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|. Establishment of the Single-Nucleotide Primer Extension Assay for monitoring of
subfamily 1.2.C catechol 2,3-dioxygenase genes in the investigated BTEX-

contaminated environment

One of the main tasks of the research was to dpval&ingle-Nucleotide Primer
Extension (SNUPE) assay to detect the expressiberpahanges of subfamily 1.2.C catechol
2,3-dioxygenase (C230) genotypes that may occungiihe microcosm experiments. To
develop this assay we used community RNA sampledated from contaminated
groundwater of the “Sikl6s” BTEX-contaminated sit8roundwater samples were taken
between May 2010 and May 2011. Therefore, sampfe&3oconsecutive months were
analyzed. Microbial community compositions werestfianalyzed by Terminal Restriction
Fragment Length Polymorphism (T-RFLP). In ordemg&i species level information on the
community compositions and to identify the peaksh# T-RFLP electropherograms, 16S
rRNA based clone libraries were established in aHdseepresentative samples May 2010,
December 2010 and May 2011. These clone libravee® characterized by a high ratio of
Betaproteobacteria, and mainly members of the gen&@odoferax, Albidiferax andAzoarcus
and a yet unknown Rhodocyclaceae bacterium wereindminthroughout the monitoring
period. Although the community composition of themples groundwater well was quite
stable, remarkable shifts in the dominancy of thesgor taxa were observed. Diversity of
subfamily 1.2.C C230 genes was assessed in cafiseafame representative samples. To
cover as large diversity as possible the subfahfl{C specific primers were used designated
as the XYLE3 primer set. This primer set alloweé fACR amplification oBeta-, and
Gammaproteobacterial 1.2.C C230 genes. Clone libraries of the threeasgntative samples
revealed the presence of six 1.2.C C230 clusterdoftunately only two of these clusters
could be assigned to known bacterial genera (gePs@domonas and Pseudoxanthomonas
of classGammaproteobacteria). The other four clusters could not be affiliatedany known
bacterial species. SNUPE primers were developedh®erdetection of these six distinct
clusters. After testing the specificity of the pers, activity of the targeted clusters was
investigated in all of the 13 samples. It was obseérthat only two of the clusters (clusters B
and C) were constantly detectable. Consequentiyr tonsiderable role in the microaerobic
degradation of BTEX-compounds can be hypothesidetbrtunately these clusters cannot be
clearly linked to any cultured bacterium. On théeothand, results of the SNUPE assay
provided possibility to assign phylogenetically saeclusters. We statistically evaluated the

16S T-RFLP and SNUPE data to look for correlatibesveen the presence and activity of



certain 16S T-RFs and the presence and activityd@ C230 clusters. As a consequence we
suggested that one of the significant clusterssf{eluB) is probably affiliated with an
unclassified Rhodocyclaceae bacterium, while amotiree (cluster C) is most probably
affiliated with a yet uncultured member of the geRhodoferax (genus Comamonadaceae of
class Betaproteobacteria). These results wereghddiin a research article in the journal of
Systematic and Applied Microbiology (Tancsics et al. 2013yst. Appl. Microbiol. 36:339-
350).

