of all experiments showing those that were used for molecular analyses.

KCN Profiling of Cloning
. : microbial and
concentration Biomass " . .
communities | sequencing | Microarray
) 1.5 mg/L Suspended
Experiment
1 CSTR
) 5 and 10 mg/L Suspended
Experiment
2 CSTR
adaptation
experiment:
2 mg/L applied 3 1 archaeal
) times *(1.5, 2 and Suspended T-RFLP library
Experiment 3.5 mg/L sub bacteria 1 bacterial 3 array
3 b CSTR .
experiment) archaea library samples
) 1, 2,3 mg/lL Granulated
Experiment
4 UASB
5 and 8.5 mg/L
(Sterilization sub
experiment) 1 archaeal
) (Kiliani-Fischer sub | Granulated T-RFLP library
Experiment experiment) UASB bacteria 2 bacterial 5 array
5 P archaea libraries samples
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2 MATERIALS AND METHODS

2.1 Terminal restriction fragment length polymorphism (T-RFLP)

T-RFLP was used to determine the overall similaofy bacterial and archaeal
microbial communities in the initial and final sal@g from incubation experiments
with cyanide (Table 14). When the differences betwtne initial and final microbial

communities were found to be significantly diffelieboth communities were used
for preparation of clone libraries of target 163N¥Rgenes order to identify the key
players responsible for biotic cyanide degradation.

Genomic DNA was extracted using UltraClean Soil Dé&lation kit (MOBIO)
according to the manufacturer instructions for maxin DNA vyield. The quality of
DNA was checked by 1 % agarose gel electrophoré¥R amplification was
performed using MyCycler (BIO-RAD laboratories). eETHiPCR primers 6-FAM
labeled 109f (6-FAM, 5’ - CAN GCT CAG TAA CRC GYRj3and 691r (5-CGA
TTA CAR GAT TTC AC-3) were used to amplify the 168RNA gene of
methanogenic archaeal community (Watanabe et @04)2 The PCR primers 6-
FAM labeled 27f (6-FAM 5’ - AGA GTT TGA TCC TGG CT@G-3’), 926r (5-
CCG TCAATT CCT TTR AGT TT-3’), were used to amplihe 16S rRNA gene of
methanogenic bacterial community. Three repliéd@R reactions were performed
for each DNA extract and subsequently pooled esdgnas described before (Stres
et al.,, 2008) PCR program for methanogenic archeeaimunity was; the initial
denaturation (5 min 94°C), and a total 35 cycleshencluding 30 s at 94°C, 45 s at
52°C, and 90 s at 72°C, was followed by a finakagton step of 10 min at 72°C.
PCR program for bacterial community was; the ihidanaturation (5 min 94°C),
and a total 25 cycles, each including 30 s at 94%Cs at 52°C, and 90 s at 72°C,
was followed by a final extension step of 7 min7&°C. PCR products were
examined by electrophoresis on 1.5 % agarose Bekldual primers were removed
using High Pure PCR Product Purification Kit (Roclecording to manufacturer

instructions.
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To provide a rationale in choosing gene-primersyare combinations with highest
resolution in T-RFLP analysis, all restriction enzymes
(http://rebase.neb.com/rebase/rebase.html) werdedteson 120.000 archaeal
sequences (Ribosomal Database Project Il (http:&nde.msu.edu/) Releasel10.05)
using BESTRF software as described before (Strak,&2009).

T-RFLP analysis was conducted essentially as destibefore (Stres et al., 2009).
Digestion of 50 ng of PCR products was carriedioat 30uL volume using 3iL of
yellow buffer, 0.5uL of Hhal and 3uL of red buffer, 0.5uL of Haelll (10 UpL-1,
Fermentas Inc) in separate reactions. The volume adjusted to 3QL with
nuclease-free water (Sigma-Aldrich) and incubate®@&C overnight. Digestions
were inactivated for 15 min at 85 °C and purifigddihanol precipitation (Stres et
al., 2008, Likar et al., 2009). Separation, detectand basic GeneScan analysis of
fluorescently labeled T-RFs were performed on atoraated ABI PRISM 3100
DNA sequence analyzer (Applied Biosystems Inc.)iflfed digested products were
mixed with 0.5 uL internal-lane DNA standard (Genescan 500 ROX, lipp
Biosystems Inc.) and 1QL deionized formamide. Before analysis, DNA samples
were denatured for 2 min at 95 °C and immediatédgex on ice. T-RFLP patterns
with total fluorescence exceeding the limit of XMQunits were analyzed and peaks
representing 0.5% or less of the total communigynai were excluded from further
analyses in BioNumerics software (AppliedMaths,tSfartens-Latem, Belgium).
Pearson’s correlation coefficient with UPGMA clustg (for unweighted pair-group
method with arithmetic averages) was used to dey@areeral similarity of community
profiles and the significance of clusters was deteed using cluster-cutoff tool in
BioNumerics (Stres et al., 2008, Likar et al., 2088vak et al., 2011).

2.2 Preparation of archaeal and bacterial 16S rRNAyene clone libraries and

sequence analysis

Clone libraries (bacterial and archaeal) were caottd as was described previously
(Kraigher et al., 2008). DNA preparations were used a template for PCR
amplifications of 16S rRNA genes PCR was performéd following primers; 109f
(5" - CAN GCT CAG TAA CRC GYR-3’) and 915r (5- GTGTC CCC CGC CAA
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TTC CT-3’) were used to amplify the 16S rRNA gerfentethanogenic archaeal
community (Watanabe et al., 2004) and 27f (6-FAM BGA GTT TGA TCC TGG
CTC AG-3), 926r (5'-CCG TCA ATT CCT TTR AGT TT-3)were used to amplify
the 16S rRNA gene of bacterial community, with thermo cycling conditions used
for T-RFLP. Products from three independent PCRIdicgtions were sliced from
1.5 % agarose gel and purified with Qiaquick PCR Badraction Kit (QIAGEN,
Stanford,CA, USA), and cloned into pGEM-T Easy Vector (Promega, Madison, WI,
USA) according to the manufacturer’'s instructioafier which competent high
efficiency JM109 E. coli cells (Promega, Madisonl, WSA) were transformed and
plated on LB (Luria-Bertani) plates supplied witngicillin, IPTG and X-gal. White
colonies were screened for inserts of the expesieel (about 900 bp) using the
vector primers SP6 and T7 (Promega, Madison, WRAJJUSrom each clone library,

288 clones were selected for sequencing by Macrboger{Seoul, Korea).

CodonCodeAligner program (http://www.codoncode.aigher/index.htm) was
used to remove the remaining vector sequencesfieit sequencing and to define
bacterial or archaeal 16S rRNA sequence stretchssfficient quality. The refined
sequence datasets were analyzed using Libcompiitg ot Ribosomal Database
Project (Wang et al., 2007; Cole et al., 2009)dentify which microbial groups
within clone libraries were significantly differebetween the two microbial
biomasses. Sequences were also imported to pro§RBn(Ludwik et al., 2004) for

detailed phylogenetic analyses and constructigrhgfogenetic trees.

The phylogenetic analysis was performed using tR& Aversion 5.2; Ludwig et al.,
2004) and 2011 ARB-Silva database of referencesdats bacterial 16S rRNA gene
sequences (release 104; Pruesse et al., 2007 )er8®sguwere automatically aligned
using the Fast Aligner and the alignments were raychecked and corrected
when necessary. Aligned, partial 16S rRNA gene eeces were inserted into the
reference tree using a parsimony tool and positigagability by parsimony filter
for bacteria, generated with complete sequence, dathin ARB — Silva 109
database. Phylogenetic trees were edited using 3dftg/are (version 3.2.5b).
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2.3 Analysis of methanogenic microbial community bynicroarrays

In the 3% and &' experiment methanogenic microbial community waalyzed by
microarrays essentially as was described previo(stgnk-Whittle et al., 2009).
Annex 3 lists the sequence, specificity, meltingperature and secondary structure

details of all 101 probes.

Genomic DNA was extracted from the sludge usingRbeverSoil DNA Isolation

Kit (MO BIO Laboratories, Carlsbad, California) acding to the instructions of the
manufacturer. Triplicate DNA extractions were cocted from the well-mixed

bulked sludge sample. Extracted DNA was subjecte@l¢ctrophoresis in a 1%
agarose gel in 1x TAE buffer, and DNA concentratiomas determined by
fluorescence using a PicoGreen® dsDNA quantitakibr(Molecular Probes Inc.,
Oregon, USA) and an fmax Fluorescence Microplatad@e (Molecular Devices,
CA, USA), as described by the manufacturer.

2.4 Preparation of fluorescently labeled target DNAy PCR

The 16S rRNA genes of methanogens in the sludge amplified by PCR using the
109F and 934R primers (Grosskopf et al., 1998). 0@ primer was Cy5- labeled
and the 934R primer was labeled with a P@bup at the Send (Buchholz-Cleven
et al., 1997). PCR amplifications were performed imhermoHybaid PCR Express
thermalcycler in 5QuL volumes, with each standard reaction mix contejra final
concentration of 1x reaction buffer (16 mM (N8O, 67 MM Tris—HCI pH 8.8,
1.5 mM MgCh, 0.01% Tween 20) (GeneCraft, Munster, Germany}, 2@ each
dNTP, 0.8 uM of forward primer, 0.2uM of reverse primer, 10 mM TMAC
(tetramethylammonium chloride), 0.4g/uL bovine serum albumin, 1.25 U
BioThermTM DNA polymerase (GeneCraft, Munster, Gany) and sterile water.
Between 0.5 and gL of extracted biomass DNA (diluted 1/10 or 1/2@snapplied
directly to the PCR reaction mix. Positive and riegacontrols were included in
each run.A positive control consisted of preanalyzed metlg@mic archaea 16S
rRNA genes. In negative control, sterile MQ wasdusestead of DNA in order to

observe background fluorescence. Thermal cycliag performed according to a
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modified protocol of Peplies et al. (2003). After iaitial denaturation at 95 °C for 5
min, amplification reactions were subjected to hmt 80 °C, 1 min at 55 °C and 2
min at 72 °C. Thermal cycling then proceeded widhc$cles of 95 °C for 1 min, 55
°C for 1 min, and 72 °C for 2 min. Temperature gwglwas followed by 1 min at 95
°C, 1 min at 55 °C and a final extension at 72 €10 min.

