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ABSTRACT

Nitrous oxide (N,O) is produced in different microbial processes including
denitrification, nitrification and dissimilatory nitrate reduction to ammonia (DNRA)
(Kelso et al. 1999). It has been suggested that nitrification is the main source of N,O.
Understanding the mechanisms that control the flux of N,O is crucial to predict and
manage emissions of this powerful greenhouse gas. Amplification of genes (nosZ) coding
for nitrous oxide reductases (N,ORs) from denitrifiers and N,- fixers has been obtained
by PCR methods. In this thesis, we refer to these sequences as “traditional” nosZ
sequences; on the other hand, the nosZ genes from microaerophilic Anaeromyxobacter
spp. and Magnetospirillum spp., and other obligate anaerobic microorganisms, such as
Wolinella spp., Desulfitobacterium spp and Dechloromonas spp. have not been well
studied. Their primary N,OR sequences diverge from the traditional ones and therefore,
different primer sets must be developed to better understand their diversity and
distribution in nature. This study developed oligonucleotides for amplifying a broader
range of nosZ genes to assess their diversity in soil and bioreactors by culture-
independent techniques. nosZ sequences obtained from environmental samples were
different from traditional nosZ sequences. None of the clone sequences shared more than
62% amino acid similarity with traditional NosZ. Additionally, this analysis revealed the
presence of conserved histidine residues essential for function of a mature N,OR protein.
Through a phylogenetic analysis using Neighbor-Joining, Maximum Parsimony,
Maximum Likelihood, and Bayesian Inference methods, nine clades of NosZ variants

were identified. Neither of the clone sequences fell into the traditional NosZ phylogenetic
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clades, but grouped with Anaeromyxobacter spp., Magnetospirillum spp.,
Desulfitobacterium hafniense, and Dechloromonas aromatica. The detection of nosZ
genes was achieved by ISRT-PCR/FISH using an internal fluorescently-labeled NosZ943
probe. This constitutes the first published report of probing nosZ amplicons inside of
active microbial cells using an optimized In Situ Reverse Transcriptase-PCR/Fluorescent
In Situ Hybridization (ISRT-PCR/FISH) protocol. Our results show that a clone carrying
the partial Anaeromyxobacter nosZ gene emits a strong fluorescent signal when detected
with NosZ943 probe, but not with Nos1527 probe; while a clone carrying the partial
Pseudomonas gene did not emit any fluorescent signal with the NosZ943 probe. ISRT-
PCR was further applied to natural samples from an anoxic bioreactor. Approximately
4% of total cell counts were expressing the novel nosZ genes. We demonstrate the
existence of many variants of nosZ gene that are not yet represented by cultured
organisms. These variants could represent a high functional diversity for reducing N,O in
the environment. Therefore, the diversity of nosZ genes in nature and their contribution to

the N,O budget warrants further exploration.
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RESUMEN
El 6xido nitroso (N,O) es producido en diferentes procesos microbianos incluyendo
desnitrificacion, nitrificacion y reduccion desasimilativa del nitrato a amonio (DNRA)
(Kelso et al. 1999). La denitrificacion se ha sugerido es la fuente principal de N,O (Wolf
and Russow, 2000). Entender los mecanismos que controlan el flujo de N,O es crucial
para predecir y tratar las emisiones de este poderoso gas de invernadero. La amplificacion
de los genes (nosZ) que codifican para las 6xido nitroso reductasas (N,ORs) de
desnitrificadores y fijadores de N, ha sido obtenida por métodos de PCR. En esta tesis se
refiere a estas secuencias como las secuencias nosZ “tradicionales”; por otro lado, los
genes nosZ de microerofilos como Anaeromyxobacter spp., Magnetospirillum spp. y
otros microoganismos anaerobios obligados Wolinella spp., Desulfitobacterium spp. y
Dechloromonas spp. no han sido bien estudiados. La secuencia primaria de sus N,ORs
diverge de las tradicionales y, por lo tanto, diferentes parejas de cebadores deben ser
desarrollados para entender mejor su diversidad y distribucion en la naturaleza. Este
estudio desarrolld oligonucleotidos para amplificar un rango mas amplio de genes nosZ
para evaluar su diversidad en suelo y bioreactores por técnicas independientes de cultivo.
Las secuencias nosZ obtenidas de muestras ambientales fueron diferentes de las
secuencias nosZ tradicionales. Ninguna secuencia de aminodcidos de los clones
compartié mas del 62% de similaridad con las NosZ tradicionales. Adicionalmente, este
analisis reveld la presencia de residuos de histidina conservados esenciales para el
funcionamiento de la proteina N,OR madura. A través de un andlisis filogenético

utilizando los métodos del vecino mds cercano, maxima parsimonia, maxima
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verosimilitud e inferencia bayesiana, nueve clados de variantes del NosZ fueron
identificados. Ninguna de las secuencias de los clones se ubico dentro de los clados de los
NosZ tradicionales, pero se agruparon con Anaeromyxobacter spp., Magnetospirillum
spp., Desulfitobacterium hafniense, y Dechloromonas aromatica. La deteccion de los
genes nosZ tue lograda por ISRT-PCR/FISH usando una sonda interna NosZ943 marcada
fluorescentemente. Este representa el primer informe publicado del sondaje de
amplificaciones del nosZ dentro de células microbianas activas usando un protocolo
optimizado de In Situ PCR de Transcripcion Reversa/Hibridizacion In Situ Fluorescente
(ISRT-PCR/FISH). Nuestros resultados muestran que un clon con la secuencia parcial del
gen nosZ de Anaeromyxobacter emitia una fuerte senal fluorescente cuando era detectado
con la sonda NosZ943 pero no con la sonda Nos1527; mientras que un clon con la
secuencia parcial del gen nosZ de Pseudomonas no emitié ninguna seial fluorescente con
la sonda NosZ943. El ISRT-PCR fue también empleado para muestras naturales de un
bioreactor anoxico. Aproximadamente 4% del conteo total de células estaban expresando
los genes nosZ novel. Nosotros demostramos la existencia de numerosas variantes del gen
nosZ que aun no estan representadas por organismos cultivables. Estas variantes pueden
representar una alta diversidad funcional para reducir N,O en el ambiente. Por lo tanto, la
diversidad de los genes nosZ en la naturaleza y su contribucion al monto de N,O requiere

mas exploracion.
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ANS-February. Lane 5, AES-April. Lane 6, ANS-April. Lane 7, AES-May. Lane 8,
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amplicon of 873bp. A PCR annealing temperature of 57 °C and 2.5mM magnesium were
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analysis were included in the analysis but not all are included in the alignment shown.



Pseudomonas, Ps. denitrificans; Anaeromyxobacter 1, A. dehalogenans 2CP-C;
Anaeromyxobacter 2, Anaeromyxobacter sp. Fw109-5; Desulfitobacterium, D. hafniense;
Geobacillus, G. thermodenitrificans; Psychroflexus, P. forquis; Robiginitalea, R.
biformata; Magnetospirillum 1, M. gryphiswaldense; Magnetospirillum 2, M.
magneticum; Magnetospirillum 3, M. magnetotacticum; Campylobacter, C. fetus;
Thiomicrospira, Tm. denitrificans; Wolinella, W. succinogenes. Symbols } and * show

the calcium and chloride ion ligands and the conserve histidine residues, respectively.

Figurel5S. Rooted neighbor-joining (NJ) tree of partial nosZ gene sequences (1000
bootstraps). The trees were generated based on the alignment of 180 nucleotides of
truncated nosZ sequences retrieved from Pipeline Functional Gene and environmental
clone sequences from FBR, CORCO, and MWWT libraries. C. crenilabis served as an
outgroup. Branch lines have distinct colors, in blue are traditional-nosZ sequences, in
green are non-denitrifying nosZ sequences, in red are archaeal nosZ sequences, and in
yellow are nosZ sequences from Flavobacteria. The bar represents 0.05 nucleotide

substitutions per nucleotide.

Figure 16. Strict consensus (Lenght = 1898, Consistency Index=0.48, Retention
Index=0.75) of 8 most parsimonious trees (Lenght =1895, Consistency Index=0.48,
Retention Index=0.75) from nosZ gene dataset. The sequence of C. crenilabis served as
the root. Numbers above the branches represent the percentage of 1,000 bootstrap

replications. Branch lengths correspond with numbers of amino acid replacements. The
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bar represents 20 replacements. Tree is based on the non-gapped multiple sequence

alignment of 90 amino acids.

Figure 17. Rooted maximum likelihood tree from nosZ gene dataset. The sequence of
C.crenilabis served as the root. Numbers above the branches represent the percentage of
1000 bootstrap replications, values less than 50% are not shown, and those nodes are
collapsed. Scale bar represents 0.1 substitutions per amino acid position. Tree is based
on the non-gapped multiple sequence alignment of 90 amino acids.

Figure 18. Bayesian phylogenetic tree from nosZ gene dataset after 500,000 generations
of MCMCMC chains. Values to the right of the branches correspond to the posterior
probabilities. The horizontal bar at the base represents 0.1 substitutions/site. Trees are

based on the non-gapped multiple sequence alignment of 90 amino acids.

Figure 19. Rarefaction curves of nosZ clone sequences for the clone libraries FBR,

CORCO and MWWT at 27-29% distance level.

Figure 20. Pseudomonas stutzeri cells permeabilized by electroporation and stained with
DAPI (blue) were observed by confocal microscopy. (Upper panels) Permeabilized cells
showing cell integrity. (Lower panels) Permeabilized cells with RNase and DNase
treatment. (A and D) Cells electroporated during 50 ms. (B and E) Cells electroporated

during 100 ms. (C and F) Cells electroporated during 200 ms.
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Figure 21. Confocal images of ISRT-PCR FISH of nirS in a co-culture of P. stutzeri with
a non-denitrifying rod, Cy3 signal (orange) was superposed on the corresponding DAPI
signal (blue). (A) Detection of nirS gene with a Cy3 labeled probe in a co-culture of P.
stutzeri with a non-denitrifying rod. B, P. stutzeri cells treated with 1mg/ml RNase A for

1h after permeabilization.

Figure 22. Analysis of RT-PCR amplification. PCR annealing temperatures of 56°C. Ten
microlitres of each amplification reaction were loaded into the wells of the agarose gel
(1%). MW1, 1Kb DNA ladder (Promega); MW2, Lambda DNA plus HindlIll/EcoRI
molecular weight marker. Primer pair NosZ1366F/1773R generated an amplicon of
407bp; primer pair Nos661F/1773R generated an amplicon of 1113bp; primer pair
27F/1392R generated an amplicon of 1394bp. Lane 1, 16S rRNA RT-PCR with primers
27F/1392R with RNA from P. stutzeri grown Nitrate broth; Lane 2, 16S rRNA RT-PCR
with primers 27F/1392R with RNA from P. stutzeri grown in BLK medium with
histidine; Lane 3, nosZ RT-PCR with primers NosZ1366F/1773R from P. stutzeri grown
in Nitrate broth; Lane 4, nosZ RT-PCR with primers NosZ1366F/1773R from P. stutzeri
grown in BLK medium with histidine; Lane 5, nosZ RT-PCR with primers
Nos661F/1773R (Scala and Kerkhof, 1998) from P. stutzeri grown in Nitrate broth; Lane
6, nosZ RT-PCR with primers Nos661F/1773R (Scala and Kerkhof, 1998) from E. coli

grown in Nitrate broth.

Figure 23. ISRT-PCR/FISH of nosZ gene of P.stutzeri. A-B; C-D; E-F, Confocal images

corresponding to the same microscopic section. A, C, E, DAPI signal emitting-cells
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(blue). B, D, F, Cy3 signal emitting-cells (orange). A-B, ISRT-PCR/FISH of nosZ gene
of P. stutzeri grown in BLK medium with histidine as only nitrogen source. C-D, ISRT-
PCR/FISH of nosZ gene of P. stutzeri grown in Nitrate broth. E-F, ISRT-PCR/FISH of
nosZ gene of P. stutzeri grown in Nitrate broth but with a RNase treatment after the

enzymatic permeabilization and before PCR reaction.

Figure 24. IS-PCR/FISH of E.coli DH5a clones harboring nosZ genes in pGEM. A-B;
C-D; E-F; G-H, Confocal images corresponding to the same microscopic section. A, C,
E, G, DAPI signal emitting-cells (blue). B, D, F, H, Cy3 signal emitting-cells (orange).
A-B, IS-PCR/FISH of E.coli DH5a clone harboring in pGEM the partial nosZ gene of A.
dehalogenans 2CP-C obtained by PCR with primers NosZ256F/1807R, Probe943 was
used for FISH and primers NosZ334F/1789R were used for PCR. C-D, IS-PCR/FISH of
E.coli DH5a clone harboring in pGEM the partial nosZ gene of A.dehalogenans 2CP-C
obtained by PCR with primers NosZ256F/1807, Probel527 was used for FISH and
primers NosZ334F/1789R were used for PCR. E-F, IS-PCR/FISH of E.coli DH5q,
Probe943 was used for FISH and primers NosZ334F/1789R were used for PCR. G-H, IS-
PCR/FISH of E.coli DH5a clone harboring in pGEM the partial nosZ gene of P. stutzeri
obtained by PCR with primers Nos661/1773R, Probe943 was used for FISH and primers

Nos661F/1773R were used for PCR.