1. Themicrocosm experiments

By using the newly designed SNuUPE assay we invastigthe dynamics of the
bacterial community structure and the expressidtepa of subfamily 1.2.C C230 genes
under decreasing dissolved oxygen (DO) concentratiomicrocosm experiments. Parallel
microcosms were used to investigate these issudEr 5 and 0.1 mg/L DO concentrations
and three days after oxygen depletion. DO conceoigin the microcosms were measured
non-invasively by using a Fibox 3 trace v3 fibetioprace oxygen sensor with Pst 3 sensor
spots. To reveal the community composition of thigal groundwater sample a metagenomic
approach was used. More than 90 000 DNA sequenees gained and analyzed by using an
lon Torrent platform (Life Technologies) and thesuks showed the overwhelming
dominance of Betaproteobacteria in the bacteriahroanity. The most dominant bacteria
belonged to the genudzoarcus followed by generaThauera, Acidovorax, Rhodoferax,
Polaromonas and Dechloromonas. The class Gammaproteobacteria was mainly repiessen
by members of the genus Pseudomonas. The effadtéatasing DO concentration on the
microbial community composition was assessed byFLHRboth on DNA and RNA level. It
was found that the decreasing DO concentrationnmagignificant effect on the community
composition and remained practically the same gjinout the experiments regardless of the
availability of oxygen. Diversity of subfamily 1.2.C230 genes was investigated in case of
the initial sample by cloning and sequencing. Isvi@und that some of the formerly detected
clusters disappeared since May 2011 while new elsisgmerged dominantly. This led us to
modify the formerly developed subfamily 1.2.C C28BIuPE assay. Subsequently, with this
modified SNUPE assay we investigated how the detrgeDO concentration affected the
presence and activity of the detected C230 gersteztki On DNA level it was found that
there was no change in the presence of subfan@l IC230 gene clusters throughout the

experiment. This is not a surprise since the betteommunity composition was stable as we



noted this above. On RNA level it was found tha tlecreasing DO concentration had
significant effect on the activity of some subfaymil.C C230 genes, by showing decreasing
activity with decreasing DO concentration. Thesaafgpes in question could be loosely
assigned to members of the genus Pseudoxanthorfaas Gammaproteobacteria) On the
other hand; some C230 clusters were constantlyeacigardless of the concentration of
oxygen. These latter C230 genotypes might be associ with members of
betaproteobacterial genera, suchRiwdoferax and might be key players in microaerobic
degradation of aromatic hydrocarbons. It can be pitesumed that there is a difference in the
transcriptional regulation of subfamily 1.2.C C23Qenes between Gamma-, and
Betaproteobacteria. Nevertheless, further investiga are needed to clarify this question.
Beside subfamily 1.2.C C230 genes, we also invattd) the effect of dercreasing DO
concentration on the presence and activity of bleneginate synthase (bssA) genes, key
genes of anaerobic degradation of toluene. DityetdibssA genes was investigated in case
of the initial sample by cloning and sequencing.ifivestigate the effect of decreasing DO
concentration on the transcription activity of thetected bssA clusters a SNUPE assay was
developed. On DNA level similar observation was enad earlier in case of 16S rRNA and
C230 genes. Bluntly; there was no change in theA bgsne diversity throughout the
experiment. On RNA level it was found, that ondhwd detected bssA clusters (most closely
related to bssA gene ®hauera aromatica strain K172 — 98% nucleotide sequence similarity)
was detectable only on DNA level, while the othleisters were constantly active regardless
of the presence of oxygen. This observation isccoedance with data can be found in the
respective literature. Benzylsuccinate synthasa iglycyl radical enzyme inactivated by
oxygen (its half-life under truly oxic conditions 80 seconds) and supposed to be active only
under true anaerobic conditions. Therefolidauera aromatica strain K172 stops the
transcription of its bssA gene in the presencexyfen. On the other hand; it is known that
other Thauera-relatives (e-thauera sp. DNT-1) maintain the expression of their bsefhes
even under (micro)aerobic conditions. Concludingrgthing it can be assumed that aerobic
and anaerobic degradation pathways of aromatic dogdbons are both active under
microaerobic and anaerobic conditions. Neverthelagsher investigations are needed to
reveal their actual contribution to aromatic hydntmn degradation under microaerobic and
anaerobic conditions. Results of the above detabgqubriments have been demonstrated in
the form of an oral presentation at the Ninth Iné&ional Symposium on Subsurface

Microbiology, October 5-10, Pacific Grove, Califan USA. Besides, a manuscript with a



portion of results is still under preparation arldnped to be submitted to a peer-reviewed
journal of the field of environmental microbiology.