PCR products (three per DNA extract) were pooledl gurified with the
GenEluteTM PCR Clean-Up Kit (Sigma, Missouri, USAnd for the subsequent
preparation of fluorescently labeled single-strahBD®&A targets, the phosphorylated
DNA strand was removed. Thousand ng of a purifi€RFPproduct was digested
using 18U Lambda exonuclease (Epicentre, Madisomscdysin, USA) in 1x

Lambda exonuclease buffer, at 37 °C for 3 h.

2.5 Hybridization

Single-stranded Cy5-labeled PCR product was vacdiied and resuspended in 18
uL of hybridization buffer consisting of 5x SSC, 1Btocking reagent (Roche,

Mannheim, Germany), 0.02% SDS, 0.1% n- laurylsanepsand 5% formamide

(Loy et al., 2002). As a hybridization controlull of a 100 nM Cy5-labeled control

oligonucleotide was added to each tube, and théuneixvas denatured for 10 min at
95 °C, before being placed on ice. The solution wassferred onto a pre-chilled
microarray (on ice) and covered with a glass calgr to guarantee a uniform

moistening of the array surface. Arrays were placed moistened chamber in a
microarray oven (Hybex, CA, USA) and hybridizatissas conducted at at 55 °C.
After hybridization, slides were washed immediat&iyoom temperature, each for 3
min in buffer 1 (1x SSC, 0.2% SDS), followed by fenf2 (0.1x SSC, 0.2% SDS)
and buffer 3 (0.05x SSC). After a brief immersiardistilled water, the arrays were
dried. Three arrays were hybridized using amplifipdrified and digested DNA

from the triplicate DNA extractions of the sludge.
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2.6 Scanning of arrays and image analysis

Microarray slides were scanned with a ScanArraydgroarray scanner (Perkin
Elmer, MA, USA). Scan power was set to 90% and Riih to 500 at 633 nm for
scanning. Fluorescent images were analyzed usiagSittanArray Gx software
(Perkin Elmer, MA, USA) by superimposing a grid afcles onto the image to
designate each fluorescent spot to be quantifidte median foreground and
background signals for all spots were determindx Jignal to noise ratio (SNR) for
all spots was calculated according to the followsadculation, as described by Loy
et al. (2002):

SNR = [b = (lhp = bnp)] / Ibp

Where } is median intensity of fluorescence of the prdigis the median intensity
of fluorescence of the non-binding control probgy Is the median intensity of
fluorescence of the background area around thebimating control probe, andlis
the median intensity of fluorescence of the backgdb area around the probe.
Signals were assumed to be positive if an SNR vala® was obtained (Loy et al.,
2002). The resulting datasets were imported intoNOEO software 4.5
(Microcomputer Power; Ithaca, New York, USA) (Braakd Smilauer, 2002) for
visualization of their similarities and identifica of the key probes explaining the
major part of data variability (Stres et al., 2010)
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3 RESULTS AND DISCUSSION

3.1 T-RFLP fingerprinting of bacterial and archaeal communities from CSTR
and UASB reactors

Bacterial microbial communities from CSTR showedrked differences upon
incubation in BMP test (77% dissimilarity) afterrele applications of 2 mg /L
cyanide as can be seen from Fig. 54. The meresinriun the BMP assay caused
large changes in the structure of microbial comityuim both; the negative control
(only biomass without addition of any substrate)l @ositive control that received
glucose as a substrate. These two final statesefbranset distinct from the initial
state. The third set represented the final stateyhich glucose and cyanide were
added as substrates. Rearrangements of microhbimanoaity structure in glucose
and cyanide amended samples were larger than #tidke expense of glucose and
significantly different from the changes that haa&en place only at the expense

incubation.

On the other hand, the addition of glucose as safleshad similar effect as addition
of glucose and cyanide together at the level ohaea. This suggests that the pure
effect of cyanide on the structure of archaeal afi@ community in the time span
of 60 days was small in comparison to the effe€tglucose. Initial state and final
state without substrate next to the final statehvglucose and the final state of
glucose and cyanide together represent two disthudters at 25% dissimilarity,
suggesting substantial rearrangements in archagaianity response to substrate
addition (Fig. 54).

The effect of added cyanide on the lag-phase igdsigroduction (Chapter 3) and
the structuring effects on bacterial microbial commities (Fig. 54 A) suggest that
the structure of bacterial microbial communitieswsanificantly more responsive to
changes in the environment than methanogenic aath@erobial communities from
CSTR.
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Fig. 54: Pearson correlation dendrogram of T-RFLP fingerprints of methanogenic microbial
communities originating from 3" experiment (Chapter 3). The impact of free cyanide on the
structure of bacterial (A) and archaeal (B) microbial community present in CSTR biomass
from WWTP is shown (10 - initial state, Glucose — positive control at the end of experiment
t63, Blank — negative control at the end of experiment t63, CN 2.0. glucose + 2mg/L cyanide
at the end of experiment t63). Horizontal gray lines delineate relevant clusters separated by
the cluster-cut off method and similarity values (cophenetic correlation) are shown as
numbers at each branch. The samples subjected to detailed analysis through cloning and

sequencing are marked with an asterix.

Bacterial microbial communities from UASB reactdnosed differences upon
incubation in BMP test in presence of 5 and 8.5/Ingyanide (Fig. 55 A). Changes
were of smaller magnitude (55% dissimilarity) agsthin CSTR amended with 2 mg
/L of cyanide (77% dissimilarity) (Fig. 54 A). Theere inclusion in the BMP assay
caused large changes in the structure of micraoiamunities with some indication
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that increased cyanide concentrations resultedsimdt bacterial populations (three
almost separate clusters at 25% dissimilarity). E\av, this could not be completely
discerned. The T-RFLP profiles from positive cohttbat received brewery

wastewater as a substrate somehow branched with/& oyanide samples.

On the other hand, the addition of brewery wastewyatyanide in the two
concentrations resulted in no measurable effedewl on archaeal community
present in UASB reactor (12% dissimilarity) in caampon to CSTR biomass (Fig.
55 B). This suggests that the pure effect of cyarod the structure of archaeal
microbial community in the time span of this expgnt was rather small and

indiscernible from the background random signad)(Bb).

In conclusion, the lack of inhibition to added ciglnin biogas production (Chapter
3) and the smaller rearrangements in bacterial ahial communities suggest that
the structure of UASB bacterial microbial communiigeded lesser rearrangements
to maintain functionality than CSTR microbial commity. It is also evident that
CSTR microbial community bacterial and archaeal, peelenced greater
rearrangements both at the level of bacterial antagal microbial communities
than UASB microbial community. The same patteraf thacterial part of microbial
community was more responsive to environmental gesnvas evident in CSTR and
UASB samples, albeit at greater rearrangementepres CSTR biomass than in
UASB.

However, the completely different functional penfiance of these two reactors
could be traced to the differences in bacterial amthaeal microbial communities at

the level of its constituents.
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Fig. 55: Pearson correlation dendrogram of T-RFLP fingerprints of methanogenic microbial
communities originating from 5" experiment (Chapter 3). The impact of free cyanide on the
structure of bacteria (A) and archaea (B) microbial community present in UASB biomass
from an industrial reactor is shown (to — initial state; W —positive control fed with brewery
waste water at the end of experiment t60; W+CN5 — brewery waste water amended with 5
mg /L cyanide at the end of experiment t60; W+CN8.5 - brewery waste water amended with
8.5 mg /L cyanide at the end of experiment t60). Horizontal gray lines delineate relevant
clusters separated by the cluster-cut off method and similarity values (cophenetic correlation)
are shown as numbers at each branch. The samples subjected to detailed analysis through

cloning and sequencing are marked with an asterix.
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3.2 Detailed analyses of CSTR and UASB microbial oamunities through

cloning and sequencing

After cloning and sequencing and initial data trimgn and organization, the
composition of the following datasets was compaf@dnitial bacterial CSTR vs.
UASB composition; (ii) initial archaeal CSTR vs. 8B composition and (iii)
developed control bacterial UASB vs. cyanide amdnd¢ASB community

composition. The following differences could bentiged using Libcompare utility:

() initial bacterial CSTR microbial community vs. initial UASB microbial

community composition

The major differences between the two bacteriakobi@al communities at the level

of bacterial microbial communities could be obsdnrerelative abundance of three
phyla: Synergistetes, SpirochaetsdCloroflexi but not in the within phyla or lower

taxa diversity (Table 15).

The phylum"Synergistetes'{Jumas-Bilak et al., 2009) includes a wide variety
genera, includingAminobacterium, Aminomonas, Aminiphilus, Anaerohauy
Cloacibacillus, Dethiosulfovibrio, Jonquetella, Rynidobacter, Synergistes,
Thermanaerovibripand Thermovirga "Synergisteté'sare widely distributed in the
environment, form part of the normal gut microbiotaanimals (Godon et al., 2005),
and have also been isolated from a variety of siteBumans, including the oral
cavity (Vartoukian et al., 2009). There were aleparts of presence in anaerobic
digesters (Krakat et al., 2011, Riviere et al.,200ut they were not clearly linked to
process parameters. Vartoukian et al. (2007) redothatSynergistetegould use
amino acids and in turn provide short-chain fattijde and sulphates for terminal

degraders such as are methanogenic arcahea ahdtsdtpducing bacteria.

Spirochaetesare widespread in aquatic environments and in asinShin et al.

(2010) reported that bacterial community from twage anaerobic reactor treating
food-waste recycling wastewaters contd@mrochaetesSeeded biomass originated
from anaerobic digester of full-scale wastewateatinent plant. Krakat et al. (2011)

also reported the presenceSgirochaetesn an anaerobic fermentor. The fermentor
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was inoculated with a mixture of swine manure, sgvaludge and a hot-rot
compost suspensionSpirochaeteswere also identified as predominant in a
mesophilic anaerobic community degrading oleate fichitate in another study of
(Shigematsu et al., 2006). They suggested thabprant phyla oSpirochaetesn
the chemostat might play important roles in LCFAm@elation. The seed sludge was
a mesophilic-digested sludge from the sewage treatmplant. In all cases we can
observe that biomass originated from sewage sluSmgee our microbial biomass
with Spirochaetesvas from granulated sludge, we can assume thaterdaminated
with municipal wastewaters. On the contrary, thevas no sign of phylum

Spirochaetes suspended sludge from the CSTR reactor.