Figure 25. Figure 25. ISRT-PCR/FISH of nosZ genes in environmental samples from an
anaerobic bioreactor. A-B, 1000X epifluorescence images corresponding to the same

microscopic section. A and B, DAPI (blue) and Cy3 (orange) signal emitting-cells,
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respectively, of a ISRT-PCR/FISH of nosZ gene in a MWTP sample immobilized in a
0.2um-pore-size filter. C-D, Confocal 1000X images corresponding to the same
microscopic section. C section showing only DAPI signal emitting-cells (blue), while D
section showing Cy3 signal (orange) superposed on the corresponding DAPI signal
(blue). E-F, Confocal 600X images corresponding to the same microscopic section. E
section shows DAPI signal emitting-cells (blue), while F section shows Cy3 signal
(orange). G-H, 1000X epifluorescence images corresponding to the same microscopic
section. G and H, DAPI (blue) and Cy3 (orange) signal, respectively, of a ISRT-
PCR/FISH with a RNase treatment after the enzymatic permeabilization and before PCR
reaction. C-D, E-F and G-H, ISRT-PCR/FISH of nosZ gene in a MWWT sample

immobilized in glass slide.

Figure 26. nosZ-based HinPI (1, 4, 7), Nlalll (2, 5, 8), and Rsal (3, 6, 9) T-RFLP
fingerprint patterns of Mayaguez Wastewater Treatment Plant (MWWT) anaerobic
reactor sample (1-6) and MWWT34 clone (7-9). MW, molecular sizing standard.

KBPlus-LICOR (50-700bp).

Figure 27. Comparison of electropherograms profiles generated with HinPI for Aerobic
station (A), Anaerobic station (B) of Mayagiiez Wastewater Treatment Plant samples and

clone MWWT34 (C).
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Figure 28. Comparison of electropherograms profiles generated with Nlalll for Aerobic
station (A), Anaerobic station (B) of Mayagiiez Wastewater Treatment Plant samples and

clone MWWT34 (C).

Figure 29. Comparison of electropherograms profiles generated with Rsal for Aerobic
station (A), Anaerobic station (B) of Mayagiiez Wastewater Treatment Plant samples and

clone MWWT34 (C).
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INTRODUCTION

Denitrification contributes to greenhouse gas production through the release of nitrous
oxide (N,O) and nitric oxide (NO). Key enzymes involved in catalyzing various steps of
the denitrification process are nitrate reductase (coded by nar and nap genes, which
catalyze the reduction of NO3; - NO,), nitrite reductase (coded by nirK and nirS genes,
which catalyze the reduction of NO, - NO), nitric oxide reductase (coded by norB gene,
which catalyzes the reduction of NO - N,0), and nitrous oxide reductase (N,OR) (coded
by nosZ gene, which catalyzes the reduction of N,O — N;). However, denitrification is
often incomplete and NO and N,O are released to the atmosphere (Wolf and Russow,
2000). Figure 1 shows that N,O is also produced in other pathways, such as nitrification

and dissimilatory nitrate reduction to ammonia (DNRA).

N,O reduction has been evaluated in bacterial cultures and manipulated soil systems
(Kelso et al., 1997; Wolf and Russo, 2000; Trimmer et al., 2003; Trimmer et al., 2005).
Generally, these experiments use the kinetics of ’N and '*N isotopes to quantify the
formation of different N species. The study of N-cycling with molecular biology
approaches promises to provide important insights, to characterize the genetic diversity of
N-cycling genes, and to elucidate the activity of N,ORs under certain environmental

conditions.

The Polymerase Chain Reaction (PCR) technique has allowed the amplification of nosZ

genes from denitrifiers, nitrifiers and N,-fixers (Scala and Kerkhof, 1998; Rosch et al.,
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2002). Nonetheless, biased PCR amplification of proteobacterial nosZ genes has limited
the discovery of NosZ variants. nosZ from some dissimilatory nitrate reduction to
ammonia (DNRA) bacteria such as Anaeromyxobacter spp., Wolinella succinogenes, and
Desulfitobacterium spp. differ significantly in their sequences from those sequences
obtained by PCR technique. Teraguchi and Hollocher (1989) described the enzyme N,OR
of these non-denitrifiers as "divergent" from other known N,OR. In order to determine
the significance of NosZ diversity, new priming sites to amplify preferentially this
functional group are necessary as well as new tools for better understanding the

distribution of a broad range of nosZ genes in nature.

OBJECTIVES

* To identify, design and test PCR primers and linear hybridization probes for
detecting of novel nosZ genes.

* To asses nosZ gene diversity using clone libraries, DNA sequence analysis, and
T-RFLP.

* To develop and validate an In Situ PCR technique to prove the presence and

expression of novel nosZ genes inside microbial cells.
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LITERATURE REVIEW

Nitrogen Cycle

Nitrogen (N) exists in eight oxidation states (+5, +4, +3, +2, +1, 0, -3, -4) and it can be
present as gaseous (NO, N,O, N») or dissolved organic (chemicals in which N is bound to
carbon) and inorganic (NOs,, NO, NH3/NH,") species. Among these species, nitrate
(NO3), nitrite (NO;), ammonia (NH3), nitric oxide (NO), and nitrous oxide (N,O) are
forms of N of environmental concern, while dinitrogen (N;) is an innocuous gas (Zumtft,
1997). The abundance of NOs  in water bodies is challenging because it promotes
eutrophication, as does the deposition of atmospheric NHj;. The Clean Water Act
regulates nitrite because it is toxic for many organisms. The concentration of NO; in
freshwaters worldwide was estimated to be near 1pg per litre. However, recent studies in
German and Northern Ireland rivers revealed much higher concentrations between 100
and 200pg of N per litre (Kelso et al., 1997). Other forms of nitrogen such as NO and

N,O are gaseous species are greenhouse gases and contribute to global warming.

Microbial denitrification, nitrification, dissimilatory nitrate reduction to ammonia
(DNRA), anaerobic ammonium oxidation (ANAMMOX), N-fixation, and
ammonification are key processes involved in the N cycle. Several of these processes can
be coupled and are occurring simultaneously, adding complexity to the understanding of

biogeochemical N cycling (Trimmer et al., 2003).

18



Nitrous oxide (N,0) gas

During the last ice age the atmospheric concentrations of N,O rose to ~275ppb and
stayed constant until the 19th century (Trogler, 1999). Currently, the level of N,O has
reached 315 ppb and increases 0.25% per year (Dong et al., 2002). Even a small change
in its concentration could cause a big perturbation that will likely last for centuries. The
N;O lifetime is around 150 years with a high warming potential 310 times greater than
that of CO, (Trogler, 1999). N,O has many anthropogenic sources including its use as a
propellant (e.g., in canned whipping cream), fuel additive in racing cars, anesthetic, and
prime material for the production of nylon, fertilizers and explosives (Bouwman et al.,
1995; Trogler, 1999). However, rather than direct inputs due to manufacture and use, it
has been suggested that the main source of N,O is from microbial activity. Major
changes in land-use and associated changes in microbial activity may be the main reason

for increased N>O concentrations in the atmosphere (Avrahami et al., 2002).

Agricultural production (i.e., feedstock waste and fertilizers) have influenced the
atmospheric levels of N,O (Bouwman et al., 1995). Fertilization increases the availability
of nitrogen in soils and waters, thus promoting biological processes demanding NOs',
NO,’, and ammonium (NH4+) as substrates and that produce N,O (Garcia-Ruiz, Pattinson,
and Whitton, 1998). After winter, freezing and thawing periods can account for more
than 70% of the total N,O loss from soil in temperate climates (Miiller et al., 2002).
Estuarine and coastal sources contribute nearly 60% of the global marine N,O flux (Dong

et al., 2002), which is up to 20% of the global budget (Barnes and Owens, 1998).
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Nitrous oxide is emitted from at least two microbial processes: denitrification and
nitrification. Denitrification is often incomplete and large amounts of N,O are released to
the atmosphere. In nitrification, N,O is a by-product. There is general agreement that a
third process, DNRA, produces N,O as a by-product when NO, is reduced to NH,"
(Figure 1) (Smith and Zimmerman, 1981; Smith, 1982; Kelso et al., 1997), but Simon
(2002) has recently reported that NH," is the only product of DNRA. Clearly, the
intermediates and by-products between NO, and N, have not been conclusively

established.

Nitrous oxide reductase (N;OR)

Microbial nitrogen metabolism may also serve as a sink for atmospheric N,O. Firestone
and Tiedje (1979) found that the antibiotic chloramphenicol could affect the rate of N,O
reduction in soils incubated anaerobically. This chemical inhibits bacterial protein
biosynthesis suggesting that de novo synthesis of enzymes is involved in the N,O-
reducing activity. Nowadays, the enzyme that catalyzes the two-electron reduction of
N,O to N is known as nitrous oxide reductase (N,OR), and was first isolated in 1982 by
Zumft and Matsubara (1982). Microorganisms that harbor this enzymatic capability carry

out denitrification, N-fixation or DNRA (R&sch et al., 2002; Simon et al., 2004).

In denitrification, NOj™ is reduced to N, via NO,, NO, and N,O catalyzed by nitrite

reductase (cytochrome cd;- or Cu-containing, depending on the species), NO reductase,

and N,O reductase, respectively. When NOj3™ or NO;," are not completely reduced, NO and
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N,O are released to the atmosphere (Rosch et al., 2002). Wolf and Russow (2000) report
that N, emissions exceed N,O emissions by a factor of 3. However, there are some
denitrifiers that reduce NOj3™ to N,O as an end product. In DNRA, cytochrome ¢ nitrite
reductase reduces NO, to NH;". Additionally some DNRA bacteria, for example
Wolinella succinogenes, posses the ability to reduce N,O to N, (Simon et al., 2004).
Bradyrhizobium japonicum, Sinorhizobium meliloti, and Rhizobium meliloti are N-fixing
bacteria, which also posses a N>O-reducing activity (Sameshima-Saito, Chiba, and
Minamisawa, 2006; Chan and Wheatcroft, 1993; Chan and McCormick, 2004). Although
these diazotrophs posses the gene that encodes N,OR (nosZ), it is also possible that
nitrogenase, which catalyzes N, reduction, has N,O as an alternative substrate (Rdsch et

al., 2002).

Nitrous oxide reductase is a periplasmic homodimeric multicopper enzyme with a
molecular mass of 65kDa per subunit. Early studies showed that N,OR has certain
unusual properties compared to other copper proteins (Matsubara et al., 1982; Coyle et
al., 1985). The crystal structure of N,OR reveals that each subunit consists of two
domains, designated as Cua and Cuz. The former is a binuclear copper centre and the
electron entry site, and it is structurally homologous to the Cua centre of cytochrome ¢
oxidase. The two enzymes revealed a conserved set of potential copper ligands, but there
is no overall sequence homology. Cu, is a novel tetranuclear copper site that might be
coordinated by multiple histidine residues, and it is the catalytic site (Rasmussen et al.,

2002).

The N,OR of the non-denitrifier W. succinogenes diverges from other known N,ORs
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(Teraguchi and Hollocher, 1989). This enzyme possesses only three metal transition
atoms per subunit, and has a carboxy terminal extension that carries a heme cytochrome ¢
motif (CNGCH) that could be an electron donor. All the important ligands of the Cua and
Cug of traditional N,OR are found in the primary sequence of W. succinogenes protein,
except for a tryptophane residue between two cysteines in Cus. Comparative genome
analysis revealed sequence similarities to this NoOR in databases. For example, amino
acid sequences from Dechloromonas aromatica, Magnetospirillum magneticum,
Desulfitobacterium hafniense, and Anaeromyxobacter dehalogenans are 67, 66, 44, 43%
similar, respectively. NosZ sequences from this group clearly diverge from the traditional
NosZ protein sequences, especially after the third and fourth histidine residues in Cuy.
The conserved histidine after the two first histidines in Cuy is replaced by asparagine and

alanine in the amino acid sequences of these organisms (Simon et al., 2004).

Strains harboring a “divergent” N;OR

W. succinogenes, D. aromatica, and D. hafniense are obligate anaerobes, while M.
magneticum and A. dehalogenans are microaerophiles. W. succinogenes is an &-
proteobacterium that lives in rumen of cows and grows by different modes of anaerobic
respiration, as well as in the presence of 2% of oxygen (Baar et al., 2003). The study of
this DNRA bacterium has been of high relevance because it has the capacity to reduce
N0, eventhough it does not have N,O producing capacity. It is possible that free-living
microorganisms with similar physiological capabilities may exist in soils; this hypothesis

merits further investigation. Furthermore the sequences that could code for a nitrite
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reductase or NO reductase have not been found (Simon et al., 2004). D. aromatica is a [3-
proteobacterium involved in the anaerobic degradation of benzene using NO; as the
electron acceptor (Coates et al., 2001). Members of the Desulfitobacterium genus are
gram positive bacteria involved in respiratory reductive dechlorination of halophenols
and chlorinated ethenes, and include Desulfitobacterium hafniense strain PCEI,
Desulfitobacterium chlororespirans, and Desulfitobacterium dehalogenans (Sanford et
al., 1996; Mackiewicz and Wiegel, 1998, Lee et al., 2001). Magnetospirillum
magnetotacticum 1s a microaerophilic spirillum of the o class within the phylum
Proteobacteria, and is involved in the formation of crystals of the iron mineral magnetite
(Fe304). Magnetospirillum species have been reported as N, fixers as well as denitrifiers
(Bazylinski et al., 2000; Shinoda et al., 2005), and some species can grow on toluene,
phenol, and other aromatic compounds (Shinoda et al., 2005; Kawaguchi et al., 2006).
Finally, A. dehalogenans is a microaerophilic d-proteobacterium recently characterized as
a member of the Myxococcales order, and uses several compounds as electron donors
(e.g. acetate, hydrogen) and acceptors (e.g. ortho-halophenols, reduced metals and NOs")
(Sanford et al., 2002). Anaeromyxobacter spp. 16S rRNA gene sequences have been
found in subsurface samples from the uranium-contaminated U.S. DOE-NABIR Field
Research Center (Oak Ridge, TN) and in flooded rice field soils (Treude et al., 2003;

Petrie et al., 2003).