In the second round of microcosm experiments westigated the dynamics of BTEX
degrading bacterial communities under decreasisgotiied oxygen (DO) concentration in
microcosms amended with nitrate or Fe(lll). Thesefffof decreasing DO concentration on
the microbial community composition was assesset-BfLP both on DNA and RNA level.
Similarly to the previous microcosm experiment thecreasing DO concentration had no
significant effect on the community composition aneimained practically the same
throughout the experiments regardless of the awéitlaof oxygen, nitrate or Fe(lll). This is
most probably due to the short (5 days) time frameaused during the experiment. Regarding
the composition of the microbial community of theowndwater used to establish the
microcosms was highly similar to the community aled in the previous experiment
(Groundwater sample was taken from the same weleSiklés BTEX contaminated site as
in the previous year!). Regarding the depletiorD@ it was observed, that the process of
depletion was much more quick in case of nitrat€e(flll) amended microcosms then in the
control [no nitrate/Fe(lll) amendment] microcosr®sesumably, the initial groundwater was
highly electron acceptor limited, and the amendmsétit nitrate or Fe(lll) caused an increase
in the activity of facultative anaerobic bacter@amd accompanying processes promoted the
depletion of DO. However, the elevated metabolttvag of bacteria did not associate with
increased degradation of BTEX compounds. Moreownendment with Fe(lll) had
detrimental effect on the degradation. In the adrdand nitrate amended microcosms similar
degradation rates were detected. However, it was @bservable that the addition of nitrate
slightly facilitated the degradation of toluene attyl-benzene (possibly by facilitating the
activity of Azoarcus and Thauera related bacteria), while it decreased the degi@auaate of
benzene and xylenes. Regarding Fe(lll) amendedogosms, only ethyl-benzene was
depleted, while degradation rate of other BTEX compls was much lower compared to the
control microcosms. Based on the degradation mesultan be assumed that significant
degradation of xylenes took place in the microcoantg DO was present. Addition of nitrate
or Fe(lll) to the microcosms decreased the degi@uatte of xylenes by promoting the
activity of facultative anaerobic bacteria, thusilitating DO depletion. Similar process was
observed in case of benzene. Since only few an@ebelnzene or xylene degrading bacteria
are known, the persistence of these aromatic congin the microcosms under anaerobic
conditions is not striking. Consequently, microdecodegradation seems to be an effective

process to eliminate all of the BTEX compoundsxggen limited subsurface environments.



Regarding subfamily 1.2.C C230 genes we found thenes genotypes in the initial
groundwater as in case of the previous microcospemxent, which is not a surprise, since
the bacterial community structure of the groundwatell used to collect sample (Siklos
BTEX contaminated site) is rather stable. Furtheemthe same expression pattern changes
were observed with the SNUPE assay developed ifirth@esearch period. Nevertheless, the

studied C230s most likely contribute to BTEX deg@tash under microaerobic conditions.
[11. Enrichment approaches

Another cardinal point of our research was to tryetirich Fe(lll)-reducing microbes
(focusing onRhodoferax species) from the investigated groundwater. Tahehis goal four
slightly different enrichment media were used, Whieere common in that the only available
electron acceptor was Fe(lll)NTA in them, while thale source of carbon was acetate (10
mM). The basis of the enrichment media was alwaysigeral medium without any fix
nitrogen form. To create slightly different enriclnts one medium was amended both with
0.05% (w/v) yeast extract and a fix nitrogen foramonium-chloride), one was amended
solely with yeast extract, another one solely with fix nitrogen form, while the"4type
lacked any of these amendments. These media vegrgferred into 100 ml serum bottles (50
ml medium and 50 ml headspace) which were sealéd bwityl rubber stoppers and crimp
sealed. Subsequently bottles were sparged witlogair to ensure anoxic conditions and
inoculated with 1 ml groundwater sample. Enrichnartures were incubated at 15 °C in the
dark without shaking for one week. The color chanfehe enrichment media from dark
orange [due to the presence of Fe(lll)] to grayeen or to colorless indicated the
enrichment of Fe(lll)-reducing microbes. Subsequgrdssages were performed by
transferring 1 ml of the enrichments to 50 ml newdiam. After 5 consecutive transfers
microbial community composition of the enrichmewss investigated by the methods of T-
RFLP and molecular cloning. Furthermore, microlstilicture of the groundwater sample
which was used to initiate the enrichments wasalkedeby using a metagenomic approach.
More than 250 000 DNA sequences were gained angzaabby using an lon Torrent PGM
system (Life Technologies) and the results showedtverwhelming dominance of Beta- and
Gammaproteobacteria in the bacterial community. ost dominant bacteria belonged to
the genusDechloromonas followed by generaPseudomonas, Acidovorax, Geobacter,
Azoarcus, Burkholderia, Thauera, Polaromonas, Azotobacter and Rhodoferax. Diversity of