In the samples from CSTR reactaChloroflexi was found as prevalent group.
Chloroflexiis abundant member of anaerobic digester treatamgus of substrates
(Rivere et al., 2009, Paltasi et al., 2011, Kradaal, 2010, 2011 Sekiguchi, 2006)
Chloroflexi together withClostridia are known as potential hydrogen producers or
users. Members of the phylu@hloroflexi(using mainly different carbohydrates and
amino acids as substrate for growth) have beendf@ueviously in a wide range of
anaerobic environments. This included anaerobicebitiors operating under both
mesophilic and thermophilic conditions, treatinffedent kinds of waste (Sekiguchi
et al.,, 1998, Yamada et al., 2005). Some reprebesgaof this phylum are
photolithoautotrophic and can use/€0, as energy and carbon source (Zarzycki et
al., 2009). Group ofchloroflexi was described as a “semi-syntrophic” partner of
methanogens requiring inter-species hydrogen tandbr efficient growth
(Sekiguchi, 2006). This indicates th@hloroflexi and abundant hydrogenotrophic
EuryarchaeotaKrakat et al., 2010) compete for hydrogen. Thglynin Chloroflexi

is divided into two ordersChloroflexales the obligate or facultative phototrophs,
andHerpetosiphonaleghe aerobic heterotrophs (Garrity, 2001). Nontplgnthetic
Chloroflexi have been frequently reported in reactors decomg@osolid wastes
(Rincon et al., 2006, Grotenhuis et al., 1991, Mbbfaet al., 2001).
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Table 15: Differences in clone numbers/ clone libraries/ bacterial microbial community/ from

biomass from CSTR and UASB reactor. Groups with significant differences are marked with

*

Biomass from CSTR Phylum Biomass from UASB
% %
0.4 Candidate division OP10 0.0
3.6 Synergistetes* 33.3

12.0 Proteobacteria 10.3
13 Planctomycetes 0.9
0.4 Caldiserica 0.0
0.9 Thermotogae 0.9
11.6 Firmicutes 18.8
4.9 Bacteroidetes 1.7
4.9 Actinobacteria 0.0
0.0 Spirochaetes* 13.7
21.3 Chloroflexi* 6.8
38.7 Unclassified Bacteria 13.7

(i) Initial archaeal CSTR vs. initial UASB microbial community composition

Both archaeal communities were shown to be highipnophyletic and were
composed of phylurkuryarchaeotgTable 16). The vast majority of CSTR archaeal
microbial community (97.9%) belonged to clddsthanomicrobiawhereas UASB
archaeal microbial community was represented bgstiethanobacterig81.8%).
Within 97.9% of classethanomicrobian CSTR suspended sludge there was 95%
of genusMethanosaeta sppwhich are Gram-negative cells of about 0.8-3183ize
with typical bamboo-like rod shape and flat endsn@omerations mostly of many
hundreds of single cells are surrounded by a layenucilage, which consists of
fibrous glycol proteinsMethanosaetdakes only acetate as energy source, which is
degraded to methane and £®ethanosaetehas a high affinity and a very low
threshold concentration to usual substrates. Therdaf can be found especially at
places with low acetate concentratioMethanosaetds acetotrophic methanogen
that play a major role in the metabolism of carlimranoxic ecosystems in which
electron acceptors such as nitrate, sulfate, amtt fieon are not available (Zinder,
1993). Methanosaetaas acetotrophic methanogen compete with othewotrophic

methanogensMethanosarcing for acetate Methanosarcinaare able to grow with
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other methanogenic substrates, such as hydrogenat®, and methanol, in addition
to acetate, and display higher growth rates, loafénities for acetate and higher
thresholds for acetate utilization th&fethanosaetawhich grow only with acetate
(Jetten et al.,, 1992). These differences in growtith acetate mean that
Methanosaeta dominate at low steady-state acetate concentsgtiowhile

Methanosarcinadominate when acetate concentrations are highbenWacetate is
the substrate for methanogenesis, it is first atde to acetyl Co-A, which interacts
with carbon monoxide dehydrogenase of acetyl Co-athway (Fig. 2 -

introduction.)

The other 3 % of archaea belonged to the gémethanospirillum spp which has
spirillum shape. All species take/0O,, formate as substrate for methanogenesis.
From the results describing microbial communitystiire in CSTR biomass we can
conclude that acetoclastic methanogenesis is thendmt and prevailing metabolic
pathway leading to methane formation in CSTR mi@iofiomass.

Table 16: differences between the initial CSTR and UASB archaeal communities. Groups

with significant differences are marked with *

Biomass from CSTR class Biomass from UASB
% %
11 Methanobacteria* 81.8
97.9 Methanomicrobia* 18.2
11 Unclassified Euryarchaeota 0.0.

Within 81.8 % of clas$lethanobacterian UASB granulated sludge, 79 % belonged
to genusMethanobacteriumThey live in mesophilic and thermophilic conditgo
and some species prefer an alkaline environmemhtspcies take $#CO,, formate
as substrate for methanogenesis. Based on thdsrdsuin microbial community
structure we can conclude that in UASB granular mass, probably
hydrogenotrophic methane formation prevails. Thauecgon of CQ with H, is the
major pathway of methanogenesis in this case. Ao of the archaeal
community was composed of acetoclastic methanogengar to CSTR reactor.
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Table 17: Differences in archaeal lineages represented in archaeal clone libraries form
CSTR and UASB reactor.

Name Library 1 Library 2 o
Significance
CSTR UASB
Class Methanobacteria 2 63 1.23E-31
Family Methanobacteriaceae 2 63 1.23E-31
Order Methanobacteriales 2 63 1.23E-31
Genus Methanobacterium 2 63 1.23E-31
Class Methanomicrobia 183 14 2.23E-14
Genus Methanosaeta 177 12 6E-14
Family Methanosaetaceae 177 12 6E-14
Order Methanosarcinales 178 12 6E-14
Unclassified
. ) 0 1 NA
Methanomicrobia
Unclassified
. ) 0 1 NA
Methanomicrobiales
Family Methanospirillaceae 5 0 2.53E-1
Genus Methanospirillium 5 0 2.53E-1
Order Methanomicrobiales 5 1 6.95E-1
Unclassified Euryarchaeota 2 0 NA
Unclassified
_ 1 0 NA
Methanosarcinales
Phylum Euryarchaeota 187 77 1.03EO
Domain Archaea 187 77 1.03EO
norank Root 187 77 1.03EO

Gijzen et al. (2000) put forward the hypothesig tydrogenotrophic methanogens
are less sensitive to cyanide compared to acetaclamthanogens. Based on T-
RFLP analysis of our samples this could be trug. (54, Fig. 55). In CSTR biomass
we observed less effect of cyanide on archaeal ofi@r community in UASB
reactor (12% dissimilarity) in comparison to CSTiRrbass (25% dissimilarity). It
was also evident that CSTR biomass experiencedegreaarrangements both in
bacterial and archaeal microbial community, thanSBAmicrobial biomass. Since
the cloning and sequencing revealed that in ar¢r@eamunity in CSTR biomass
97.9% of phylum Euryarchaeota belonged to classMethanomicrobia (Genus
Methanosaetp which are acetoclastic methanogens, we can wudaclthat

acetoclastic methanogens are actually more semditivcyanide in comparison to
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hydrogenotrophic methanogendMedthanobacteriy which were predominantly
present in UASB biomass. Gijzen et al. (2000) alsggested that higher cyanide
inhibition in the case of acetoclastic metabolis@yrbe explained by the sensitivity
of carbon monoxide dehydrogenase enzyme as wassieggby Eikmans et al.
(1985). This constitutes the first data providingunds for the acceptance of the
described hypotheses in the literature. Enzymes aafhctors involved in
hydrogenotrophic pathway of methane production apparently less sensitive to
cyanide (Gijzen et al., 2000).

(i) developed control bacterial UASB vs. cyanide amended UASB community

composition

After 60 days of incubation bacterial microbial commity was tested for final
samples. We examined the structure of bacterialnmanity in positive control and
cyanide sample with initial concentration of 8.5/mECN. The differences between
frequencies of bacterial phylogenetic lineagesathtsamples are shown in Table 13.

The main difference was in the abundance of phyfinmicutes
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Table 18: Differences in frequencies of bacterial phylogenetic lineages in positive control
and cyanide sample at final state (60 days) For Firmicutesphylum, class and family are also

shown. Groups with significant differences are marked with *

Positive control (%) Phylum Cyanide 8.5 mg/L KCN (%)
0.9 Thermotogae 0.0
0.9 Planctomycetes 0.0
10.3 Proteobacteria 1.2
6.8 Chloroflexi 1.2
13.7 Spirochaetes 5.9
33.3 Synergistetes 27.1
1.7 Bacteroidetes 35
19.7 Firmicutes* 48.2
Class (within Firmicutes)

3.4 Clostridia 24
3.4 Erysipelotrichi 0.0
12.0 Bacilli* 45.9
0.9 Unclassified firmicutes 0.0

Family (within Firmicutes)

0.9 Paenibacillaceae 8.2

11.1 Bacillaceae* 36.5

0.0 Unclassified Bacillales 1.2
Phylum

12.8 Unclassified bacteria 12.9

In the cyanide sampleirmicuteswas the most abundant group, representing 48.2 %,
meanwhile in positive control sampférmicutesrepresented 19.7 %. The prevalent
group in control sample w&ynergistetesvith 33.3 % (in cyanide sample 27.1 %).
Most of the clones affiliated withiRirmicutesfell into theBacilli cluster (45.9% of
total clones in the library), meanwhi@ostridia cluster represented 2.4 % of total
clones in library. Among the clafacilli, detected groups were related to two
families, namelyBacillaceae(36.5 %) andPaenibacillaceag8.2%), and 1.2 % to

unclassifiedBacillales
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Yabu et al. (2010) reported, that dominant phylumammonia production was
Firmicutes in two stage dry anaerobic digestion of garbadas Tould indicate

formation of ammonia through hydrolytic reactiofteacyanide application (see. pp
48) and thus good conditions for grow Bifmicutes This could be evidence of
hydrolytic pathway at anaerobic degradation of @@nin our system and
confirmation of the thesis that anaerobic degradatiof cyanide occur by abiotic/
biotic processes.