Physiological studies confirmed the capacity of W. succinogenes to reduce NO3 to NH,",

and N,O to N,, without producing N,O from NO (Yoshinari, 1980). However, these

kinds of studies that measure simultaneously several N species (NO;", NO,, NH;", NO,
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N0, and N;) have not been carried out in other bacteria mentioned above.

Molecular biology techniques

Cultivation provides information about the physiological capabilities of a small fraction
of microorganisms because the majority of microbes cannot be grown in the laboratory. It
has been estimated that nearly 99% of naturally occurring microbes cannot be cultured
(Hughes et al., 2001). An alternative to overcome the limitations of culturability is
provided by molecular biology techniques, since gene sequences coding for different
enzymes involved in the biological N cycling can be obtained directly from natural

samples (Rdsch et al., 2002).

Several oligonucleotide primers have been designed to amplify the nosZ genes by
Polymerase Chain Reaction (PCR) technique (Scala and Kerkhof, 1998). This molecular
method enables researchers to produce millions of copies of a specific DNA sequence
using a thermostable DNA-copying enzyme, called DNA polymerase. The polymerase
recognizes a short oligonucleotide (primer) bound to the DNA template (usually a
genomic DNA), and begins to use free nucleotides available to synthesize a new DNA
strand complementary to the template. Generally, in PCR a nucleic acid extraction from
cells lyzed by different methods can be used as a template. The accurate design of two
primers -called the forward and reverse primer pair-, which are complementary to the
beginning and the end of the DNA sequence to be amplified, is the key factor to achieve

the amplification of only the DNA sequence that is being targeted.
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A suitable genetic target should have two conserved regions for the anneling of the
primer pair and, between these conserved ends, a variable region that can be used for
phylogenetic differentiation (Nocker et al., 2007). Each amplicon in the pool of PCR
products can be cloned individually in a cloning host like Escherichia coli. An individual
PCR-amplified sequence is inserted in a genetic vector and introduced into a bacterial
receptor, which then is grown on agar slants with a rich nutrient medium. Usually, one
bacterial colony corresponds to a clonal population in which each cell harbors a vector
with one PCR product. The identification of the PCR product is done by sequencing,
which is the basis for the construction of phylogenetic trees (Nocker et al., 2007).
Through sequencing, one can identify sequences that are similar to those already

published in databases, but also novel sequence information can also be genetared.

Culture-independent molecular approaches have also demonstrated the disparity between
culturable and the actual microbial diversity (Nocker et al., 2007). Microbial ecologists
sample natural communities to assess the “true” diversity of microbes. The term diversity
usually means richness, or the number of different types, and its unit of measurement is
the operational taxonomic unit (OTU), that can be understood as an species. Usually, 16S
ribosomal rRNA gene sequences with greater than 97% sequence identity are typically
assigned to the same species, but also a unique terminal restriction fragment can be
regarded as an OTU. In any community, the number of types of organisms observed
increases with sampling effort until all types (OTUs) are observed. The relationship
between the number of types observed and sampling effort gives information about the

total diversity of the sampled community. Statistical approaches have been developed to
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compare and estimate microbial species richness and there are methods available to
assign sequences to OTUs (Hughes et al., 2001). Schloss and Handelsman (2005)
developed DOTUR (Distance-Based OTU and Richness) program, which calculates
values that are used to construct rarefaction curves, diversity indexes, and richness

estimators.

A rarefaction curve compares the observed richness among habitats that have been
unequally sampled. An accumulation curve is constructed by plotting the cumulative
number of types observed versus sampling effort. If the sampling continued, the curves
would eventually reach an asymptote at the actual community richness. A rarefied curve
results from averaging randomizations of the observed accumulation curve. Shannon and
Simpson are diversity indexes that have been used in microbial ecology (Hughes et al.,
2001). Shannon describes the average degree of uncertainty of predicting the specie of an
individual picked at random from the community. If the diversity of a habitat is low, the
certainty of finding the same species again is high. High diversity means high
uncertainty. Simpson includes the probability that two individuals randomly selected
from a sample will belong to the same species. The richness estimators Chao and ACE
(abundance-based coverage estimators) are particularly useful for datasets that tend to

types of low abundance, as it happens for microorganisms.

PCR products can also be used for genetic profiling methods, such as the terminal

restriction fragment length polymorphism (T-RFLP) technique that analyzes many PCR

fragments in a single run, providing snapshots of a community (Nocker et al., 2007). This
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technique relies on the sequence variation of species-specific amplicons. The pool of
PCR products will be differentially cut with a restriction enzyme [cleaves DNA
molecules at a precisely defined site(s)], generating different lenghts of restriction
enzyme products. In T-RFLP, only the terminal fragment carrying the fluorescent label
from the primer is visualized. Different species can yield identical terminal restriction
patterns when only one restriction enzyme is used, therefore, the use of more than one
restriction enzyme will be necessary to correctly discern different species. A community
profile is obtained by the electrophoretic separation of fluorescently labeled terminal

restriction fragments detected by an automated system (Nocker et al., 2007).

The temporal and spatial variability of nosZ genotypes have been studied by T-RFLP in
the intertidal rocky biofilms and sediment sites of the Douro River estuary (Portugal)
(Magalhaes et al., 2007) and in the continental shelf sediments of Tuckerton (NJ) (Scala
and Kerkhof, 2000). Thirteen distinct nosZ T-RFLP patterns were detected in the estuary,

while 71 were found in the continental shelf.

PCR has many variants that offer distinct advantages. One of those variants is In Situ
PCR (IS-PCR) that offers a direct detection of even single copy genes inside the host cell
without DNA or RNA extraction (Nuovo, 1996). IS-PCR has to be carried out inside the
cell and, in the case of bacteria, their cell wall has to be permeabilized in order to allow
PCR reactants to enter the cell. Commonly, the IS-PCR reaction is performed on glass
slides (Nuovo, 1996). Microbial ecologists use the IS-PCR technique to determine the
identity, activity, and distribution of the bacterial species in a specific niche. This may be

possible if the 16S rRNA and functional gene transcripts are detected simultaneously
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(Chen et al., 1997). PCR amplification with only one primer can also be used to
generated a larger DNA amplicon, which prevents leaking of short amplicons in
permeabilized cells (Kenzaka et al., 2005). The technique can be applied to detect genetic
expression when combining it with Reverse Transcription PCR (RT-PCR) (Hodson et al.,
1995; Tani et al., 1998), in which an enzyme called reverse transcriptase synthesizes
double stranded DNA from single stranded RNA templates. Following the initial RT step,
a regular PCR can be carried out to increase the number of DNA copies. Population
density measurements and cell morphology, for example, can be obtained by observing
cells with fluorescently labeled RNA or DNA, which emit a signal under an
epifluorescence microscope. To increase the specificity of the technique, instead of using
labeled nucleotides in PCR, Fluorescent /n Situ Hibridization (FISH) can be used. FISH
employs a fluorescent probe targeted to a specific PCR amplicon, avoiding detection of
non-specific PCR products that are generated when primers bind to non desired DNA
sequences (Tani et al., 1998). Multiple labeled fluorescent probes can also be used

reducing background signal interference (Kenzaka et al., 2005).

Phylogenetic analysis

Sequence databases have allowed the comparison of protein structures, genes and entire
genomes. Proteins with significant sequence similarity and/or with similar structure and
function, belong to the same protein family, and share a strong evolutionary relationship.
Proteins that do not share a common ancestor are very unlikely to show statistically

significant sequence similarity, making sequence alignment a powerful tool for
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identifying the members of protein families. Proteins that are evolutionarily related and
that perform the same function in different species are called homologous proteins. Some
sequence variation among organisms is possible and it may have have little or no effect
on the function of the protein, but other regions essential to the function are conserved

(Nelson and Cox, 2000).

With the extensive amount of data present in databases, it is now common for
bioinformaticians to describe each gene by its closest match in the database (usually
using the BLAST program). While this practice is useful as a first cut, a robust
phylogenetic analysis is required to confidently identify related sequences (Logsdon and
Faguy, 1999). Phylogenetic trees constructed using DNA or protein sequence data are
very important tools to clarify phylogenetic relationships among organisms. Taxonomic
relationships (based on 16S ans 18S rRNA genes) have demonstrated that, in general, the
number of residues that differ in homologous proteins between two species is
proportional to the phylogenetic difference between those species. This information
allows the construction of evolutionary trees that show the origin and sequence of

appereance of different species during the course of evolution (Nelson and Cox, 2000).

In molecular phylogeny, the data usually consists of multiple gene or protein sequence
alignments that can be generated using programs like clustalW. The topology of the tree
represents the degree of relatedness among different sequences, and the length of the
branches of the tree corresponds to the distance between them. The external nodes are the

sequences we are studying, and the internal nodes are inferred ancestors. Currently, there
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are three major categories of tree-building methods: distance method, maximum

parsimony, and maximum likelihood method (Abascal, n.d.).

In the distance method called Neighbor-Joining (NJ), the best phylogenetic tree is the one
that minimizes the total tree length (i.e. the sum of the length of all branches in the tree).
A distance for each pair of sequences is calculated from the multiple alignment. This
method is extremely fast and useful as a preliminary inference. The NJ method generates
an unrooted tree, and an outgroup (e.g., a homologous sequence, or a closely related
species but from other taxonomic group) must be included to identify a common
ancestor. The use of an outgroup could be explained with an analogy. If we had a circular
book and we wanted to know which is the first page, an outgroup would be the hardcover

(Abascal, n.d.).

In Maximum Parsimony (MP) method, the most probable tree is the one that represents
the lower number of changes. However, if we have many sequences to analyze, the
number of possible trees will be greater the amount of atoms in the universe. For this
reason, the method to find the most parsimonious tree is approximated and not
exhaustive, and this method does not guarantee finding the optimal solution; however, the

analysis can be accomplished in reasonable time periods (Abascal, n.d.).

The Maximum Likelihood (ML) method needs an evolution model to calculate the

probabilities of seeing the observed data. Some factors that have been taken in account by

models of protein evolution are different frequencies of amino acid substitutions,
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evolution rate heterogeneity among different species, and invariant and very variable
sites along the same sequence. Different bioinformatic programs are available to study
evolutionary history: ModelTest, ModelGenerator, and ProtTest. ML considers all the
positions (each amino acid residue position) in the multiple alignments, and finds the tree

that generated the data with the highest probability (Abascal, n.d.).

While ML works with the probability of seeing the observed data given a model, the
Bayesian inference works on the probability that the model is correct given the observed
data. The Bayesian method starts with a random tree and parameters, and each generation
it randomly proposes a new tree topology or a new model parameter value. If the new
tree has a higher probability that the previous model, then it is accepted and the process
repeateded; if, in the other hand, the new tree has a lower probability, it is accepted but
with a probability proportional to the worsening produced. After a cumulative probability
has been reached, the sampled trees are sorted based on probability and the best tree is

selected (Abascal, n.d.).

Phylogenetic trees usually include a support value at every node of the tree, and
commonly a bootstrap value is used. The bootstrap test can be used to statistically test the
reliability of the phylogenetic tree constructed. Bootstrap values can be computed by
resampling the characters (DNA or protein sequence data) randomly a number of times,
and computing the frequency with which a node returns in the pooled results (Liu 2005).
The use of an inappropriate evolutionary model could lead to low bootstrap supports

(<50%) This node could be collapsed during the computing of a consensus tree. A
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collapsed branch is a branch that is not present in a number of replicate trees analyzed.

MATERIALS AND METHODS

Bacterial Cultures and Growth Conditions

Axenic cultures of Anaeromyxobacter spp, Desulfitobacterium spp., and Wolinella
succinogenes were used in this study as reference cultures harboring nosZ genes.
Anaeromyxobacter species were grown statically in anoxic R2A broth amended with
acetate and pyruvate (10mM each) (Sanford et al., 2002). Desulfitobacterium species
were grown in bicarbonate-buffered basal salts medium amended with pyruvate (30mM)
and vitamin solution (Wolin et al., 1963). W. succinogenes was grown in Wolinella
medium (as previously described by the German Collection of Microorganisms and Cell
Cultures, DSMZ). Cultures were grown in 160ml serum bottles with boiled degassed
medium and closed with butyl rubber stoppers. Pseudomonas stutzeri OX1 was grown in
Luria Bertani (LB) broth and used as a denitrifying reference strain. Strains used in this
study were provided by Dr. Frank Loffler, School of Civil & Environmental Engineering,
Georgia Institute of Technology, Atlanta, GA. Denitrifying microorganisms were
provided by the Center for Microbial Ecology (CME) at Michigan State University (East
Lansing, MI), and the Tropical Microbial Ecology Laboratory (TMEL) (University of

Puerto Rico at Mayagiiez).