this community was markedly decreased during em@fts. Interestingly community



structure of enrichments amended with yeast exshotved high degree of similarity and
considerably differed from the two enrichments Iagkyeast extract. Furthermore, microbial
community structure of these latter two enrichmaais® showed high degree of similarity
with each other. In the microbial communities gigyl and Il enrichments the most dominant
community members belonged to the gen€rtxobacter (class of Gammaproteobacteria,
order of EnterobacterialesiBacteroides (class of Bacteroidetes) ar@lostridium (class of
Clostridia). Members of these genera are usualigt sthaerobes, excefitrobacter species,
which are facultative anaerobes but can use FedHlelectron acceptor in the absence of
oxygen. The presence and dominancyifobacter andBacteroides genera related bacteria
was most probably caused by the presence of ygastcein the enrichment medium, since
these microbes were completely missing from enrafimacking yeast extract. Although
microbial communities of type | and Il enrichmestsowed high degree of similarity, there
was at least one large difference between th@eobacter-related bacteria were dominant in
type | enrichment, but were missing from type Itielmment, possibly due to the lack of fix
inorganic nitrogen source (ammonium-chloride). Semambers of the genwseobacter are
well known anaerobic (iron-reducing) toluene degradharboring benzylsuccinate synthase
(bssA) gene, key gene of anaerobic degradatiooloéne. The detecte@eobacter 16S clone
sequences in type | enrichment showed the largesiagty with that of Geobacter lovieyi,
but only at a level of ~95%. In the microbial commity of type 11l enrichment only members
of two genera were detected>eobacter and Pseudomonas, with the overwhelming
dominance ofseobacter. The majority ofGeobacter clone sequences were identical with that
of were found in type | enrichment showing 95% &anitly with G. lovleyi, while the
remainingGeobacter clone sequences showed the largest similarity @itimetallireducens
at a level of 96%. As a consequence, bG#pbacter related bacteria represented yet
unknown lineages of the genu8seudomonas related clone sequences were most closely
related toP. stutzeri (~99%). In the microbial community of type IV ecitiment only one
genus was predominant: th&eobacter. However, clone sequences showed, that in this
enrichmeniGeobacter-related 16S rDNA sequences showed the largeslasityi(98%) with
that of G. luticola and not witks. lovieyi. Consequently, the lack of fix inorganic nitrogen
source (ammonium-chloride) caused the enrichmerd abmpletely differenGeobacter—
related bacterium, which assumes distinct diffeesrin the physiology dbeobacter species.
Regarding functional genes (C230 and bssA) théasuity 1.2.C related C230 genes
(along withRhodoferax related bacteria) were only detected in the typerichment but only

after the first transfer then later they relativglyickly perished, and were not detectable at all