There are reports of presence=aimicutesin rather unusual or difficulty degradable
substrates for anaerobic digestions. Grey et QLR reported thaFirmicutesare
the most commonly encountered bacterial taxon tnofgim reservoir fluids. For
instance, members of this group have been idedtidi® the dominant microbial
constituents in anaerobic enrichment cultures daiggabenzene (Kunapuli et al.,
2007; Abu Laban et al., 2009) or propane (Kniemesteal., 2007). Wang et al.
(2011) suggested th&irmicuteslike organisms thrive in oil-rich habitats, e.qil
reservoirs. It seems that they can adapt to useooilponentsn situ as well as in
methanogenic enrichments such as the one desadnbdte study of Wang et al.
(2011), in which the n-alkanes were used as the sarbon source. In their
experiments, after 274 days of incubation there mase methane production in n-
alkane sample than in control samples. We obseratfter similar pattern, since
there was more cumulative biogas and methane inidgasample, than in positive
control. This could indicate th&irmicutesare quite resistant for different pressures
from environment and this could be the reason Hieirtgrowth in the presence of
cyanides. We cannot be sure that they use cyasidardon or nitrogen source due

to the lack of evidence.

In the future more powerful techniques such as ®&dajewski et al., 2000) and
NanoSIMS 50L (Musat et al., 2008) could be usedesi whether the observed
pattern of phyluntirmicutesbeing associated with cyanide use as nitrogerceasr

correct or not. The initial project proposal wadmitted, reviewed and will take
place in the future.
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In order to verify the observed differences in mal communities on the level of
16S rRNA gene sequences obtained by Classifieityutf Ribosomal Database
Project Il a separate independent analysis empagidifferent approach using ARB
software (Ludwig et al., 2004) was conducted. AasGifier and ARB use different
approaches (secondary structure filters and mefiocssequence affiliation to
phylogenetic lineages) the outcome results werepened and the phylogenetic trees

were reconstructed.
The comparison of major lineages from phylogenetes generated in ARB and

those from Classifier hierarchy clustering tablegealed that the two methods gave

highly comparable and congruent results.
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Fig. 56: Phylogenetic affiliation of 16S rRNA gene sequences obtained from CSTR reactor.
Phylogenetic tree is showing the position of representative clone sequences on the guide
tree of the ARB-Silva database (Ref NR 99% 1200; release 104). The topology of the tree is
based on maximum parsimony analysis of reference sequences. The share of clones that fell
into each phylogenetic clade is indicated in the frame of defined clade and corresponding

number of clones is shown in parenthesis. Scale bar estimates 10% sequence divergence.
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Fig. 57: Phylogenetic affiliation of 16S rRNA gene sequences obtained from positive control

(UASB reactor) at the end of incubation (t60). Phylogenetic tree is showing the position of

representative clone sequences on the guide tree of the ARB-Silva database (Ref NR 99%

1200; release 104). The topology of the tree is based on maximum parsimony analysis of

reference sequences. The share of clones that fell into each phylogenetic clade is indicated

in the frame of defined clade and corresponding number of clones is shown in parenthesis.

Scale bar estimates 10% sequence divergence.
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Fig. 58: Phylogenetic affiliation of 16S rRNA gene sequences obtained from cyanide sample
with initial concentration 8.5 mg/L KCN (UASB reactor) at the end of incubation (t60).
Phylogenetic tree is showing the position of representative clone sequences on the guide
tree of the ARB-Silva database (Ref NR 99% 1200; release 104). The topology of the tree is
based on maximum parsimony analysis of reference sequences. The share of clones that fell
into each phylogenetic clade is indicated in the frame of defined clade and corresponding

number of clones is shown in parenthesis. Scale bar estimates 10% sequence divergence.

3.3 Microarray analyses of archaeal microbial commanities

Microarrays produce semi quantitative data due e tse of PCR-amplified
templates during fluorescent labeling that may aepresent the dominant groups of
microbes. In addition, the inherent differenceshyridization efficiencies among

various oligonucleotide probes may further affdwe tsignal. However, recently,

124



Novak, D. Evaluation of the effectiveness of biogas production with a combination of physiological
and molecular approach. Dissertation, University of Nova Gorica, Graduate school, 2011

highly significant correlations have been deterrdifier the signals obtained from
Anaerochip (Whittle et al., 2009) and quantitatR€R (Goberna et al., 2010). Thus,
at least in terms of comparison of the dynamicthefdominant taxa in the unknown

samples, Anaerochip may provide valuable infornmaiad sufficient high through

put.
o
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Fig. 59: Canonical ordination of archaeal microbial community from CSTR biomass (open
circles) from the initial state sampled from mother industrial scale reactor in March (March1-
3) and August (Augustl-3) and from the developed communities in the 3" experiment
(Chapter 3; AugCN1, AugCN2, AugCN3). The arrows indicate the increase in the gradient of
signal intensity of the most important microarray probes for methanogenic archaea
associated with the distribution of the samples (Mspil65 - Methanospirillum; Mcul302-
Methanoculleus; Mbac313 — Methanobacteriaceae; Msph539 — Methanosphaera). See text

for further explanation.

In case of CSTR data (March, August, August + ay@nP1 probes out of 46 with
signal intensity above 2 were significantly asstra (p<0.05) with sample

distribution. Only four probes out of 21 could bgnsficantly linked with the sample
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distribution after 499 permutation cycles (p = @D0The results show that CSTR
samples collected in March from mother reactor ¢daé differentiated from those

collected in August and used in subsequent expetsrfer cyanide loading.

Albeit the differences could not be shown to beaidigant due to the data scatter, the
results indicate rearrangements in the archaeaiobial community structure. In a
time-line from March to August, a general decreaseMethanobacteriaand
Methanosphaeraand enrichment itMethanoculleousand Methanospirillumin the
March samples was observed. This suggests thatahaiscillations in archaeal
microbial communities occur on regular basis inmeotCSTR, most probably due to
differences in substrate identity, presence oflnbry or recalcitrant substrates and

the differences in their loading rates.

On the other hand, a decrease in relative abundaie# four most significantly
associated probes can be observed in the Augugtiessiemmended with cyanide (Fig
60) suggesting the start of drastic rearrangementthe archaeal communities
towards more even communities as can be observethaerobic reactors under
stress (Goberna et al., 2010). This is well in lw¢h our previous observations
(Chapter 4 — T-RFLP, cloning and sequencing) shgwearly significant changes in
the archaeal microbial communities in responseyémicle presence in the time span
of conducted experiments (21 days). With respectthe cyanide amended
community the magnitude of rearrangements waserstime range as the seasonal
variation, however, the unique direction shows féetBnt stage in organization of
microbial communities. Due to the high spatial ahbiiity the subtle changes that
took place could not be observed in all of the onaches, an observation that is in

line with our T-RFLP analyses of archaeal microb@inmunities.

A different set of probes was found to significgrgkplain the relationship between
the UASB samples under analysis. In UASB data a&80 probes out of 46 with
signal intensity above 2 were significantly asswmra (p<0.05) with sample
distribution. Again only four probes out of 20 cdlde significantly linked with the
sample distribution after 499 permutation cycles <p 0.01). Although the
rearrangements in the archaeal microbial commsnitiere comparatively small and

thus the changes could not be deemed significaobserved before in our T-RFLP
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analyses (Chapter 4), the following observationsniecrobial rearrangements can be
made: the results show that a general decrease hen d@bundance of
Methanobacterium + Methanothermobacter Methanospirillum  and
Methanobrevibactecould be observed as a result of incubation in BMperiments
and presence of 5 mg/L cyanide. This suggestdanhtae case of UASB biomass the
incubation in BMP exerted effects of similar magde as the presence of 5 mg/L
cyanide that did not prove to be inhibitory for hmatogenesis, possibly canceling
out each other to a certain degree as can be @ssénm the Fig. 60 where samples
4abc are above samples 3abc and out of the linendagross samples labc-2abc-
3abc and closer to 5abc samples than other sanglggesting that some

rearrangements take place also due to the cyamgenmce.

Further, members oMethanosarcinawere the only archaeal group that were
significantly associated with 8.5 mg/L cyanide, exmental variation in which 25
day lag phase before active methanogenesis wasvelselhe increase in their
relative abundance in cyanide-amended samples & tdutheir tolerance for
substances, which can be inhibitory to other meigans, such as ammonia or high
acetate concentrations. The higher volume-to-sarfaatio of the coccoid
Methanosarcinaand its growth in clusters might explain incredeéerance to
ammonia, cyanide, acetate or other inhibitory conmois as the presence and also
dominance of members dlethanosarcinahave been reported for many anaerobic

environments including manure-digesting reactorsb@na et al., 2010).
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Fig. 60: Canonical ordination of archeal microbial communities present in UASB biomass
(open circles; labc — initial samples; 2abc — developed negative control; 3abc — developed
positive control fed with brewery wastewater; 4abc — developed fed with brewery wastewater
and 5 mg/L cyanide; 5abc — developed fed with brewery waste water and 8.5 mg /L cyanide).
The arrows indicate the increase in the gradient of signal intensity of the most important
microarray probes significantly associated with the distribution of samples (Msarl97-
Methanosarcina; MbM405-Methanobacterium and Methanothermobacter; Mspi422-

Methanospirillum; Mbre377- Methanobrevibacter). See text for further explanation.

The differences we described in the microbial comityustructure of archaea based
on microarray data could not be verified to repnésgynificant changes in microbial
structure, a finding congruent with our observagiomade on the level of
phylogenetic profiling using T-RFLP (Chapter 4).i§tshows that in the future
analyses of microbial communities the sole choidenethodology does not
fundamentally affect the experimental outcome alaiva one to obtain congruent
results by the linking of different methodologi€s: Microarray vs. T-RFLP (this
study) and (ii) Microarray and Q-PCR (Goberna et2010).

Discrepancies between the methodological approabbegver existed. Therefore

we explored the methodological distinctions betwedone libraries and arrays
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further by identifying the few unidentical factotee one could focus on in the future
to additionally minimize data variability. As essially the same primers and PCR
conditions for the preparation of labeled and ualatd PCR products for arrays and
cloning and sequencing, respectively, were used toeihe same PCR conditions,
only the following differences could be identifietie number of cycles differed for
1 cycle, the nature of the two approaches: randomirg vs. diffusion constraints in

arrays, and slightly different DNA extraction prdoee (PowerSoil vs. Ultra

CleanSoil, both MO-BIO, USA).