DNA and RNA extractions
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Both pure and environmental samples were used in this study. For pure cultures, 1ml of
each fully-grown bacterial culture (two-day-culture for Wolinella and Anaeromyxobacter,
and seven-day-culture for Desulfitobacterium) was used for extraction and purification of
total DNA using the Instagene Matrix method (BioRad). Before PCR amplification,
purified DNA was centrifuged at 11,000rpm for 2min. 4. dehalogenans strain 2CP-C
DNA was extracted using QIAGEN Genomic-tip (100ml of a two-day-culture in R2A
anoxic medium with fumarate). For environmental samples, total community DNA
(Table 1) was extracted using the PowerSoil™ DNA Isolation Kit (MoBio Laboratories,

Inc).

RNA extractions were done with RNeasy mini kit (QIAGEN) with an additional DNAsel
(530kunits/mg solid) (Sigma) treatment after RW1 buffer (10ul of DNasel [100U/ml]
stock solution was added to 70ul DNase buffer [40mM Tris'HCI pH 7.9, 10mM NacCl,
6mM MgCl,, 0.ImM CaCl,] and mixed by pipetting only directly onto the RNeasy
membrane, and incubated at room temperature for 15min). DNA and RNA

concentrations were measured spectrophotometically at 260nm.

Development of PCR Primers

Thirty two nucleotide sequences were retrieved from Pipeline Functional Gene/

Repository (PFGR) (http:/flyingcloud.cme.msu.edu/fungene/) and aligned using

ClustalW (Thompson et al., 1994) (ftp://ftp.ebi.ac.uk/pub/software/unix/clustalw/), and
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BioEdit Sequence Alignment Editor (Hall, 1999). Primer Select Program (DNASTAR,
Inc, Madison, WI) was used to obtain an initial primer set. /n silico amplifications were
performed using FastPCR  4.0.27 (Kalendar, 2004) and insilico.ehu.es
(http://insilico.ehu.es/PCR/). Nucleotide sequences and their accession number are listed

in Appendix 2.

The design of nosZ priming sequences specific for Anaeromyxobacter dehalogenans
strain 2CP-C was obtained using Primer Select Program. A total of 113 forward primers
and 119 reverse primers were identified by this program. The specificity of each primer
binding site was evaluated using basic local alignment search tool (BLAST) from Joint
Genome Institute (JGI) (http://genome.jgi-psf.org/cgi-
bin/runAlignment?db=anade&advanced=1) and National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST). Only those primer sites

showing the fewest hits against the BLAST database were selected.

The level of conservancy was evaluated for each primer with few hits in BLAST.
Characteristics such as a length of 17bp or more, high melting temperature (Tm,
temperature at which half of the primer population is denatured), and high GC near the 3’
end were preferred. The primer pairs were chosen based on the product length (>400bp)
and a Tm difference (<5°C) between both primers of a primer pair. Potential dimer

formation was evaluated using FastPCR 4.0.27.
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Due to the differences in the codon usage of different organisms, the design of nosZ
priming sequences specific for nosZ sequences, such as the ones of W. succinogenes, D.
aromatica, A. dehalogenans, M. magneticum, and D. hafniense, was achieved through
degenerated primers. These are DNA fragments in which some base positions exhibit
flexibility resulting in several primer sequence options. The universal degenerate code is:
M=(A/C), R=(A/G), W=(A/T), S=(G/C), Y=(C/T), K=(G/T), V=(A/G/C), H=(A/C/T),
D=(A/G/T), B=(C/G/T), N=(A/G/C/T). For example, GCTNATCSGTBT has 24
degeneracies (4*2*3). Less than 1024 degeneracies were preferred. Primer binding sites
were verified manually. Numbers used for naming primers are relative to the nosZ

sequence gene of A. dehalogenans strain 2CP-C (Figure 2).

Amplification of nosZ Genes

All oligonucleotide primers were synthesized by Integrated DNA Technologies (IDT,
Coralville, IA). To evaluate the effectiveness of in silico designed primers, a temperature
gradient was used to test each primer pair in a gradient thermocycler (MasterCycler,
Eppendorf). The temperature gradient was established based the Tm (reported by the
manufacture of the oligonucleotides, IDT), setting the limits of the gradient 3°C above
and below the Tm. 4. dehalogenans strain 2CP-C DNA was used as a model unit to
optimize the annealing temperature. The following steps were employed in the PCR
(Scala and Kerkhof, 1998): 1 cycle at 94°C for Smin; 35 cycles, each consisting of 95°C
for 0.5min, annealing for 1.5min, and 72°C for 2min; and a final extension of 72°C for

10min.
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For PCR amplifications approx. 150ng of DNA template, 1X Taq polymerase reaction
buffer, 0.2pmol/pl of each primer (0.4-0.8pmol/ul for degenerate primers), and 2.5mM of
each ANTP were used in a 20-25ul reaction volume. Different magnesium chloride
(MgCl,) concentrations were evaluated (1.5, 2.0, 2.5, 3.0, 3.5mM). The amplification
product was visualized in 1% agarose-gel electrophoresis. Gels were run at 90V for
30min, and DNA bands were stained with ethidium bromide and observed using a
ultraviolet transilluminator. After setting these parameters, degenerated primer pairs were
tested with DNA from other organisms: 4. dehalogenans 2CP-1, A. dehalogenans 2CP-3,
Anaeromyxobacter strain R, Desulfitobacterium  hafniense, Desulfitobacterium
chlororespirans Co23, Desulfitobacterium strain PCE1, Wolinella succinogenes, and

Pseudomonas stutzeri.

Cloning of nosZ PCR Products and Sequencing

Total community DNA of environmental samples from a fluidized bed reactor (FBR), the
Mayagiiez wastewater treatment plant (MWWT) and from from the petrochemical
complex of the Commonwealth Refining Company, Inc. (CORCO) (Table 1) were PCR
amplified with NosZ943F/NosZ1789R primer pair and cloned using pGEM (R)-T Vector
System (Promega). In the same way, PCR products from genomic DNA from bacterial
cultures of A. dehalogenans strain 2CP-C and P. stutzeri generated using
NosZ256F/NosZ1807R, and Nos661/Nos1773 (Scala and Kerkhof, 1998) primer pairs,

respectively, were cloned. For the environmental samples, JM109 competent cells
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provided with the cloning kit were used, while Escherichia coli DH50 was made
competent by cold 50mM CaCl, treatment and used for cloning of PCR products from

bacterial cultures.

For preparing CaCl, competent cell stock, one fresh colony of E. coli DH50 was
transferred in Sml of LB broth and 37°C at 150rpm. After an overnight incubation, 250ul
were transferred to 25ml of LB broth and grown for 4h at 37°C and 150rpm; centrifuged
at 2,500rpm for 10min, and the supernatant was discarded. The pellet was gently
resuspended in 12.5ml of cold 50mM CaCl, and maintained on ice for 30min, centrifuged
at 2,500 rpm for 10min and the supernatant was discarded and maintaning the pellet in
ice until 1.5ml of 50mM CacCl, plus 20% glycerol were added. Aliquots of 100ul were

prepared and kept at -80°C.

The molar ratio of PCR product to vector was 3:1, except for the MWWT clone library,
for which 10:1 and 5:1 ratios were used. Positive clones were identified by white/blue
selection (clones that contain PCR products produce white colonies) in Luria Bertani agar
with 100pg/ml ampicillin, 0.5mM IPTG, and 80pg/ml X-Gal (LB/Amp/IPTG/X-gal).
White colonies were picked and transfered to 10ul double distillated water (ddH,0O), and
isolated in LB/Amp/IPTG/X-gal.. The selected colonies were heated to 100°C for 10min,
centrifuged at 16,000g for Smin, and used as DNA template (1ul) in a colony-PCR using
either T7 promoter and SP6 promoter, or M13F(-20) and M13R(-27) vector primer sets.
For PCR amplifications, 1X Taq polymerase reaction buffer, 1pmol of each primer,

2.5mM of MgCl,, and 2.5mM of each dNTP were used in a 50pl reaction volume. The
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following steps were employed in the PCR: 1 cycle at 94°C for 2min; 20 cycles each
consisting of 94°C for 0.5min, 52°C for 2min, and 72°C for 2min; and a final extension
of 72°C for 10min. Inserts of the correct size were examined by agarose-gel
electrophoresis. Positive clones were sequenced using Nevada Genomics Center services.
For sequencing, only 20 cycles were performed for each PCR amplification (to prevent
accumulation of mistakes by Taq polymerase), and two replicates of 50ul were prepared.
Replicates were mixed and PCR products were purified using the Wizard® SV Gel and
PCR Clean-Up System (Promega). The DNA concentration of clean PCR products was

measured spectophotometrically at 260nm.

Sequence and Phylogenetic Analysis

The identities of clone sequence data from FBR, CORCO, and MWWT libraries were
compared with sequences in the Genbank using BLASTn. Sequences were edited
manually using BioEdit; vector sequences were deleted and in the case of sequences that
were inserted in a reverse orientation during pGEM cloning, their reverse-complement
sequences were used. Clone sequences with hits within nosZ genes sequences were
subjected to unique genotypes analysis for each clone library using the PHYLIP package
(Felsenstein, 1989) and  coverage  analysis using ASLO  program
(http://www.aslo.org/lomethods/free/2004/0114a.html) (Kemp and Aller, 2004) under the
default parameters. Each clone sequence library was aligned independently using
ClustalW (Thompson et al., 1994) and each file *.aln was used to construct a distance

matrix by using DNADIST (PHYLIP
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http://evolution.genetics.washington.edu/phylip.html). Each outfile was then used in
DOTUR 1.53 software (Schloss and Handelsman, 2005) applying the furthest-neighbor
algorithm to assign sequences genotypes. Rarefaction curves were constructed for each
distance level (http://www.plantpath.wisc.edu/fac/joh/dotur.html), and richness estimators
and diversity indexes were calculated (Table 6). Only clones that represent a unique
genotype with less than 97-99% of sequence similarity with other genotypes were
subjected to a second round of sequencing in the opposite direction (Nevada Genomics

Center).

Sequences were translated in silico using BioEdit Sequence Alignment Editor (Hall,
1999) and a protein similarity matrix was generated using MatGat Matrix Global
Alignment Tool (Campanella et al., 2003). Only the region of approximately 290 amino
acids flanked by primers NosZ943F and NosZ1789R was analyzed. Blosum62 was used

as the similarity matrix.

Neighbor-joining (NJ) phylogenetic analysis was conducted using MEGA version 3.1
(Kumar et al., 2004) using 1,000 replicate trees based on the alignment of approx. 180
nucleotides and 60 amino acid residues of the NosZ fragments. After this preliminary NJ
analysis, the dataset were subjected to a Maximum Parsimony (MP), Maximum
Likelihood (ML), and Bayesian Inference (BI) phylogenetic analysis. For MP
phylogenetic analysis, MEGA 3.1 program (Kumar et al., 2004) was used with 1000
bootstrapings. To generate the ML phylogenetic tree, the optimal evolutionary model

(WAGHI+G) was obtained from ProtTest 1.4 (Abascal et al. 2005), then Segboot and
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Protmlk from Phylip 3.67 package (Felsenstein, 1989) were used for bootstraping and for
ML analysis. BI analysis was done using Mr. Bayes, with WAG+I+G as evolutionary
model. The following parameters were used: 500,000 generations, Nrun=4, Nchains=4,
Temp=0.2, Swapfreq=1, samplefreq=100, relburnin=yes, burininfrac=0.25. Phylogenetic

trees were viewed using Treeview (Roderick 2000).

Terminal Restriction Fragment Length Polymorphism of nosZ Amplicons

Reverse primer NosZ1789R was labeled with the fluorophor InfraRedDye700 (LI-COR,
Lincoln, NE). Total community DNA from the aerobic and anaerobic stations of the
Mayagiiez wastewater treatment plant (MWWT) collected in May 2007 was PCR
amplified with NosZ943F/NosZ1789R primer set as previously described. Additionally,
clone MWWT34 containing an amplicon generated with primer pair
NosZ943F/NosZ1789R was included as a control. Two replicates were done, and
electrophoresed in 1% agarose gels. The bands were cut out of the gel, and then replicates

were mixed and purified using Spin Columns and Elution Tubes (Ambion, Austin, TX).

Most suitable restriction enzymes for amplicons generated with NosZ943F/1789R were
identified by an in silico analysis using BioEdit restriction map tool. All 4-base cutter
enzymes were evaluated, and enzymes that cut all amplicons (Table 7 and 8) and
generate terminal fragments between 50 and 700bp were preferred. PCR products were
used for separate restriction digests with the following enzymes: HinPI, Nlalll, and Rsal.
Each digestion reaction consisted of 0.25ul of 10X reaction buffer, lunit of each
restriction enzyme and 2ul of PCR product added for a total reaction volume of 2.5pl.