after the third transfer. Subsequently, yeast eksaems to be necessary for the enrichment
and isolation ofRhodoferax related bacteria of the Siklos groundwater. Howeiteis also
evident that under the enrichment conditions ukeg are easily outcompeted by other iron-
reducing bacteria. On the other hand bssA genes pegmanently detectable in every type of
enrichment. In the bacterial community of the gmbuater used to initiate the enrichments at
least 7 bssA genotypes were detected, mostly (btgees) affiliated to Azoarcus/Thauera
related bssA genes. In all type of enrichmentsantkethe samme predominant bssA genotype
was found at all. However, this genotype was neéated in the initial groundwater sample.
This bssA genotype is most probably not affiliatgth any member of the gen@eobacter

as different Geobacter-related bacteria were eedcdh type Il and IV enrichments, which
would assume different bssA genotypes in theseclemeents. Results of a qPCR approach
also showed that this bssA gene should be affiliatea minor community member. This
minor community member can be a yet uncultured IFg@ducing Rhodocyclaceae
bacterium, most closely related Agoarcus species (at a level of 92% 16S rDNA similarity).
This bacterium was the only one which was deteetablall type of enrichments. Results
obtained were published as an invited oral presentat the 1% International Congress of
the Hungarian Society for Microbiology, while a nugoript is under preparation and planned

to be submitted to a journal in the field of micadlecology.
V. Isolation approaches

Another cardinal task of our research was to isolacterial strains from microcosms,
enrichments or from other BTEX-contaminated enviments and to look for subfamily 1.2.C
C230 genes in their genome. The first isolatioemafits were made by using samples from
anaerobic microcosms. Microcosm samples were dils&zially and plated directly on R2A
agar, and parallel with this undiluted samples wesed to inoculate enrichment medium.
Enrichments were made aerobically in defined fregkwmedium supplemented with trace
element and vitamin solutions. The sole source asban and energy was acetate, since
members of the targeted gener&hddoferax, Albidiferax, Azoarcus of the class
Betaproteobacteria) are known to be able to utillie carbon source. Unfortunately, nor
direct plating nor the enrichment approach resufaddoferax, Albidiferax or Azoarcus
related strains. Moreover, the acetate enrichmaosed a dramatic decrease in the initial
diversity; consequently mainly members of the geRssudomonas and Aeromonas (both

belong to the class of Gammaproteobacteria) wetertible and isolable. These results were



published as a conference poster at the annual agiomp of the Hungarian Society for
Microbiology in 2014 by my PhD student Milan Farkas

Although isolation attempts from the microcosmddae no betaproteobacterial strain with
subfamily 1.2.C C230 gene, we managed to isolatacterium, designated as strain Buc
which possess the gene in question in its genorhe.IBS rRNA gene sequence of strain
Buc' is available in GenBank under accession number6iR662. This strain was isolated
from biofilm developed on the surface of a biofiltmade for petroleum hydrocarbon
removal. Phylogenetic analysis based on 16S rRN¥e gequences indicated that strain Buc
formed a distinct phyletic lineage within the genZimogloea (class Betaproteobacteria).
Comparative 16S rRNA gene sequence analysis rel/¢lad strain But was most closely
related toZ. caeni EMB43" with 16S rRNA gene similarity of 97.2%, followey B. oryzae
A-7", Z. ramigera ATCC 19544, and Z. resiniphila DhA-35" with 16S rRNA gene
similarities of 95.9, 95.5, and 95.4% respectivélgvel of DNA-DNA relatedness between
strains Bu andZ. caeni EMB43" was 31.6%, clearly below the cutoff-point recomufesh
for the delineation of bacterial species. It wasoabbserved that strain Buis able to use
gasoline-crude oil mixture as sole source of carbod energy. All of the physiological,
biochemical and phylogenetic data suggested thainsBuc represented a single novel
species of the genuBoogloea, for which the nameZoogloea oleivorans sp. nov. was
proposed by us. The strain was deposited in twernational collections — in the German
Collection of Microorganisms and Cell Cultures (& and in the National Collection of
Agricultural and Industrial Microorganisms of HumggNCAIM) under accession numbers
DSM 28378T and NCAIM B 02570T, respectively. Figaltlescription of the new species
was validly published in thelnternational Journal of Systematic and Evolutionary
Microbiology (Farkas et al., 2015)