Nevertheless, in this work we independently showsdhg two methodological
approaches that archaeal microbial communitiesdicignificantly rearrange in the
presence of cyanide as an additional carbon souosvever, the use of Anaerochip
provided the analyses of microbial communities digto multiple probe approach
showing the subtle rearrangements and initial seimd adjustments of archaeal
microbial communities in response to functional limges from the environment
that need to be further explored. It is well knotmat functional degradation of
microbial communities does not necessarily impgngicant rearrangements at the
level of microbial community structure. Recentlypntpletely stable microbial
community was shown to be functionally completeihibited (Goberna et al.,
2010). Thus, the subtle changes observed in ouk pravide grounds for significant
rearrangements in microbial community structurdoager time scales than those

used in experiments in this study.
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CHAPTER 5
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CHAPTER 5 — THESIS DISCUSSION AND CONCLUSIONS

In EU, including Slovenia, the number of biogasnpdahas increased during past
years (7 new biogas plants in Slovenia betweensy2807 - 2011). This can be
attributed to governmental promotion for the camdion of such plants and also to
the higher rates for electricity derived from bisgddowever, as more biogas
facilities run on energy crops, such a corn silagd beet silage, non-governmental
organizations (NGOs) have started to draw attertbadhe use of food for production
of electricity. Their pressures on the governmeateh brought or are at least
beginning to bring changes in the Regulations guwgrthis area. For example, for
2012 in Germany, which is the most developed cquirirthe field of biogas
production with over 5.000 installations across toentry, there are no plans for
new biogas plants, because all potential investoeswaiting for a new regulation
release specifying the use of substrates for bi@yek related subsidies. No one
knows exactly what the new regulation may bringthe field, but one can be
certain: governments will not give subsidies foodais production from so called
energy crops, at least not at the current levedupiport. Therefore, one can expect
more and more biogas plants that will be operatigld more complicated or should
we say with more persistent substrates in the éuflihese substrates include ligno-
cellulose substrates (green trim, grass, crop wesid.etc), substrates from different
industry  (industrial wastewaters containing différe hardly degradable
substances...etc). It is easy to make biogas witlstgatles with ideal C:N:P ratio,
however it is far more complicated task to prodoicgas from unknown substrates,

which now are mostly deposited in landfill or nalized via chemical procedures.

In the next few years, biogas operators are gamnfate new, unknown substrates
because of the new law enforcement. In order tontaia the profitability of biogas

production, reduce the intake of substrates frorarggn crops and increase the
substrates that today mostly end on landfill oewlsere. Such substrates have not
been used before in biogas production and repressntand in most cases unknown
substrates also for the microbial communities eulyeused. Disturbances of

anaerobic digestion process, which are due to rdiffees in the substrates or
substrate concentration or loading rates can irstacase lead to shutdown of the gas

production. The consequent adaptation to the newdiions and subsequent
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resumption of biogas production can last up togtmeeven more weeks resulting in
higher (unsustainable) operating costs (Deubleed.e2008). To ensure undisturbed
and efficient production of methane and thus waseoval, it is necessarily to test
any such unproven or unknown substrate by a ragithble and economically
affordable lab scale test before being used inateerobic degradation process on
the full-scale level. Such a test can verify thedegradability of a substrate with a
precisely defined microbial biomass. On the bakth® test results one can evaluate
biogas production and thus define appropriate pearars to reduce the risk of
process failure. Numerous industries generate migtless degradable but even toxic
substrates that can be used for biogas produdfitntested one of those substrates

in our research work-cyanide.

In the present Chapter 5 the overall findings prese throughout the thesis are
comprehensively summarized following the quotatioh initial aims {n bold)

presented in the Introduction section of the thesis

1. Aim: To establish the system for bio-monitoring process of anaerobic
degradation by selecting and evaluating suitable @erimental methods to be
used throughout the study;

During our research work we established a systembi@monitoring process of
anaerobic degradation. We used the system (Oxit¢@g@)rthuizen et al., 2008, Fan
et al., 2009 Bouzas et al., 2007) and optimizedstistem for our needs. We selected
Oxitop® from among the many available setups, bseail was economically
favorable. We started our research work with thinapation of this system to meet
our needs and comply with the ISO standard thahegfanaerobic biodegradability
(EN 1SO 11734). We also customized and improvedetkisting program (AHAT
OC, WTW, Germany) code for faster analysis of dataovered from the Oxitop®
measuring heads. Data (pressure in hectopascatsgavaverted via general gas law
into the volume of biogas, and they were graphycalhown as the cumulative
production of biogas. We added bio-monitoring o imaerobic digestion process.
This means that we added new parameter to the usaameters (biogas
composition, VFA, pH, NN, COD removal...etc), which are followed in an

anaerobic digestion process. The novel parametes tnacking the microbial
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community structure during anaerobic digestion bsesve dynamics in microbial
community and also structure-function relationslip methanogenic and also

bacterial biomass in the event of substrate change.

At the beginning of our research work, we did nainwto start with a complicated
substrate, because our focus at this stage ofdbearch was on optimizing the
monitoring process. Thus, a microbial biomass franwell functioning UASB
reactor was selected and incubated with a novel degradable substrate (fresh
yeast and hydrolyzed yeast). Using this setup,allevied all the usual parameters
in biogas production with the Oxitop® monitoringsggm, and we also added new
parameter; tracking of microbial community. Optimg the available molecular
techniques for our needs was time consuming. Bixbraof DNA from our samples
was not successful at the beginning of our reseavork although we used
commercially available kit that was effective inracting DNA from more complex
samples like sediment or soil. To obtain reprodiecDNA yields and subsamples
from complex samples, we modified the protocolsréyoving the surplus liquids
left after high-speed centrifugation by speed dyyof biomass samples for the
subsequent DNA extraction from such samples usihA Dsolation kit for soil
(MO-BIO, USA). After substantial optimization of RRCreaction composition, we
were able to perform PCR from that DNA to get opiimesults. Consequently, we
believe we can use this same set up with any kinbBi@mass and substrate to

evaluate biogas production and bacterial and aatltaenmunity dynamics.

Therefore, with the use of molecular techniguesambination with already known
methods for testing methane production, we estaddisa bio-monitoring process,
which can be further used for planning a stableesotac methanogenic process and
also for routine monitoring of its stability. Thuse established a system for bio-
monitoring the degradation process effectivenessmneunity dynamics and
structure-function relationship of methanogenic atsb bacterial biomass in the

event of substrate change.
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2. Aim: To estimate the effects of a novel, less gladable substrate (brewery

spent grain) on distinct bacterial and archaeal mimbial communities;

The next step was evident. We wanted to estimadeeffect of a novel and less
easily degradable substrate on bacterial and aatinaierobial communities and to
test our system in order to determine if our esthbdd methodology is able to track
microbial community dynamics in our experimentastsyns, since there were no
explicit reports of microbial community shifts imutine BMP assay, neither for
bacteria or archaea. For the experiment we selgbre@ different biomasses that
were amended with a novel less degradable substragpent brewery grain.
Biomasses originated from different types of anbierprocess; A - sewage sludge,
B - urban organic waste and C - agricultural orgamaste. The anaerobic digestion
process was completed successfully providing theodpnity to check and evaluate
possible microbial community dynamics. We used methwe developed for
tracking microbial community (PCR, T-RFLP and sitial methods). The results
presented in Chapter 2 revealed which selected dgenwas most suitable for
theoretical start up of new reactor treating brgwsgrent grain. It was not only that
we were successful in tracking microbial commud§pamics; we actually observed
differences in archaeal microbial community durithg incubation time in BMP
assay. Based on the result, we were able to comt¢hat one of the biomasses used,
the biomass from waste water treatment plant déggesds most suitable for quick
and reliable start up of a novel anaerobic reatrgating brewery spent grain as a
novel substrate. To our knowledge, this may be ohehe first studies, which
provided methanogen community dynamics in all rutBMP assay variants
(negative and positive controls plus experimentis}three distinct biomasses and
statistically compared the community shift profilésalso extends well to ATA, as
reanalysis of published data reversed the outcomsome of the previously
published studies (Nyberg et al., 2008) and shothed the effects of different

substances on microbial communities could be ihdatected.
With this second chapter of our research work wdigoed that the selected system

is sufficiently robust as we were able to perfoha analyses we established on four

distinct biomasses (one - Chapter 1, three — Chajpte
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The next step in our work was to apply the methogiels we developed to a more
complicated substrate cyanide, that is known toikexmultiple effects on the
various levels of microbial processes and commudytyamics, contributing much to
the conflicting conclusions found in publishedr#tire on its biological degradation
and potential for biogas production. Due to the plaxity and chemical reactivity of
cyanide, we anticipated that the environmental ¢b@intomposition could play a
significant role in the observed conclusions presgnby others in published
literature on the degradation of the cyanide. Tiws, distinct biomasses, each with
a distinctly complex environmental history, subtgrdiversity, quality and loading,

were selected.

3. Aim: To determine the possibility of cyanide degadation in two distinct

biomass samples in relation to previous findings (§zen et al., 2000, Fallon et
al.,, 1991, Fedorak and Hrudey 1989) and to identifythe key microbial

constituents in the biomass samples involved in cy@le degradation

The published scientific literature does not holahyentries on anaerobic digestions
of cyanide (Fedorak and Hrudey 1989; Gijzen et281Q0; Fallon et al., 1991; Paixao
et al., 2000; Annachhartre and Amornkaew et alg02@hakarobrty et al., 2005).
All authors reported successful anaerobic degradatf cyanide involved the
capacity of the microbial communities present iraeobic sludges to adapt to
increasing concentrations of cyanide. However, eéhleas been no report on the
microbial community constituents responsible foramge degradation under
anaerobic conditions under either laboratory oustdal conditions. We decided to

fill this gap.

Well-known cyanide toxicity to all living beings obably the main reason for its
limited utilization in anaerobic degradation andodas production. Hydrogen
cyanide gas HC}, free cyanide in aqueous solution HggfNand CN which can be

converted to HCRJg, and simple cyanide salts (e.g., NaCN, KCN) ageghmary

toxic forms of cyanide. The sites of action for weigke toxicity are heart and brain.
Cyanide is lethal in high doses (200 mg KCN in dalehuman) but lower doses can
damage sensitive brain cells (Gee, 1987). Expetiroaniaboratory mice revealed

that dose of 5mg/kg KCN is reflected by a decreasemotor activity, but
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consciousness is maintained and animals respomatioling (Borowitz et al., 2001).
However even low doses can damage sensitive bedim (@avlakovic et al., 1994;
Fetcher et al., 2002). Although several cyanidédatgs are available, none of them

can reverse the cyanide effects completely.