The digestions were incubated at 37°C for 4h followed by 10min at 65°C to inactivate the
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enzymes. A volume of 2pul of each restriction reaction was mixed 1:1 with IR2 stop
solution (LI-COR, Lincoln, NE) and electrophoresed using the services of the
Sequencing and Genotyping facility (SGf) (University of Puerto Rico, Rio Piedras
Campus). KB™™-LICOR (50-700bp) was used as a molecular sizing standard. The T-
RFLP fingerprints were collected as a TIF image and analyzed using Gel Pro Analyser

(Media Cybernetics, Silver Spring, Maryland, USA).

In Situ RT-PCR

In Situ RT-PCR (ISRT-PCR) allows the detection of gene expression inside the cell. This
is accomplished by cell permeabilization, after which PCR and hybridization reactants
can pass through the cell wall and enter the complex cell matrix. To achieve specificity
and sensitivity this procedure has to be carefully optimized. Several key steps are:
protease digestion, which can define the intensity of the signal; one-step RT-PCR
systems, which allow reproducible amplification; and FISH as a downstream procedure,
in which an internal, fluorescently labeled probe is specific to the PCR product generated

in the previous step and this allows a more specific detection.

The ISRT-PCR protocol used in this study was previously described by Cordero (2003)
with modifications to optimize the procedure. /n Situ RT-PCR was developed in an
RNase-free environment, cleaning equipment and lab bench daily with Eliminase (Decon
Labs), treating all solutions with 0.1% (v/v) DEPC, oven baking glassware at 240°C

overnight, and rinsing plasticware with Eliminase and DEPC-treated ddH,O.
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Bacterial cell fixation. Bacterial samples were mixed with RNAprotect Bacteria Reagent
(QIAGEN) for 5min at room temperature. The cells were treated with 50ml freshly
prepared 4% paraformaldehyde and incubated for 2h. After paraformaldehyde treatment,
cells were harvested by centrifugation at 5,000rpm for 5min and washed with 50%
ethanol in 1X phosphate-buffered saline (PBS: 120mM NacCl and 2.7mM KCI in 10mM
phosphate buffer [pH 7.6]). Cell were centrifuged again at 5,000rpm for Smin,
resuspended in absolute ethanol, and stored at -80°C until analysis. Fixed cells were used
before one week of storage. Cells were recovered by centrifugation and resuspended in
S5ml 1X PBS, and 10pl of cell suspension were spotted on IS-PCR designed glass slides
(Applied Biosystems, Foster City, CA). Slides were incubated in 0.1% fresh DEPC for
12min at room temperature, and immersed for 2 to 3s in 0.5% metaphor agarose at 37°C,
and placed on ice until the agarose had solidified. Excess agarose on the back side of the
slides was removed, and the samples were dehydrated in 50, 80, and 96% (vol/vol)

ethanol for S5min each (Daims et al., 2001).

Cell permeabilization. A range of conditions were evaluated to optimize cell
permeabilization by either electroporation or enzymatic treatment with
lyzozyme/proteinase K. An overnight RNA- and DNA-nuclease treatment was explored
to quickly test the effectiveness of these treatments on cell integrity, using Img/ml RNase
A and 100U/ml DNase with a subsequent staining of samples with 10ng/ul of 4',6'-
diamidino-2-phenylindole (DAPI) (Sigma, St. Louis, MO) for 5min (Hodson et al.,

1995). Removal of nucleic acids (lack of fluorescence) caused by the entrance of

42



nucleases through the cell envelope was used as one criterion of permeabilization
success. All samples were examined by epifluorescence microscopy (Olympus BH2-

RFCA, Olympus, Japan).

Permeabilization by electroporation was evaluated as follows: a density of 107 fixed
cells/ml was washed twice with ddH,O and subjected to successive pulses with
electroporation time constants of 10, 25, 50, 100, or 200ms at 2.5kV, 25uF, and 1000Q.

Cold water and Imm gap electroporation cuvettes (Molecular Bioproducts) were used.

Enzymatic cell permeabilization was evaluated by three parameters: (i) varying the time
of exposure to paraformaldehyde between 2 and 24h; (ii) the time of exposure to 1mg/ml
lyzozyme from 15 to 30min at 37°C; and (iii) using proteinase K (0.5, 1, 2, 5, and
10pg/ml final concentration) for 10min at 37°C. A 10ul of cell suspension was spotted on
a glass slide and incubated with the enzyme mixture. After the incubation, reagents were
removed by three consecutive washes in coupling jars with 1X PBS and a final wash with
absolute ethanol. Proteolytic enzymes were inactivated by heating the slides for 2min at
94°C (Hodson et al., 1995). After complete processing of samples by ISRT-PCR and
FISH detection (see below), the fluorescent intensity and cell morphology were used to

identify the gentlest effective treatment for further analysis.

ISRT-PCR protocol. PCR amplification of nosZ gene fragments was performed using
the QTAGEN OneStep RT-PCR Kit and the primer pair NosZ334F/1789R. The spotted
cells were then covered with 50ul of reaction mixture (30ul of RNase free water, 10ul of

5X RT-PCR Buffer, 2ul of ANTP Mix 10mM each, 0.6uM of each primer, and 2ul of
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RT-PCR Enzyme Mix) and sealed using the assembly tool (Perkin Elmer, Norwalk, CT)
to create a micro-humid chamber. The reactions were performed in an automated in situ
PCR thermal cycler (Gene Amp /n Situ PCR System 1000 Perkin Elmer, Norwalk, CT).
The following temperatures and time profiles were used: reverse transcription at 50°C for
30min, a hotstart activation step at 95°C for 15min; followed by 35 cycles each
consisting of melting at 94°C for 0.5min, annealing at 57°C for 1.5min and extension at
72°C for 2min; and a final extension was performed at 72°C for 10min. After

amplification, the slides were washed twice with 1X PBS.

Detection of amplified gene products by fluorescent in situ hybridization (FISH).
After ISRT-PCR, slides were incubated in denaturation buffer (0.5M NaOH/1.5M NaCl)
at room temperature for 10min. Subsequently, samples were transfered to neutralizing
buffer (1M Tris-HCI [pH 8.0] 1.5M NacCl) for 5min at room temperature and then serially
dehydrated with ethanol (50, 80, and 100%). The slides were prehybridized in DIG Easy
Hybridization Solution (Roche Applied Science, Germany) for 30min. The cyanine dye
(Cy3) labeled NosZ943 probe (probe Nos1527 [Scala and Kerkhof, 1998] was used for
negative controls) was boiled for Smin and kept at 4°C. Prior to use, the probe was
diluted 1:10 in DIG Easy hyb solution to achieve a final concentration of 5Sng/ul. The
spotted cells were then covered with 30ul of the hybridization mixture, sealed using the
assembly tool (Perkin Elmer, Norwalk, CT) and incubated 24(nirS)-48h (nosZ) at 41°C.
After hybridization, the slides were washed twice at 41°C with pre-warmed hybridization
buffer (900mM NaCl, 20mM Tris-HCI [pH 7.2] and 0.01% SDS) at 48°C for 20min.

Finally, the slides were washed with washing buffer (900mM NaCl/100mM Tris-HCI
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[pH 7.2] for Smin at 41°C. Samples were counterstained with DAPI (10ng/pl for Smin)
and let air dry. Slides were covered with a drop of UV mount media and a coverslip with
nail polish around its periphey. Finally, they were examined under epifluorescence
microscopy (Olympus BH2-RFCA, Olympus, Japan). Photographs were taken using a
digital SPOT Insight Color Camera and the corresponding SPOT Advanced software V
3.2 (Diagnostic Instruments, USA). UG-1 filter (Olympus, Japan) and XF108-2 filter set
(Omega Optical, Brattleboro, Vermont) were used to visualize DAPI and Cy3 signals,
respectively. Samples were also examined using a Laser Confocal Microscope model

Olympus FluoView 300 at the UPRM.

In order to evaluate the group specificity of each probe, two clones of E. coli DH5a were
generated which carry the A. dehalogenans strain 2CP-C and the P. stutzeri nosZ gen
fragments, respectively, generated as described in “cloning of nosZ PCR products and
sequencing”. Hybridization conditions were examined including probe concentration (5
and 25ng/ul), hybridization time (24 and 48h; as recommended for degenerated probes)
(Sambrook et al., 1989, p 11.45), and washing stringency (2min room temperature

following by 2min at hybridization temperature; and 10min at 48°C).

ISRT-PCR protocol-Environmental samples. Modifications were made to apply the
protocol to environmental samples. At the moment of sampling, a 500ul aliquot of the
bioreactor was removed and mixed 1:1 with RNAprotect Bacteria Reagent (QIAGEN), or
it was filtered through a Isopore™ polycarbonate membrane filter (pore size, 0.2um)

(Millipore Corp., Bedford, MA) or through a black polycarbonate membrane filter (pore
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size, 0.2um) (Poretics Corp., Livermore, CA) (only a small volume of approx. 100pl
passed through the filter), then the membrane filter was removed and inmmersed in
RNAprotect Bacteria Reagent. The suspension or the membrane filter were treated with
50ml of 4% paraformaldehyde for 2h. In the case of the cell suspension, it was stirred
constantly on a magnetic stirring hot plate and cells were recovered by centrifugation at
5,000rpm for 5min, they were resuspended in 10ml of 1X PBS, and 10l of cell
suspension was spotted on IS-PCR designed glass slides and let dry in a 55°C incubator.
Slides and membrane filters were treated with 0.1% DEPC, immersed in agarose,
dehydrated in ethanol, and cell permeabilized with lyzozyme and proteinase K, as
described previously. After cell permeabilization, slides and membrane filters were
boiled in 10% acid-washed polyvinylpolypyrrolidone (PVPP) (Sigma) in distilled water
for 10 min (PVPP reduces PCR inhibition) (Holben et al., 1988; Morgan et al., 1998). In
the case of glass slides, they were sealed using an assembly tool (Perkin Elmer, Norwalk,
CT) and they were heated in an /n Situ PCR thermal cycler (GeneAmp In Situ PCR
System 1000 Perkin Elmer, Norwalk, CT). PVPP was removed by three consecutive
washes with 1X PBS, and then glass slides and membrane filters were serially dehydrated
with ethanol (50, 80, and 100%) for 3min each. PCR and FISH were performed as
described previously. In the case of membrane filters, PCR and FISH were performed in
PCR tubes in a Perkin Elmer model 2400 thermal cycler (GenAmp PCR System). After
DAPI counterstaining, membrane filters were placed onto glass slides and covered with

UV mount media and a coverslip.

46



RESULTS

Development of PCR primers

Primers specific to nosZ from Anaeromyxobacter spp.

Identification in silico of specific priming sites to amplify Anaeromyxobacter nosZ gene
sequences was accomplished by Primer Select Software (DNAstar), with the exception of
primers NosZ256F and NosZ1366F which were designed manually. Among 113
suggested forward and 119 reverse primers, only six sites were selected for further
analysis (Table 2). The selection of primers was based on length (17 to 27bp), high Tm,
higher GC content near the 3' end, and specificity suggested by BLAST analysis.
Importantly, a region of high similarity of nucleotides (Figure 3) among
Anaeromyxobacter and other non-denitrifying strains was used as a critical parameter.
The presence of unique bases to enhance the probability that the primers work for all

Anaeromyxobacter strains but not for other species was considered as well.

For primer testing, genomic DNA was used from several Anaeromyxobacter species (4.
dehalogenans strain 2CP-C, 4. dehalogenans strain 2CP-1, A. dehalogenans strain 2CP-
3, and Anaeromyxobacter strain R), as well as from other members of the non-
denitrifying group (W. succinogenes, and Desulfitobacterium spp), from one organism
phylogenetically related to Anaeromyxobacter spp. (Myxococcus xanthus), and from an
organism lacking the nosZ gene (Dehalococcoides sp. strain BAV1). Optimal PCR

conditions were achieved for seven primer pairs (Table 3): NosZ187F/1207R,
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NosZ256F/718R, NosZ334F/1789R, NosZ903F/1207R, NosZ903F/1789R,
NosZ903F/1807R, and NosZ943F/1789R. Figures 5 and 6 show an example of a gradient
PCR product specifically for primer pair NosZ943F/1789R. Results for each primer pair

will be described in decreasing order of importance to the project.

The use of primer pair NosZ903F/1789R (Figure 8) yielded the expected 913bp PCR
product using any of the annealing temperatures tested (55-65°C). A temperature of 63°C
worked best for this primer pair. Using this primer set, successful and specific
amplification for a nosZ fragment from all Anaeromyxobacter strains occurred, and no
PCR products from other non-denitrifying organisms were observed (M. xanthus was not

tested). The optimum magnesium concentration was 2.5mM.