V. Degradation of toluene under microaerobic conditions by purestrains

One of the last tasks of our research was to iigadst the microaerobic degradation of
toluene by pure strains harboring subfamily 1.2.230 gene to test the hypothesis that the
presence of this gene helps the host strain toadegmonoaromatic hydrocarbons under
microaerobic conditions. Our most promising stnaes strain ST2-6 formerly isolated from
the Siklés BTEX-contaminated site. This bacteriuaswnost closely related to Pseudomonas
extremaustralis (>99% 16S rDNA similarity) and pedwto harbor two types of C230 genes:

al.2.A and a I.2.C type. Whole genome analysitisfstrain was performed and it turned out



that its genome is 6.2 Mbp large and contains &D-3ip large megaplasmid where both
C230 genes are located. We investigated the BT Xadegion ability of this strain and it was
found that benzene, toluene, para- and meta xylerege readily and rapidly degradable
under fully aerobic conditions by strain ST2-6. Uaite degradation was tested under
microaerobic conditions as well. These experimemse conducted in 100 mL serum bottles
with crimp sealing, by using 50 mL defined freshevahedium with 5 mg/L toluene as sole
source of carbon and energy. Prior to the additibtoluene the bottles were sparged with
nitrogen and hypoxic conditions (0.5 mg/L DO) wemeated by the addition of known
amount of sterile air. In parallel, anotHeseudomonas strain of our strain collection (strain
PS2, most closely related . putida) was used as control strain, since this bacterium
harbored only I.2.A-type C230 gene. In case of lsdthins cell numbers were equal in all of
the serum bottles (R0CFU/mL). Fully aerobic controls in case of bothasts were also
investigated. It was found that strain ST2-6 coudghidly degrade toluene even under
microaerobic conditions without lag phase, whilaist PS2 started to slowly degrade toluene
just after a 48h long lag phase. Strain ST2-6 akgtalmost 100% of toluene after 24h under
both aerobic and microaerobic conditions. On theeiothand, after 6 days of incubation
bottles inoculated with strain PS2 still contairz8t0.45 mg/L toluene under microaerobic
conditions while 3.040.1 mg/L toluene was present in the fully aerobiottlbs.
Consequently, results confirmed that strain STZ6an excellent microaerobic toluene
degrader. Gene expression analyses are still igr@se to figure out the role of the two
different C230 genes of strain ST2-6 in the hypadaegradation of toluene. We also planned
to investigateHydrogenophaga pseudoflava strain HB3 in the last stage our research. This
strain was initially isolated from a benzene degrgdenrichment culture and was shown to
harbor a 1.2.C-type C230 gene and after isolatiomais stored at -80°C. Unfortunately, the
strain lost its viability after long storage und80°C, but we are still trying to revitalize this
strain by testing all vials stored in the ultra-loleep freezer. Results of this research period

has not been published, as they can potentialapbsh a patent.
V1. References
1. Tancsics A., Farkas M., Szoboszlay S., SzabB&ukolya J., Vajna B., Kovacs B.,

Benedek T., Kriszt B. (2013) One-year monitoringradta-cleavage dioxygenase gene

expression and microbial community dynamics reveiaés relevance of subfamily



[.2.C extradiol dioxygenases in hypoxic, BTEX-cantaated groundwate8yst. Appl.
Microbiol. 36: 339-350.

2. Farkas M., Tancsics A., Kriszt B., Benedek TothT EM., Kéki Zs., Veres PG.,
Szoboszlay S. (2015Yoogloea oleivorans sp. nov., a floc-forming, petroleum
hydrocarbon degrading bacterium isolated from biofint. J. Syst. Evol. Microbiol.
65: 274-279.

Godolb, 3d" July 2015.

Dr. Andras Tancsics