In our research work on cyanide, we used two diitia microbial biomasses. One
microbial biomass was from second stage (anaef®@8itR) of WWTP; the second
was granulated biomass from industrial UASB reackExperiments with CSTR
biomasswere not promising in terms of cyanide degradabecause it contained
metals among which was iron. In addition, the WWiEported regular annual
incidents of increased heavy metal inflow due wustrial activities upstream of the
WWTP site.

In the ' experiment with 1.5 mg/L of KCN, we observed perfmethanogenesis
after a short lag phase (later found to be metahitle complexation). The effects of
the metal presence in the CSTR biomass were ral/adtier subsequent experiments
with initial concentrations of 5.0 and 10.0 mg/L KEN, which resulted in metal-
cyanide complexes, probably Fe(Cl) species as it was reported that this is
prevailed form of ferrocyanide in anoxic conditio(Schecher et al., 1998). We
found that direct application of 5.0 mg/L causedmsg inhibition of methanogenesis,
which is congruent with the results of Gijzen et(2D00). Based on the results from
experiments (% three experiments) with CSTR biomass we conclutietl added
cyanide in CSTR biomass was transformed from frgmnide to metal-complexed
cyanide and was thus not converted biologically. Mé® discovered, that beside lag
phase in case of initial concentration 1.5 mg/L KKEN, we observed normal
methanogenesis indistinguishable from positive rmdbnamended with glucose.
Meanwhile in the case of initial concentration o® &nd 10.0 mg/L the process of

methanogenesis completely inhibited for the emtireation of the experiment.

In the third experiment we used three applicatioh2.0 mg/L of KCN during 63
days of incubation. After first two runs (each fasted 21 days) we observed that a
lag phase almost identical to that in experimepteceded normal methanogenesis.
However, in the last run after the third amendna2 mg/L cyanide the lag phase

was significantly prolonged. Measurements of tatghnide revealed that free
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cyanide was transformed to the metal cyanide caxeglend thus accumulated to
the concentration of 5.7 mg/L of total cyanide prasin the environment.
Nevertheless, the process of methanogenesis was effactive than after direct
application of 5.0 mg/L of cyanide. Methane contentumulative biogas at the last
3% run was higher for 20.2 % than in the sample wditect 5 mg/L cyanide
application. Based on that result we concluded;, thetal-complexed cyanide was
not biologically available for degradation, howeweremained toxic in the present
concentration for microbial communities in the rolgial biomass. From the results
it follows that microbiological community can adadptthe toxicity of metal-cyanide
complexes to a certain degree (Gijzen et al., 200@) nevertheless could still use
cyanide as carbon or nitrogen source for growtAs in the first experiments with
cyanide we did not observe significant cyanide reahowe concluded that
complexation from free species to complex form widavy metals is faster than
reductive reactions at which, dissociated HCN ®ndformed to ammonia and
methane. Dissociation of ferrocyanide under anaerobnditions is to the best of
our knowledge not possible due to conditions tlegidnto be met (pH 1-2 at 125°C).

In the third experiment (adaptation experiment w&hmg/L cyanide), we also
explored microbial communities at bacterial andhasal 16S rRNA levels by
profiling with T-RFLP, microarray and cloning anégsiencing. In terms of the
dynamics of microbial communities in the 3rd expwmt, the following

observations were made: T-RFLP profiling of micedbtommunity revealed the
effect of added cyanide on the lag-phase in bigmaduction (Chapter 3) and the
much larger structuring effects on bacterial micblcommunities suggesting that
the structure of bacterial microbial communitieswsanificantly more responsive to
changes in the environment than methanogenic aathaerobial communities from
CSTR.

Cloning and sequencing of biomass (from initiahejarevealed, that in the samples
from CSTR reactor phylur@hloroflexi was found as prevalent bacterial group. The
group Chloroflexi is abundant in anaerobic digester treating sevsudistrates
(Rivere et al., 2009, Paltasi et al., 2011, Kradtadl, 2010, 2011 Sekiguchi, 2006). In
archaeal part of microbial community, claskethanomicrobiawas found as the

prevalent group (97.9 %) in the CSTR biomass. Mbshe Methanomicrobian this
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biomass was assigned Methanosaetawhich takes only acetate as energy source,
which is degraded to methane and ;C®rom the results describing microbial
community structure in CSTR biomass, we can corlutlat acetoclastic
methanogenesis is the dominant and prevailing roétalpathway leading to

methanogenesis in CSTR biomass.

In order to alleviate the effects of the heavy nsetgesent in CSTR biomass, a
pretreatment could be conducted in the future exyeerts composed of heavy metal
complexation by direct reaction with hydrogen gsldfi (HS) before biogas
production. This would preclude the subsequent #&bion of cyanide-metal
complexes for the majority of metals present inlilenass sludge. This is of course
not a relevant environmental condition as metats @anide would be delivered in
the same wastewater. From the experimental pointiest that would enable the
elucidation of the metabolic behavior of microbammunities and their genetic
rearrangements in the absence of the major fractbntoxic cyanide-metal
complexes. In addition, the use of identical swistras carbon sources in both
biomasses could also be attempted, however, remmaents in microbial
communities as a result of novel substrate for @nthe biomasses or both would
thus need to be taken into account.

In the second half of experiments we used grandilai@mass from industrial UASB
reactor. Since our experience with biomass thatasoed metalsywe wanted to test
biomass without noticeable amounts of metals agag used before (Fedorak and
Hrudey 1989; Gijzen et al.,, 2000; Fallon et al., 919 Paixao et al., 2000;
Annachhartre and Amornkaew et al., 2000; Chakayadiral., 2005).

First experiment with the second UASB biomass ahtkeet different initial
concentrations of cyanide (1, 2, 3 mg/L of KCN) qbeted without noticeable
inhibition in comparison to results from a positieentrol. As the selected biomass
originated from UASB reactor treating brewery wastters the selected biomass
was well adapted to the use of this substrate dmrasource and allowed for quick
observation of any kind of inhibition. Free cyanidas quickly disappearing and
analyses on all levels showed that that none ofnidga was complexed

(measurements of total cyanide at the end of exy@et) or escaped via gas phase.
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First experiment with granulated biomass from UA®Bctor showed more than 80
% of free cyanide removal. This was expected stheee were only small amounts
of metals in selected UASB biomasal{le 12).

In the second experiment with UASB biomass we usedinitial concentrations of
KCN; 5.0 and 8.5 mg/L. In the case of cyanide samyth initial concentration 5.0
mg/L methanogenesis was completed in a similar maas that observed in the
positive control. Meanwhile in the sample with heglcyanide concentration, we
observed strong inhibition of the process, whicstdd for approximately 21 days.
After that normal methanogenesis was observeddstiagly both cyanide samples
had produced more biogas after 60 days of incubatothe expense of methane.
Cumulative methane production was higher in cyaaiskended samples, suggesting
that a fraction of biogas was derived from ‘GiMgradation probably by hydrolytic
pathway.

With respect to the experimental data includingristesm aseptic experiment we
believe that cyanide was actually removed from #ystem by the hydrolytic
reactions, probably partly spontaneous, abiotic padly biotic with enzymes of
microbial community. This resulted in the formatiohsimple organic or inorganic
molecules, which were further metabolized by mi@blbonsortia as was reported
before (Fedorak and Hrudey 1989; Gijzen et al. 026@llon et al., 1991; Paixao et
al., 2000; Annachhartre and Amornkaew et al., 200Bakarobrty et al., 2005).
Based on the results of the study we concludedathatrobic degradation of cyanide
is a combination of simultaneous abiotic and bi@iiocesses and not exclusively
biological. In addition, based on the results & gtudy using CSTR and UASB
biomasswe concluded, that anaerobic degradation of cygamadnost environmental
conditions where complex environmental conditiongsteis most probably a
combination of competitive abiotic and biotic preses where dynamically changing
conditions at local microscale (< 1) most probably determine the extent of each

reaction.

T-RFLP profiling of the microbial community revedlalmost the same result as that

with CSTR biomass. Bacterial microbial communityswaore responsive to changes
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in the environment than methanogenic archaeal migk@ommunities, with lesser

rearrangements to maintain functionality than obsein CSTR biomass.

Cloning and sequencing revealed that prevalenebatiphylum in UASB biomass
was Synergistetesand Firmicutes More interesting were results from cloning and
sequencing of positive control and cyanide sampth wiitial concentration of 8.5
mg/L of KCN. The main difference was in phylUfirmicutes In the cyanide sample
Firmicutes was the most abundant group 48.2 %, meanwhileositipe control
sample was only 19.7 % @&lirmicutes This suggests that cyanide degradation was
based on bacterial microbial community, since we bt observe any significant
difference between initial and developed (positieatrol and cyanide) with T-RFLP
profiling of archaeal community. In addition, theclaaeal microbial community was
also highly monophyletic and was almost entirelgresented by one big class —
Methanobacterighat is mostly associated with hydrogenotrophith@eogenesis.

Based on the results of cloning and sequencingpeleve that members of the
phylum Firmicutesare the ones responsible for degradation of iredrate products
of the hydrolytic reaction, which takes part in #r@aerobic digestion of cyanide. It
was reported before that phylugrmicuteswas most abundant group in anaerobic
digestion of wastewaters, which contained huge atnotiammonia (Yabu et al.,
2010). There were also reports on the presendéroficutesin rather unusual or
recalcitrant and hardly degradable substrates fiae@bic digestions (Gray et al.,
2010, Abu-Laban et al., 2009 Kniemeyer et al., 200ang et al., 2011). It thus
seems thaFirmicutesare quite adaptive microorganisms, and their irl@naerobic
digestion of difficulty degradable substrates sHoble further investigated by
molecular approaches. In addition, their physiatabiaspects should also be
explored in order to determine the environmenta&ktdiss besides ammonia that
control their performance in anaerobic reactorsitAs known, only less than 1% of
microbial consortia can be cultivated using classiapproaches, however, an
increase in cultivation success and detailed plygical studies can be obtained by
the use of more modern and group targeting appesadiith further investigations
of Firmicutesand with their subsequent cultivation, technolofiymmobilized cells
or enzymes from metagenomic approaches could beedpgell immobilization is

technology in which we entrap or attach a celliftecent medium, with flocculation,
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covalent bonding to carries, encapsulation in pelyngel, adsorption on
surfaces...etc (Lopez et al., 1997). The technolofjymomobilized cells can be
applied in biological treatment to enhance thecedficy of biological degradation.
The main advances of cell immobilization are higheoncentrations of
microorganisms in reactor and protection of cefjaiast toxic substances (Dursun
and Tepe 2005), which is very welcome in case ahie wastewaters. Chen et al.
(2008) demonstrated that immobilized cells coulartmee tolerant to external shocks
including to a higher level of KCN concentrationdawider ranges of ambient pH

conditions than free suspension cell.