PCRs using primer pair NosZ256F/718R (Figure 7 and Table 3) yielded a PCR product
of the expected size (483bp) at all tested annealing temperatures (55-68°C); however,
higher temperatures within this range generated better amplification yields (brighter
bands). For this primer pair, 68°C was selected for further applications. This primer set
generated the expected amplicon with genomic DNA from all Anaeromyxobacter strains,
although for 4. dehalogenans strain 2CP-1 a low yield was obtained. Along other non-
denitrifying organisms, D. hafniense and D. chlororespirans yielded a very weak PCR
product as well. A strong amplification product was obtained for M. xanthus whereas
amplification with W. succinogenes and D. ethenogenes DNA yielded no products.

Figure 3 shows that for the forward primer NosZ256F, D. hafniense shares many of the
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bases along the priming site, while priming site for NosZ718R differs more. The

optimum magnesium concentration was 2mM.

PCR conditions for NosZ187F/1207R, NosZ903F/1207R, NosZ903F/1807R are also
described in Table 3. The PCR products of the expected size were obtained for each
primer pair, and were 1043, 924, and 327bp in length, respectively, with DNA from
Anaeromyxobacter strains. Primer set NosZ903F/1807R and NosZ903F/1207R amplified
W. succinogeness nosZ gene robustly. In contrast, NosZ187F/1207R generated multiple
unspecific fragments in D. hafniense, D. chlororespirans Co23, W. succinogenes, and D.

ethenogenes. No other primer pair generated an amplicon for D. ethenogenes.

Primers specific to novel nosZ genes

In order to retrieve nosZ sequences from environmental samples, degenerate primers
were designed based on A. dehalogenans strain 2CP-C, W. succinogenes, D. hafniense,
D. aromatica and M. magnetotacticum nosZ sequences. Only these nosZ sequences from
non-denitrifying strains were available in public databases at the beginning of this study.
A primer binding site suitable for amplification of all nosZ varieties, including traditional
ones could not be established (sequences used in the multiple sequence alignment can be
found in Appendix 2). Due to observed differences in codon usage, Primer Select
program failed to identify a region of conserved nucleotides long enough to serve as a

primer binding site. Therefore, target priming sites were located manually (Figure 9).
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In order to identify PCR primers suitable for nosZ genes from a wide range of taxonomic
groups, degenerate primers were designed. Primer pair NosZ334F/1789R generated a
larger amplicon of approx. 1485bp, while NosZ943F/1789R produced a smaller amplicon
of approx. 870bp. Figure 9 shows the priming sites for these degenerate primers in an
alignment of partial nosZ sequences of members from the non-denitrifying nosZ group.
Figure 9 also shows major priming differences with members of the traditional-nosZ
group (Achromobacter cycloclastes, Bradyrhizobium japonicum, Brucella spp.,
Burkholderia spp., Paracoccus pantotrophus, Pseudomonas spp., Sinorhizobium meliloti,

among others).

The amplification reaction using primer pair NosZ334F/1789R (Figure 11) generated a
PCR product of the expected size (1482bp) with a wide range of annealing temperatures
(57 to 65°C); 57°C was selected as optimal, while 66°C yielded no amplification. All
Anaeromyxobacter and Desulfitobacterium strains yielded amplicons, although
Desulfitobacterium PCE-1 DNA required a second round of PCR with the same primer
pair for its detection. For W. succinogenes, a larger PCR fragment of nearly 3000bp was
obtained. Using an in silico PCR software (http://insilico.ehu.es/PCR/), these primers
were evaluated against the W. succinogenes genome (insilico.ehu.es). According to the
genome sequence, NosZ334F/1789R should produce an amplicon of 2844bp in length
(positions 870868-873711), which matches the size of the electrophoresis gel band of
about 3000bp (Figure 11, lane 7). The same type of in silico amplification with A.
dehalogenans strain 2CP-C genome generated a 1481bp long product (positions

2709144-2710624), also in agreement with the experimental PCR results.
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Optimization of the annealing temperature was a critical aspect for primer pair
NosZ943F/1789R, since at lower annealing temperatures the main observed PCR product
was larger than the expected (Figure 5, lanes 1-4, correspond to 40, 41.2, 43.3, 46.3°C).
Temperatures between 52 to 62°C (Figure 5, lanes 6-8; and Figure 6 lanes 1-7) generated
a PCR product of the predicted size (873bp), with 59°C as the best annealing temperature
for this primer pair. However, due to the high level of degeneracy of primer NosZ943F
(144 degenerate positions), additional amplicons were always observed, and the
specificity could not be improved by varying the magnesium concentration (1.5, 2, 2.5, 3,
and 3.5mM). Therefore, this PCR product required clean-up steps of the desired fragment
before further analysis could be done. Among the other non-denitrifying organisms,
NosZ943F/1789R produced an amplicon of the correct size with DNA from

Desulfitobacterium spp. (W. succinogenes was not tested).

The primer pair NosZ943F/1789R was also used to evaluate environmental DNA
samples obtained from a fluidized bed reactor (FBR) treating diesel contaminated
groundwater, soil samples from a petrochemical complex (CORCO), activated sludge
from the largest secondary wastewater treatment unit operated in Puerto Rico MWWT),
marine communities from the Mayaguez Bay, and soil samples from the “Bosque del
Pueblo” rainforest. Since it is common to find humic acids in environmental samples
which are inhibitory for PCR amplifications, replicates of PCR reactions were prepared
for each environmental sample, one with total environmental DNA, and the other reaction

with total environmental DNA combined with A. dehalogenans strain 2CP-C DNA. All
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samples generated amplicons of the expected size with the exception of the marine
bacterioplankton community from Mayagiiez Bay, thus demonstrating widespread
distribution of novel nosZ genes in nature (Figure 12, lanes 9-20). NosZ334F/1789R
primer pair was also tested with monthly samples from Mayagiiez Wastewater Treatment
Plant MWWT) (Figure 12, lanes 1-8) and yielded positive amplification (Figure 13,

lanes 5-5).

Finally, primer pair NosZ943F/1789R was chosen for assessing diversity of nosZ in
environmental samples by clone sequencing and by T-RFLP. Figure 13 shows the

screening of positive clones using this primer pair.

Environmental nosZ-gene libraries

The nosZ gene family appears to be widely distributed and highly diverse in nature
(Rosch et al., 2002), but little information is available for the non-denitrifying NosZ
group. Using degenerate primers, a broad range of nosZ sequences were sought in order
to compare environmental sequences from Puerto Rico with those previously published
and available in public databases. A total of 104 sequences of approx. 8§70bp was
obtained: 12 from the FBR, 24 from CORCO, and 68 from MWWT. Based on nucleotide
sequences from reference strains, a protein prediction was prepared for clone sequences
using BioEdit Sequence Alignment Editor. The priming regions were deleted in order to
avoid mistranslations, since only a one-base error during sequencing may result in a

different protein. To prevent these mistakes, only clones that were sequenced in both
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directions were included in this analysis. The second-round sequencing did not yield the
complete PCR fragment and a stretch of approx. 400bp was represented by a double
strand sequence. Translated nosZ genes revealed the presence of conserved histidine

residues in all the environmental gene sequences (Simon et al., 2004) (Figure 14).

Through a Similarity Matrix analysis (MatGat) (Table 4), protein similarities were
established for clone sequences and reference sequences. FBR1, FBR13, FBR31, FBR35,
CORCO6, MWWT29, MWWT31, MWWT43, MWWT72, MWWT73, MWWTS2,
MWWT83, MWWT86, MWWT90, MWWT94, and MWWT102 had a percentage of
similarity of 94, 94, 96, 94, 95, 94, 97, 84, 93, 94, 93, 92, 97, 93, 92, and 89%,
respectively, with D. aromatica. FBRI15, FBR25, FBR28, CORCOS8, CORCO26,
CORCO30, and MWWT24 had a protein similarity with NosZ from Anaeromyxobacter
dehalogenans strain 2CP-C of 96, 91, 96, 88, 82, 88, and 87%, respectively. The highest
protein similarity of CORCO7 was 68% with M. gryphawaldense. CORCOI18 has a
protein similarity of 71% with C. fetus and M. gryphawaldense. Clones CORCO32 and
CORCO33 have 86% similarity with each other. The highest protein similarities with a

reference strain were 66 and 67%, respectively, with M. gryphawaldense.

A Similarity Matrix Analysis was performed to reference traditional-nosZ sequences
(Table 5). Members of the order Rhizobiales (Sinorhizobium melilloti, Brucella ovis,
Rhodopseudomonas palustris, Bradyrhizobium japonicum, Methylobacterium sp.) shared
between 89 to 96% similarity, while similarity percentages in Rhodobacterales (Stappia

aggregata, Silicibacter pomeroyi, Roseovarius spp., Dinoroseobacter shibae, and
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Rhodobacter sphaeroides) ranged between 84 to 92. Members of 0-Proteobacteria, such
as Rhizobiales (Sinorhizobium melilloti, Brucella ovis, Rhodopseudomonas palustris,
Bradyrhizobium japonicum, Methylobacterium sp.) and Rhodobacterales (Paracoccus
pantotrophus,  Stappia  aggregata,  Silicibacter = pomeroyi,  Roseovarius  sp.,
Dinoroseobacter shibae, and Rhodobacter sphaeroides) tend to share only 77 to 84%
protein similarity. Members of the [-Proteobacteria including Burkholderia
pseudomallei, Cupriavidus necator, Azoarcus sp., Thiobacillus denitrificans (Tm.
denitrificans), and Acidovorax sp. share a protein similarity between 81-95%.
Representatives of the y-Proteobacteria such as Alkalilimnicola ehrlichei, Reinekea sp.,
Psychromonas ingrahamii, Colwellia psychrerythraea, Photobacterium profundum,
Shewanella loihica, Marinobacter sp., Hahella chejuensis, and Pseudomonas aeruginosa,
share 83-96% of protein similarity. Some members of different divisions within the
Proteobacteria share more than 90% protein similarity. This is the case of Paracoccus
pantotrophus, an Q-proteobacterium whose NosZ is more similar to that of Y-
Proteobacteria Pseudomonas aeruginosa (92%), Pseudomonas fluorescens (92%), and
Pseudomonas denitrificans (Ps. denitrificans) (97%), while protein similarity ranges 70-
75% relative to the Rhodobacterales previously described. This is also the case for
Achromobacter cycloclastes, which belongs to the order Burkholderiales, and only shares
67-68% similarity to other Burkholderiales, like Burkholderia pseudomallei, Cupriavidus

necator, and Acidovorax sp.

Phylogenetic analysis of nosZ genes

54



The phylogenetic analysis revealed that the new sequences from environmental samples
were different from traditional-nosZ sequences, while exhibiting more similarity relative
to the non-denitrifying NosZ group. None of the clonal sequences shares more than 62%
of protein similarity with traditional-nosZ sequences (similarity matrix not shown). To
further confirm the identity of environmental sequences, a phylogenetic analysis was
conducted for the NosZ family based on 46 nearly full-length sequences available in
PFGR (http://flyingcloud.cme.msu.edu/fungene/). The inclusion of sequences from the
environmental clone libraries is especially useful, since traditional and non-denitrifying
N>ORs have distinctive traits, and larger number of sequences could give insights into
their evolution. The amino acid and the nucleotide sequences were analyzed
independently, and most branches were very well supported, based on bootstrap analysis
(1000 replicates). First, phylogenetic neighbor-joining trees were constructed with nosZ
full-length sequences without clone sequences; then the 46 full-length sequences of
reference were truncated in the same region for which clone sequence information is
available (approx. 0.9kb). Another phylogenetic tree was constructed based on the NosZ
region available for the bone fish Crenimugil crenilabis, for which a nosZ conserved
domain of about 90 amino acids was identified with NCBI Conserved Domain Search
tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?). To accomplish this goal, all
sequences including clone sequences were truncated to approximately 0.2kb
(corresponding to the C. crenilabis 90 amino acid domain) and all characters where gaps
appeared were deleted (Figure 15). The topologies of 0.9 and 0.2kb based trees were
congruent, and fit the topology of trees constructed with full-length sequences (not

shown). The addition of clone sequences did not change the overall phylogenetic
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relationships between reference sequences in consensus trees, but largely amplified the

information obtained for nosZ genes.

A phylogenetic analysis with Maximum Parsimony (MP), Maximum Likelihood (ML),
and Bayesian Inference (BI) algorithms was followed (Figure 16, 17, and 18,
respectively). Through the phylogenetic analysis, 9 clades of nosZ variants were
identified with the 3 models: Clade I, Dechloromonas aromatica, FBR31, FBR35,
FBR13, CORCO6, FBR1, FBR4, MWWT31, MWWT90, MWWTS2, MWWT72,
MWWT94, MWWTS83, MWWT73, MWWT29, MWWTS6; Clade 11, Magnetospirillum
gryphiswaldense, Magnetospirillum magneticum, Magnetospirillum magnetotacticum,
Clade 101, Thiomicrospira denitrificans, Wolinella succinogenes, Campylobacter fetus;
Clade IV, CORCO32, CORCO33, CORCO7; Clade V, Psychroflexus torquis,
Robiginitalea  biformata, CORCOA47, Desulfitobacterium hafniense, Geobacillus
thermodenitrificans, Gramella forsetii; Clade VI, Anaeromyxobacter dehalogenans strain
2CP-C, Anaeromyxobacter sp. strain Fw109-5, CORCOS8, CORCO26, CORCO30,
FBR15, FBR25, FBR28, MWWT24; Clade VII, Halorubrum lacusprofundi and
Haloarcula marismortui; Clade VIII, Azoarcus sp., Thiobacillus denitrificans,
Burkholderia pseudomallei, Acidovorax sp, Cupriavidus necator; and Clade IX,
Achromobacter cycloclastes, Alkalilimnicola ehrlichei, Bradyrhizobium japonicum,
Brucella ovis, Colwellia psychrerythraea, Dinoroseobacter shibae, Hahella chejuensis,
Marinobacter sp, Methylobacterium sp, Paracoccus pantotrophus, Photobacterium
profundum, Pseudomonas aeruginosa, Pseudomonas denitrificans, Pseudomonas

stutzeri, Psychromonas ingrahamii, Reinekea sp., Rhodobacter sphaeroides,
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Rhodopseudomonas palustris, Roseovarius sp, Shewanella loihica, Silicibacter pomeroyi,
Sinorhizobium meliloti, Stappia aggregata. Clones CORCO18, MWWT102, MWWT43
and Pyrobaculum calidifontis were not included in any particular clade as their

phylogenetic relationship varies among the different models.