The differences we described in the microbial comityustructure of archaea based
on microarray data did not represent significaranges in microbial structure, a
finding congruent with our observations made atléwel of phylogenetic profiling
using T-RFLP (Chapter 4). This shows that in thaur analyses of microbial
communities, the sole choice of methodology does fandamentally affect the
experimental outcome and allows one to obtain agergrresults by the linking of
different methodologies: (i) Microarray vs. T-RFI(fhis study) and (ii) Microarray
and Q-PCR (Goberna et al., 2010). However, theafismicroarrays extended the
information we obtained from fingerprinting as tdenworth of future exploration
were detected. The group Methanosarcinavas found to be highly associated with
the increased cyanide concentrations, which is @sgruent with the fact that this
group of archaea is highly resistant to increasathania or acetate concentrations.
The resistance to increased ammonia concentrati@ysplay the crucial role at the
microscale (of granulae) where ammonia is probébigned byFirmicutesin the
close proximity of archaea thereby allowing the hasa to maintain their

functionality throughout the process.

In the future, the experiments with a number oktie applications of 8.5 mg/mL
cyanide could provide conclusive proof whether thisup of archaea is indeed
involved in the biogas formation in the presencemimonia formed from cyanide.
From the point of view of biomass selection for thert up of reactors for
degradation of cyanide, the UASB biomass would lestnsuitable as it already

contained the microbial communities at bacteriatl aarchaeal levels actively
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contributing to degradation of amended cyanideauthé¢ 8.5 mg /L cyanide without

previous adaptation period.

These are the three major venues of cyanide degradhat were explored in this

thesis out of all possible found in the literature:

Kilian-Fischer synthesis Chemical complexation

Biological degradation

Fig. 61: three major venues of cyanide degradation

None of the pathways could be shown to be completbsent from our systems
under exploration due to chemical and biologicahptexity of such determinations;
however, the major part of transformations of cganbserved in our experimental

systems using CSTR and UASB biomass could be suinedaas following:

CSTR UASB
Kiliani-Fischer synthesis ~ Chemical complexation Kilian-Fischer synthesis ~ Chemical complexation
k\ k\ /1
|
v
Biological degradation Biological degradation

Fig. 62: suggested major venues of cyanide degradation in CSTR and UASB biomasses

based on the findings presented in Chapters 3 and 4.
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We believe that in case of anaerobic digestion aditiyve abiotic/biotic process
takes part and are steered by the trade off betiieepurely chemical and biological
reactions taking place in the same environmenhatsame time. Cyanide is in our
opinion first transformed via hydrolytic reaction formate (later converted to
bicarbonate) and ammonia. Reductive reaction tchamet and ammonia is in our
opinion less probable since the organisms for gathway are very rarely found in
anaerobic environments. Also there are no repdrds@uirrence of reductive reaction
in anaerobic degradation of cyanide, however, nawakecular tools would need to
be designed to follow the extent of this reactiad define the-theepresentatives of
that microbial consortia. Thus, further investigag with more powerful techniques
such as Stable Isotope Probing (SIP) and Haloge®itin Hybridization-Secondary
lon Mass Spectroscopy (HISH-SIMS), would in ourm@n most probably reveal
that key players. SIP is a powerful and comparbtimevel technique for identifying
microorganisms that are actively involved in speatietabolic processes. It employs
substrates that contain heavy isotope of carbighor nitrogen™N and is typically
used to reveal the diversity behind specific meiabmansformation. In our case
labeled KCN (K*C'°N) would thus serve as cyanide source to biomasssentially
similar incubation experiments as described in tinesis. Then labeled DNA (heavy
fraction) can be separated from the unlabelledi@ydard techniques. Metabolism or
incorporation of the”C or *N substrates into biomass by organisms would make
their DNA isotopically heavier than DNA of thosellsethat did not incorporate
K®C'N derived degradation product making it thus amenédr phylogenetic and
functional analyses of genes of interest (Radajeetskl., 2000).

HISH-SIMS (Musat et al., 2008) works on the sammqgpple as SIP. Labeled
isotope is added to biomass for incubation period then filtered through gold-
coated filters. Next step is to hybridize 16S rRijéne with group of specific HRP-
labeled oglinonucleotide probes. Results of hykdton is then checked with
fluorescence microscopy and applied to nanoSIMSe NanoSIMS 50L is a
nanometer scale secondary ion mass spectrometerbath extremely high lateral
resolution and high mass resolution. Because ohigue ion optic design, the
primary ion beam can be focused to a very small dpan to less than 50nm beam
size and enables simultaneous phylogenetic ideatifin and quantitation of

metabolic activities of single microbial cells lmetenvironment (Musat et al., 2008).
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In conclusion, in this work wé) established the system for bio-monitoring process
of anaerobic degradation by selecting and evalgaintable experimental methods
and used them throughout the studly; estimated the effects of a novel and less
degradable substrate (brewery spent grain) on tiactend archaeal microbial
communities in three biomasses afii) determined the possibility of cyanide
degradation in two distinct and contrasting biomsasiples in relation to previous
findings (Gijzen et al., 2000, Fallon et al., 199&dorak and Hrudey 1989). For the
precise identification of the key players at thdlutar level, different and more
complex tools than commonly available to biogasdpotion industry (T-RFLP,
cloning and sequencing) should be used (SIP, Nam)Sin this work we described
the microbial communities at bacterial and archd@atls that are involved in the
cyanide degradation under anaerobic conditions.béleeve that bacterial phylum
Firmicutesis the crucial microbial group in cyanide degramtatwhereas archaeal
group Methanosarcinacould be associated with the effects caused bycyaaide

degradation for the maintenance of the biogas ptimiu
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ANNEX 1
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Figure Al: A reanalysis of archaeal microbial community dynamics during 42 day batch
start-up of digester on a single substrate (Lee et al., 2010). * — time of incubation comparable
to 14 days used in routine biochemical methane potential assays. Three separate lineages
could be delineated by cluster cut-off method (BioNumerics, Applied- Maths). For the
exploration of microbial community dynamics the use of other substrates (or absence of any)

was not reported.
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ANNEX 2
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Figure A2: A reanalysis of the developed archaeal (A), bacterial (B) and eukaryotic (C)
microbial communities at the end of degradation test different organic compounds in BMP
(Nyberg et al., 2008). The data on the initial communities present in live or dried sludge were
not provided.

In archaeal communities (A), only in treatment G (live sludge + dried sludge) significant
differences could be detected, whereas all other developed communities were highly similar.
It is important to note that only archaeal 16S rRNA genes were amplified using nested PCR
design.

In bacterial communities (B), developed communities in treatments A (live sludge + fullerene
dissolved in methanol) and B (live sludge + water solution of fullerene) developed
significantly different communities from reference samples (H1 and H2).

In eukaryotic microbial communities (C), three separate clusters could be detected. First, all
communities developed in the presence of fullerene formed a distinct cluster separated from
those communities developed in the presence of dried sludge with or without toluene or
xylene. In addition, both clusters were significantly different from reference H2, containing

only live sludge.
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ANNEX 3

Table A3. List of oligonucleotide probes and target organisms included in the microarray (Frank-Whittle et al., 2009).

Melting
E. coli
Probe name Target organism Probe sequence 5 '-3' Percent GC temp
position
[T]
Arc917 Archaea TTTTTTTTTTTTGUGCUCCCCCGCCAAUUC 917 60 67.5
Mbac855 Methanobacteriaceae TTTTTTTTTTTTCTTAACAGCTTCCCTTCGG 855 52.6 59.7
Mbac313 Methanobacteriaceae TTTTTTTTTTTTACCTTGTCTCAGGTTCCATC 313 50 57.6

Methanothermobacter, Methanobacterium,
MMMMS817 TTTTTTTTTTTTCAACACCAAGTCCACATCG 817 52.6 58.3
Methanosphaera, Methanobrevibacter

MbM405 Methanobacterium, Methanothermobacter TTTTTTTTTTTTACCCCGTTAAGAGTGGC 405 58.8 56.4

MIM594 Methanolobus, Methanomethylovorans TTTTTTTTTTTTCAGATTTCCCGGAAGACTG 594 52.6 59.4

Methanomicrobium, Methanogenium,
MMM309 TTTTTTTTTTTTTGTCTCAGATTCCATCTCCG 309 50 59.4
Methanoplanus

MMbac183 Methanobacterium TTTTTTTTTTTTTAGGGAACCAATTCCAGG 183 50 56.9
MMbac624 Methanobacterium TTTTTTTTTTTTAUCUCCAGCAAUUCCACAC 624 47.4 56.4
Mbc263 Methanobacterium TTTTTTTTTTTTACTGGCTTGGTGGGCAT 263 58.8 59.9
Mbc542 Methanobacterium TTTTTTTTTTTTAAAATGGCCACCACTTGAG 542 47.4 59.9
Mbc644 Methanobacterium TTTTTTTTTTTTCCGGCCTCAAGCCTAAT 644 58.8 60.0
Mbc744 Methanobacterium TTTTTTTTTTTTTACTCACCGTCAGGTCCG 744 61.1 57.7
MbcF733 Methanobacterium formicicum TTTTTTTTTTTTGGCCCGTTCCAGTTAGC 733 64.7 59.9
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MbcF745 Methanobacterium formicicum TTTTTTTTTTTTTTACTCACCGTCAGGCCC 745 61.1 60.0
Mbre364 Methanobrevibacter TTTTTTTTTTTTTTCTCACATTGCGGAGGT 364 50 57.6
Mbre377 Methanobrevibacter TTTTTTTTTTTTCCCGTCGCGATTTCTC 377 62.5 58.2
Mbre406 Methanobrevibacter TTTTTTTTTTTTCCATCCCGTTAAGAATGG 406 50 57.5
Mbre846 Methanobrevibacter TTTTTTTTTTTTCCCTTCGGCACTGAAAC 846 58.8 57.6
MbreS840 Methanobrevibacter smithii TTTTTTTTTTTTACTGGGACAGCTCAAAGC 840 55.6 56.5
MbreS731 Methanobrevibacter smithii TTTTTTTTTTTTAGAATCGTTCCAGTCAGACG 731 50 59.0
MbreS178 Methanobrevibacter smithii TTTTTTTTTTTTCATTACAGGAATAATTGCCTAT 178 31.8 56.9
Mcal465 Methanocalculus TTTTTTTTTTTTCCCTTTCTCCTGGTGTGTGT 465 55 61,1
Mcal585 Methanocalculus TTTTTTTTTTTTCCCAGAGACTTAACGACCAA 585 50 59,5
Mcal600 Methanocalculus TTTTTTTTTTTTGCCAAAAGATTTCCCCAG 600 50 59,6
Mcal840 Methanocalculus TTTTTTTTTTTTCACCTCAGCGACTCGTGG 840 66.7 61.1
Mcal422 Methanocalculus TTTTTTTTTTTTACACCAGAACAGCCTGCA 422 55.6 58.1
Mcal707 Methanocalculus TTTTTTTTTTTTTCGGTCGTCCCTCGG 707 73.3 58.1
Mcald179 Methanocaldococcus TTTTTTTTTTTTTCCAGACCTCCTCCCCTA 179 61.1 58.4
Mcald276 Methanocaldococcus TTTTTTTTTTTTGCCCGTACGGATCGTAG 276 64.7 58.1
Mcald444 Methanocaldococcus TTTTTTTTTTTTCCCGGAGCTGTTTACACT 444 55.6 57.0
Mcald822 Methanocaldococcus TTTTTTTTTTTTCGACGCGACACCTAGTCC 822 66.7 60.6
Mcoc139 Methanococcoides TTTTTTTTTTTTCGGAGTTATGCCGAACCT 139 55.6 60.0
Mcoc194 Methanococcoides TTTTTTTTTTTTCTTAGGCAACCGAAGTCTTT 194 45 59

Mcoc438 Methanococcoides TTTTTTTTTTTTTGCCGTTTACACATGTGGA 438 47,4 59.7
Mcoc465 Methanococcoides TTTTTTTTTTTTCTTGCTAACACATGCCGTT 465 47.4 58.7
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Mcoc584 Methanococcoides TTTTTTTTTTTTGAAGAACTGATCAAACCGG 584 47.4 56.6
Msco0183 Methanocorpusculum TTTTTTTTTTTTCCATTCCAGGACATATCCA 183 47.4 57.3
Msco583 Methanocorpusculum TTTTTTTTTTTTCAAGAGACCTAACAGTCAAGC 583 47.6 56.3
Msco832 Methanocorpusculum TTTTTTTTTTTTTAACACGTGGTTACCGACA 832 47.4 56.4
Msco843 Methanocorpusculum TTTTTTTTTTTTTCGGCGCATCAGTAACAC 843 55.6 59.4
Mcul574 Methanoculleus TTTTTTTTTTTTAACCCAGCTACGAACGC 574 58.5 57.8
Mcul170 Methanoculleus TTTTTTTTTTTTGCATCTGTAACCTATAGGGTATT 170 39.1 57.9
Mcul302 Methanoculleus TTTTTTTTTTTTTCCAACTCCGGGCTCTT 302 58.8 59.4
Mcul393 Methanoculleus TTTTTTTTTTTTTACAGGCACTCGAGGTTCC 393 57.9 59.6
Mcul669 Methanoculleus TTTTTTTTTTTTCCCCCGAAGTACCCCT 669 68.8 58.5
Mg193 Methanogenium TTTTTTTTTTTTTATGGCGCCTCAACTTTC 193 50 58.4
Mg229 Methanogenium TTTTTTTTTTTTCTAATCGACCGCAGATCC 229 55.6 57.3
Mg619 Methanogenium TTTTTTTTTTTTTAGACGCCCGTCGGTTA 619 58.5 59.2
Mg833 Methanogenium TTTTTTTTTTTTAGTGACTCGTGGTCACCAGT 833 55 58.2
Mhal183 Methanohalobium TTTTTTTTTTTTACCACAGAGCCTTCCAGC 183 61.1 59.0
Mhal236 Methanohalobium TTTTTTTTTTTTCACTACCACCTGATAGACCG 236 55 56.9
Mhal598 Methanohalobium TTTTTTTTTTTTCACCAGATTTCCCAATGG 598 50 57.5
Mhal829 Methanohalobium TTTTTTTTTTTTGCCGTACCATCCCTAACAC 829 57.9 59.4
Mlob133 Methanolobus TTTTTTTTTTTTTATGCCTGACCTTAGGGC 133 55.6 57.4
Mlob183 Methanolobus TTTTTTTTTTTTCACAGAACATTCCAGTATCTATGA | 183 37.5 59.2
Mlob389 Methanolobus TTTTTTTTTTTTGGCACTCAGTATCCCCTTA 389 52.6 56.5
Mlob821 Methanolobus TTTTTTTTTTTTGTCCCAGACACCTAGCGAG 821 63.2 59.1
Mmic183 Methanomicrobium TTTTTTTTTTTTAGGAGACATTCCAGTACTCCT 183 47.6 56.5
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Mmic615 Methanomicrobium TTTTTTTTTTTTACGCCTCACAGTTAAGCC 615 55.6 57.2
Mmic829 Methanomicrobium TTTTTTTTTTTTAACTCGTAGTTACAGGCACAC 829 47.6 56.7
Mmic854 Methanomicrobium TTTTTTTTTTTTTCACGTTTTCACTTCGGC 854 50 58.6
Msae406 Methanosaeta TTTTTTTTTTTTAGCCAGATTTGTAACCTGG 406 47.4 56.8
Msae827 Methanosaeta TTTTTTTTTTTTACCGTGGCCGACACCT 827 68.8 60.0
Msae841 Methanosaeta TTTTTTTTTTTTCACCGACAACGGTCGC 841 68.8 59.3
Msarl84 Methanosarcina TTTTTTTTTTTTGACGCATAAAGCATTCCAG 184 47.4 58.4
Msarl97 Methanosarcina TTTTTTTTTTTTCTTGGGCAGACGAATCC 197 58.8 57.3
Msar549 Methanosarcina TTTTTTTTTTTTCCCAATAATCACGATCACC 549 47.4 57.2
Msar587 Methanosarcina TTTTTTTTTTTTCCGGAGGACTGACCAAAC 587 61.1 59.2
Msar416 Methanosarcina TTTTTTTTTTTTCTGGACAGCCAGCATATGA 416 52.6 58.5
Msar601 Methanosarcina TTTTTTTTTTTTAGCTATCAGATTTCCCGG 601 50 56.5
Msph125 Methanosphaera TTTTTTTTTTTTCAGTCCTAAGGGTAAGTTATCC 125 45.5 57.7
Msph598 Methanosphaera TTTTTTTTTTTTGCTACAAGCTTTCACCAAAG 598 45 57.6
Msph743 Methanosphaera TTTTTTTTTTTTTTACTCACCGTCAAGATCGT 743 45 57.0
Msph673 Methanosphaera TTTTTTTTTTTTCCCCTACCCCGGTAGTAC 673 66.7 58.5
Msph539 Methanosphaera TTTTTTTTTTTTAACAGCTACCACTCGAGCTG 539 55 59.7
Msph841 Methanosphaera TTTTTTTTTTTTGGCACTGGAACAACTCGA 841 55.6 57.8
MsphS193 Methanosphaera stadtmanae TTTTTTTTTTTTCTTAGGCGAAAAATACATTTC 193 33.3 57.5
MsphS838 Methanosphaera stadtmanae TTTTTTTTTTTTGGAACAACTCGAGGCCA 838 58.8 57.5
MsphS174 Methanosphaera stadtmanae TTTTTTTTTTTTCAGGCATAACCTAATATCCAG 174 42.9 57.2
Mspil65 Methanospirillum TTTTTTTTTTTTACGAACTATGGAGTATTACCCC 165 45.5 60.0
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Mspi406 Methanospirillum TTTTTTTTTTTTAGCCAGCCTGTGCTGG 406 68.8 58.2
Mspi422 Methanospirillum TTTTTTTTTTTTTGGTGGACAGCCAGCC 422 68.8 58.3
MspiH174 Methanospirillum hungatei TTTTTTTTTTTTAGTCAGCACGAACTATGGAG 174 50 56.7
MspiH193 Methanospirillum hungatei TTTTTTTTTTTTCGGATCTTTCGTTCGCA 193 52.9 59.4
MspiH620 Methanospirillum hungatei TTTTTTTTTTTTCCTGAACGCCCACCG 620 73.3 59.1
Mthel67 Methanothermobacter TTTTTTTTTTTTTCACCTATCCGGGTTTATC 167 47.4 56.6
Mthe190 Methanothermobacter TTTTTTTTTTTTGTGTTTCGGTGAAGAACCA 190 474 57.5
Mthe426 Methanothermobacter TTTTTTTTTTTTCACTTCTGAAAAGCCACCC 426 52.6 59.5
Mthe643 Methanothermobacter TTTTTTTTTTTTCCGACCTCGAGTCATGATA 643 52.6 57.4
MtheT193 Methanothermobacter thermoautotrophicus TTTTTTTTTTTTGAAGGTGTTTCGGTGAAGA 193 47.4 56.9
MtheT176 Methanothermobacter thermoautotrophicus TTTTTTTTTTTTAGGCAGCATCACCTATCC 176 55.6 56.4
UncM283 Uncultured methanogen clone 2-10 TTTTTTTTTTTTCTCTCAAGGCCCATACCC 283 61.1 58.9
UncM301 Uncultured methanogen clone 2-10 TTTTTTTTTTTTCCAACTCTGGGCTCCCT 301 64.7 58.6
UncM385 Uncultured methanogen clone 2-10 TTTTTTTTTTTTCTAGGAATTCCCTCATCGG 385 52.6 58.9
UncM544 Uncultured methanogen clone 2-10 TTTTTTTTTTTTATAAAATCGACCACCACTTG 544 40 57.1
UncM869 Uncultured methanogen clone 2-10 TTTTTTTTTTTTTCCCCAAGTAGCAGACTTAA 869 45 57.2
MUncM625 Uncultured methanogen clone 2-10 TTTTTTTTTTTTGTCTCCTCGGAAGACGGA 625 61.1 58.8
MUncM836 Uncultured methanogen clone 2-10 TTTTTTTTTTTTATGCCCCCAAAGGACTT 836 52.9 58.6
Con Control AGGAAGGAAGGAAGGAAG

NbCon Non-binding control AGAGAGAGAGAGAGAGAG
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