With the similarity matrix made using MatGat, protein similarity percentage can be
analyzed for each clade in the MP phylogenetic tree (Figure 17). Protein similarity for
each clade was as follows: 91-100% for clade I; 89-99% for clade II; 83-91% for clade
III; 75-86% for clade IV; 59-90% for clade V; 81-96% for clade VI; 77% for clade VII;
81-95% for clade VIII; and 70-97% for clade IX. P. calidifontis and CORCO18, which
were not included in any particular clade, show a protein similarity of 70%. CORCO47,
which belongs to clade V, show its highest protein similarity with members of the clade

VI (71-75%).

Traditional reference nosZ sequences belong to clades VIII and IX. Clade VII consisted
of two archaeas, Halorubrum lacusprofundi and Haloarcula marismortui. The majority
of environmental clone sequences fell into clades I, IV, V, and VI, and did not follow a
geographical pattern (except for clade IV). Clade IV was composed exclusively of
CORCO clones. Clone CORCO18 by ML and BI models show a close relationship with
the archaea Pyrobaculum calidifontis, while CORCO47 was most related to
Flavobacteria. Clones MWWT43 and MWWT102 fell in two distinct clades (I and II)
most closely related to either D. aromatica or Magnetospirillum spp. Clades I and VI lost

resolution in ML and BI models, respectively. Since these clades kept the same overall
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topology in the other models, this may indicate that the support value is not high enough

thus collapsing during the inquiry, and more sequence data is needed.

Diversity indexes and richness estimators of nosZ-gene libraries

Since all environmental clones were randomly sequenced without any previous selection,
CORCO, FBR, and MWWT libraries could be subjected to a diversity and richness
analysis using PHYLIP package. Nine (9), 14, and 30 unique genotypes were identified
for FBR (a 0.03), CORCO (a 0.04), and MWWT (a 0.04), respectively. The estimated

coverage was 33, 54, and 72% for FBR, CORCO, and MWWT nosZ-gene libraries.

Rarefaction curves (Figure 19) are used to determine differences in relative richness
between libraries that would be observed if sampling were to be continued. If the slope of
the curve is too steep, the sampling and sequencing efforts were incomplete. For CORCO
library, it was observed that when a distance of 27% was used to define an OTU, the
sampling was not completed. However, when a distance of 21% was used to define an
OTU for FBR library, the rarefaction curve began to stabilize, showing that this library

could harbor a lower number of OTUs.

DOTUR (Distance-based OTU and Richness) is a method used to compare libraries
statistically. It defines an OTU using every possible distance between sequences, and it
calculates Shannon-Weaver and Simpson diversity indexes (Magurran 1988), and the
abundance-based coverage estimator (ACE) (Chao and Lee 1992; Chao and Yang 1993),

bias-corrected Chaol (Chao 1984), interpolated jackknife (Burnham and Overton 1979),
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and bootstrap (Smith and van Belle 1984) richness estimators. The estimated indexes are
shown in Table 6. This analysis shows that the Shannon and Simpson diversity indexes
(representing the richness and evenness of a sample, respectively) are higher for CORCO
than for FBR library, even when a 4% of difference between OTU’s is considered in
CORCO clonal library instead of 3%, as for FBR clonal library. The most exhaustively
sampling effort was accomplished for the wastewater treatment unit (MWWT). The
sampling disparity could influence the richness found for MWWT gene library, which
has the highest richness within the three clonal libraries. It also has the highest number of
genotypes based on ACE, Boot, Chao, and Jack estimators. Nevertheless, the evenness
for MWWT clone library was the lowest. This suggests that even though that MWWT
library has the highest number of OTU’s, there are sharp differences between the relative

abundances of individual OTUs, only a few predominating in the population.

Terminal Restriction Fragment Length Polymorphism of nosZ Amplicons

Figure 26, 27, and 28 show the electropherogram (a plot of results from an analysis done
by electrophoresis) profiles generated with HinPl, Nlalll, and Rsal, respectively, for the
aerobic (AES) and anaerobic (ANS) stations of Mayagiiez Wastewater Treatment Plant
samples in May 2007. As a restriction control, clone MWWT34 was also digested with
the same restriction enzymes. The T-RF profiles show a higher number of peaks for the
ANS sample. In Rsal digests, the AES pattern presented 16 distinct peaks, while ANS
patterns showed 30 peaks. Among the 16 peaks, only one was unique for the AES, while

15 were unique for ANS. Clone MWWT34 was represented by the peak with a fragment
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length of 223bp, which was present in AES and ANS, and corresponds to the fragment

length expected by the in silico restriction (Table 7).

In Nlalll digests, the AES pattern presented 12 distinct peaks, while ANS pattern showed
18 peaks. Only the ANS pattern showed unique peaks (Figure 27). Clone MWWT34 was
represented by the peak with molecular weight 124bp, which was present in AES and
ANS; but in the in silico restriction, the T-RF fragment lenght expected was 117bp
(Table 7), which is 7bp shorter than the observed fragment. The reason could be a gel

distorsion commonly called the “smiley effect”.

In HinPI digests, the AES pattern presented 13 distinct peaks, while ANS pattern showed
19 peaks (Figure 28). Among the 13 peaks, only one was unique for the AES, while 8
were unique for ANS. Clone MWWT34 was represented by the peak with molecular
weight 274bp, which was presented only in ANS, and corresponds to the molecular

weight expected by the in silico restriction (275bp) (Table 7).

In Situ-PCR

Cell Permeabilization

Enzyme permeabilization and electroporation were evaluated for their effectiveness to

make stable pores in the cell wall, large enough to allow access of both RNase (approx.

13,000Da) and DNase (approx. 33,000Da) into the cells, while preserving the intact
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overall morphology. Both enzymatic treatments and electroproporation were performed
after cells were fixed with 4% paraformaldehyde. This pre-treatment rigidly fixes cell
wall proteins preventing closure of pores after permeabilization (Nuovo 1996; Hixson et
al. 1981). The ability of RNases and DNases to cross the cell membranes and to destroy
nucleic acids after an overnight incubation was evaluated with DAPI staining, which
binds strongly to nucleic acids, and can be observed as a blue fluorescence. The
electroporation treatment of 50ms (Figure 20 A and B) was insufficient to promote
effective entry of enzymes, since numerous DAPI-emitting cells were observed after
nuclease treatment. On the contrary, 200ms (Figure 20 E and F) resulted in no cells being
detected with or without nuclease treatment, demonstrating the destruction of all cells.
Treatment with 100ms (Figure 20 C and D) provided enough electroporation time to
generate large pores that enable the entry of nucleases while the proper cell morphology

was retained. This assay was used to test enzymatic permeabilization treatments as well.

The most effective enzymatic cell permeabilization protocol was observed with 1mg/ml
lyzozyme treatment during 30min of incubation. In addittion, proteinase K at 0.5pg/ml
was effective with cells fixed for 2h in 4% paraformaldehyde, while 2ug/ml were
required for 24h-fixed cells. Nouvo (1996) documented needs for higher concentrations
of pronase when digesting cells fixed for longer periods. Nonetheless, the best
permeabilization condition was achieved with 2h-fixed cells incubated for 30min with a
lyzozyme solution and 0.5pg/ml of proteinase K. Although electroporation appears to

work as well, the enzymatic permeabilization protocol was chosen for ISRT-PCR.
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ISRT-PCR

Prior to nosZ in situ detection, nirS was tested (Figure 21). This gene has been previously
used in our lab for the detection of denitrifying populations (Cordero, 2003). After
evaluating several cell permeabilization parameters, specificity of the nirS-specific
primers with pure and mixed cultures was tested. ISRT-PCR amplification was
performed and successfully achieved for exponentially growing denitrifying cultures of
P. stutzeri while background signal was not observed in RNase negative controls (Figure
21 B). When ISRT-PCR was tested with a co-culture of P. stutzeri and a non-denitrifying

rod, only Pseudomonas cells were detected by fluorescence microscopy (Figure 21 A).

After nirS ISRT-PCR was optimized and validated, this approach was used for detecting
nosZ gene products inside active cells. Expression of nosZ gene was first analyzed by
RT-PCR through RNA extraction and gel-electrophoresis (Figure 22). Results showed
robust amplification from P. stutzeri cells grown in nitrate broth, and a weak band when
cells were grown in BLK (Nitrogen-free medium) with histidine (Figure 22). E. coli
DH5a generated a weak band as well (Figure 22, lane 6). After this preliminary assay,
the nosZ gene of P. stutzeri was examined by an in situ technique. P. stutzeri was grown
in nitrate broth and BLK plus histidine, fixed with 4% paraformaldehyde, spotted in glass
slides, permeabilized enzymatically, and subjected to ISRT-PCR with primers Nos661F
and Nos1773R (Scala and Kerkhof, 1998) with unlabeled nucleotides. After these steps,
FISH was used to target an internal region of the previous PCR amplicon with Cy3-

labeled Nos1527 probe (Scala and Kerkhof, 1998), and signal-emitting cells were
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detected with fluorescence microscopy. A strong Cy3 signal was observed for P. stutzeri
cells grown in nitrate broth, while a weak Cy3 signal was observed in P. stutzeri cells
grown in BLK plus histidine as the only nitrogen source (Figure 23 B), but no Cy3 signal

was observed in RNase negative control (Figure 23 F).

The detection of novel nosZ genes was also achieved by IS-PCR. For this, two E. coli
DH5a clones were constructed with pGEM Easy Vector (Promega), one carrying a
partial nosZ gene from P. stutzeri and the other carrying the partial nosZ gene from A.
dehalogenans strain 2CP-C. The following controls were used: (i) E. coli DH50 without
pGEM vector, against Probe943 after PCR with NosZ334F/NosZ1789R primer pair, to
ensure that £. coli genome is not responsible for the detection signal; (i1) clone carrying
Pseduomonas nosZ partial gene against Probe943 after PCR with Nos661/Nos1773
primer pair, to demonstrate specificity of Probe943; (iii) clone carrying
Anaeromyxobacter nosZ partial gene against Probel527 after PCR with
NosZ334F/NosZ1789R primer pair, to demonstrate that Probel527 is not suitable to
detect this type of non-denitrifying sequence. IS-PCR of genomic DNA typically fails
due to the highly super-coiled structure of this molecule embedded in a dense matrix of
proteins and cell structures (Nuovo, 1996). Since pGEM is a high copy vector, it was
expected that, through IS-PCR, the insert could be directly detected without the need of
the RT step. Results showed that the clone carrying the Anaeromyxobacter nosZ gene
emits a strong Cy3 signal when detected with Probe943, but not with Probel1527 (Figure
24 B and 25 D, respectively). On the other hand, the clone harboring the Pseudomonas
gene did not emit a Cy3 signal when detected with Probe943 nor did E. coli DH5Q

(Figure 24 H and 24 F, respectively).
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ISRT-PCR was further assayed with environmental samples obtained at the wastewater
treatment plant operated to remove nitrogen by biological means. With laboratory
cultures, Cy3-emitting cells could account for all or nearly all cells detected, based on
DAPI detection. However, with natural samples the detection was considerably lower-
around 4% of Cy3-emitting cells account for all possible cells detected by DAPI staining
in the sample (only cells that were clearly distinguished from background signal were
counted). The objective was not to prove exhaustively the abundance of these genes in
the environment, but to prove that the designed primers could amplify genes that are
harbored by bacteria in environmental samples. Figure 25 B shows at least three rods
emitting Cy3 signal, while sections 25 D and F show a higher number of cells emitting
Cy3 signal. Figures 25 A and 25 B show a high fluorescence background that was
observed whenever polycarbonate filters were used. Polycarbonate black filters did not
eliminate the background fluorescence. Figure 25 F shows acceptable background levels

obtained when glass slides were used.

DISCUSSION

Primers specific to nosZ from Anaeromyxobacter spp.

Development of specific-primers for Anaeromyxobacter nosZ gene sequence is useful for

molecular monitoring of N,O reduction by bacterial populations. For example,

quantitative molecular studies demonstrate that Anaeromyxobacter 16S rRNA gene
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sequences are the most abundant group in agricultural soils, rice fields, and contaminated
sites (e.g., the uranium and NOj;™ contaminated Field Research Center site in Oak Ridge,
TN). The selection of primer pairs was based on their specificity suggested by BLAST
analysis and empirical results. Those that selectively amplify Anaeromyxobacter targets
were preferred. The primer pair NosZ903F/1789R (Figure 6) provided enough specificity
to amplify all Anaeromyxobacter strains, while not amplifying Desulfitobacterium spp.
Since primer NosZ1789R was designed to amplify non-denitrifying nosZ sequences, the
specificity must be given by the differences between non-denitrifying sequences and
Anaeromyxobacter sequences along the priming site of NosZ903F. These two types of
sequences indeed have marked differences (Figure 3). For example, five basepairs
differentiate 4. dehalogenans strain 2CP-C priming sequence from D. hafniense nosZ-
sequence, the most similar known specie among the non-denitrifying nosZ priming
region. The region in A. dehalogenans strain 2CP-C (PFGR), Anaeromyxobacter sp.
Fw109-5 (PFGR), 4. dehalogenans strain 2CP-3 (this study, see Appendix 1), and
Anaeromyxobacter strain R (this study, see Appendix 1) nosZ sequences varied in only

one position along the 18 nucleotide-long primer.

Differences in the amplification yields were observed for NosZ256F/718R primer pair
(Figure 5) among Anaeromyxobacter strains. It was therefore predicted that some regions
of their NosZ domain differ among these strains. Actually, it was observed through the
sequencing of the partial nosZ-sequence of Anaeromyxobacter strain R and A.
dehalogenans strain 2CP-3, and through their comparison with A. dehalogenans strain

2CP-C (PFGR) and Anaeromyxobacter sp. strain Fw109-5 (PFGR) nosZ-sequences, that
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they differ in some bases. With these four nosZ-sequences now available for

Anaeromyxobacter spp. it is possible to optimize primer design.

Primers Specific to novel nosZ Genes and environmental analysis

Discrimination of nosZ varieties of the traditional- and the non-denitrifying group was
successfully accomplished with primer pairs NosZ334F/1789R and NosZ943F/1789R.
Partial nosZ sequences retrieved directly from environmental samples captured new
sequences while traditional nosZ sequences were selectively excluded. Therefore, field-
based studies with emphasis on specific functional microbial groups affecting the N,O

budget are now possible by employing these primers.

Evidence that strongly supports that these nosZ gene fragments are involved in N,O
reduction in the environment includes: (i) the presence of the NosZ domain; (ii) the
presence of conserved histidine residues, essential for function and structure of N,OR
(Simon et al., 2004) (Figure 14) in all environmental gene sequences; (iii) fragments of
the expected size; (iv) high similarity index to nosZ sequences from cultured organisms;
and (v) detection of microbial cells harboring nosZ mRNA by ISRT-PCR using the newly

designed primers.

Horn and coworkers (2006) determined that approximately 90% of any two denitrifiers

that share >97% 16S rRNA sequence similarity, will also share higher than 90% NosZ

protein similarity (65% for nucleic acid similarity). In addition, they predicted that
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similarity levels of a translated nosZ gene below 68% (or 48% nucleic acid similarity)
could be associated to uncultured organisms. Since cloned sequences FBR1, FBR13,
FBR31, FBR35, CORCO6, MWWT29, MWWT31, MWWT72, MWWT73, MWWTS2,
MWWT83, MWWT86, MWWT90 and MWWT94 had a protein similarity of 92-97%
relative to D. aromatica, and FBR15, FBR25 and FBR28 were 91-96% similar to
Anaeromyxobacter sp., it is also possible that they share higher than 97% 16S rRNA
sequence similarity, and therefore, they could belong to the same genus or to genera
closely related to Dechloromonas and Anaeromyxobacter, respectively. This is the case
for some traditional-nosZ members of the order Rhizobiales and Rhodobacterales of the
a-Proteobacteria, which share 89-96% and 84-92%, respectively, within the members of
their taxonomic order. On the contrary, similarity levels for clones CORCO7, CORCO32,
and CORCO33 were 68, 66, and 67%, respectively, with their most similar cultured
organism. Perhaps these gene sequences are carried by unique and yet to be cultured

organisms in the environment.

A protein similarity of 84% to the NosZ of D. aromatica was observed for clone
MWWT43, while MWWT24, CORCOS8, CORCO26 and CORCO30 shared between 82-
88% protein similarity to NosZ of Anaeromyxobacter spp. At this point, the identity of
the taxonomic groups carrying these novel nosZ genes is unclear, but these similarity
percentages suggest that these clones belong to the classes B- (MWWT43) and &-
Proteobacteria (MWWT24, CORCOS8, CORCO26 and CORCO30). A similar inference

can be made for members within the O-Proteobacteria belonging to different orders

67



(Rhizobiales and Rhodobacterales), which tend to share between 77-84% of protein

similarity (Table 5).

Phylogenetic analysis of nosZ genes

Through the construction of phylogenetic trees using three models (MP, ML, and BI), it
was observed that traditional-nosZ genes were very related to each other and belong to
clades VIII and IX. Unexpectedly, clade VII, composed of two Euryarcheota
(Halorubrum lacusprofundi and Haloarcula marismortui), was the next most closely
related clade. Additional archaeal sequences will be necessary to confirm this observed

relationship. These three clades (VII, VIII, and IX) form a major distinctive cluster.

Clades V and VI were more related to each other than to any other clade. Clade V
includes Flavobacteria and Firmicutes nosZ sequences, while clade VI includes species of
the d-proteobacterium Anaeromyxobacter. According to the MP model, clades 1, 11, III,
and IV were more related to each other. Their phylogenetic relationships varied among
the three models used. The collapse in fewer branches, perhaps due to little support
values in BI and ML models, indicates that the most informative model was the MP. This
collapsing process suggests that there are still key missing nosZ genes that will further
clarify the phylogenetic relationships among these clades. Moreover, clade IV showed
lack of relatedness to known reference sequences; six clones for the CORCO site were
found (only three OTU representatives are shown in the phylogenetic tree), suggesting a

newly discovered divergent NosZ variant.
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Among the nine distinctive clades, there were groups which shared a low protein
similarity to each other, such as clade IV and V, as well as between P. calidifontis and
CORCO18. These clades will require additional sequence information for better

resolution, as subclades within these major groups are predicted.

Sequence similarities among nosZ genes have been previously correlated to taxonomic
relatedness (Horn et al., 2006). However, in the case of the non-denitrifying nosZ group,
their taxonomic relatedness is unclear, with a few representatives associated to various
taxonomic families. The exception to this rule is found with W. succinogenes,
Campylobacter fetus, and Tm. denitrificans all of which are members of the &-
Proteobacteria (Gupta, 2006); Anaeromyxobacter dehalogenans strain 2CP-C and
Anaeromyxobacter sp. strain Fw109-5, which belong to the same genera;
Desulfitobacterium and Geobacillus of the phylum Firmicutes; and Robiginitalea,
Psychroflexus and Gramella, all members of Flavobacteria class. In the phylogenetic
analysis these organisms group together in the same clade as their taxonomic relative(s).
Notably, those oligonucleotides specifically designed for Anaeromyxobacter spp. were
not suitable for PCR amplification of Desulfitobacterium spp. and W. succinogenes nosZ
genes. However, they were suitable for PCR amplification from M. xanthus genomic
DNA (Figure 5), a species belonging to the same class as A4. dehalogenans (0-

Proteobacteria).
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There are genes with difficult evolutionary history due to possible lateral gene transfer.
For example, Thermotoga maritima contains significant amounts of ‘archaeal-like’ genes,
which have been associated to energy metabolism or transport of macromolecules
(Nelson et al., 1999). Similarly, the nosZ gene could have conferred a strong selective
advantage in terms of energy and therefore, lateral gene transfer has been suggested as a
mechanism involved in the widespread distribution of this gene in nature. For example,
different strains of Bradyrhizobium japonicum could be N,O producers and N, producers
(Sameshima-Saito, Chiba, and Minamisawa, 2006). Furthermore, Dechloromonas
aromatica and Dechloromonas denitrificans are members of the non-denitrifying nosZ
and traditional nosZ groups, respectively (Horn et al., 2006). This apparent conflict could
be explained by means of lateral nosZ gene transfer from W. succinogenes to M.
magnetotacticum or D. aromatica (Zumft and Kroneck, 2006). However, the core nos
genes, nosZDFYL, share a common phylogeny and in general, these taxonomic groups
employ a similar biochemical pattern with great phylogenetic correspondence according

to 16S rRNA sequence analysis (Zumft and Kroneck, 2006).

Environmental clone sequences of nosZ genes may reflect the presence of diverse
taxonomic groups of organisms according to their phylogenetic analysis. Several
environmental clones were related to 4. dehalogenans and others to D. aromatica.
CORCO47 was more related to the Flavobacteria; however this relatedness was not
supported by BI model. CORCO18 was more related to the Crenarcheota P. calidifontis;
however, similar to the case of CORCOA47, this relatedness was not supported by MP

model and it will require further analysis. CORCO32, CORCO33 and CORCO7 were
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overly unrelated to any reference strain in the current database, but more related to the
non-denitrifying nosZ sequences. Furthermore, the substantial branch lengths support the
idea that some of the sequences may come from distinctive genera whose nosZ genes are
yet to be described. This divergence was observed in cases such as CORCO7, CORCOS,
CORCO18, CORCO26, CORCO30, CORCO32, CORCO33, CORCO47, MWWT24,

MWWT43 and MWWT102.

CORCO, MWWT, and FBR clone sequences belong to a major clade together with all
known non-denitrifying nosZ members. However, the branch location of these
environmental sequences does not follow a geographical pattern, except for clones
CORCO7, CORCO32, and CORCO33, which do not have a close relative among
sequences retrieved from the bioreactor samples (FBR and MWWT). BLAST tool
showed that the NosZ1789R primer has a high degree of identity with some unidentified
bacteria from maize planted fertilized soil (Dambreville et al., 2006), suggesting that
additional non-denitrifying nosZ bacteria may be identified in other environmental
samples. Agricultural areas may be promising areas to find novel nosZ sequences, since
petrochemical complex CORCO has a history of sugar cane cultivation and prove to
harbor many different nosZ genotypes. Also, 16S rRNA gene sequences related to
Anaeromyxobacter have been found in several agricultural sample soils (F. Loffler
personal communication), and in Europe 75% of the N,O is derived from agricultural
fields (Freibauer and Kaltschmitt, 2003). In the presence of substrates like NO3", NO,,
NH,", abundant carbon sources in agricultural fields, physiological changes might be

triggered, thus impacting the sources and sinks of N,O in the environment. Better
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understanding of communities that reduce N,O could be very useful for agricultural
applications for which fertilizers can be avoided or their application rate reduced

(Avrahami et al., 2002).

Zumft and Kroneck (2006) suggest that evolution of N,O respiration took place before
the separation of the domains Bacteria and Archaea. For this reason, an Eukaryote
outgroup was chosen for this phylogenetic analysis. Crenimugil crenilabis is a bone fish
whose mitochondria harbor a nosZ domain. Animal mitochondrial DNA is less variable
in size and organization than mtDNA from unicellular organisms. It has been proposed
that mitochondria originated from symbiosis of an organism having a physiology
comparable to that of modern Paracoccus denitrificans (Pa. denitrificans) (Kurland and
Andersson, 2000); thus, it might resemble an ancient nosZ from the time before the

separation of the domains Bacteria and Archaea.

The diversification of nosZ genes into at least 9 clades could have had its origin on early
Earth when the oxygen levels began to increase and a strong selective pressure could
have driven the evolution of NosZ into different structural variants. Teraguchi and
Hollocher (1989) identified several differences between the N,OR of W. succinogenes
and Pa. denitrificans, including the molecular weight, copper atoms per subunit, and an
iron atom and cytochrome ¢ covalently associated with the enzyme. An explanation for
nosZ sequence diversification could have its bases on the oxygen recruitments of the

organisms carrying over N,O reduction. It is known that organisms harboring non-
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denitrifying nosZ sequences are obligate anaerobes or microaerophilic bacteria; perhaps

this feature was once a driving evolutionary force selecting for different classes of N,OR.

Diversity indexes and Richness estimators of nosZ-gene libraries

DOTUR (Distance-based OTU and Richness) defines an OTU using every possible
distance between sequences. For 16S rRNA gene, a distance value of 0.03 is commonly
used to differentiate at the species level; 0.05 at the genus level; 0.10 at the family/class
level; and 0.20 at the phylum level (Schloss and Handelsman, 2005). For other genes of
phylogenetic relatedness, such as [3-subunit RNA polymerase gene (rpoB), a 0.20
distance value is used to differentiate between species (Schloss and Handelsman, 2005).
This apparent discrepancy demonstrates a wide range of criteria to link genetic distance
and phylogenetic relationships. According to Horn and coworkers (2006), approximately
0.10 may be used to differentiate nosZ genes at the species level. This group suggested
that any two denitrifiers that shared higher than 97% 16S rRNA sequence similarity will
share more than 90% NosZ protein similarity as well (which corresponds to a 0.1
distance value). Table 6 shows diversity indexes and richness estimators using a 0.03-
0.04 distance value in order to compare the three nosZ gene libraries (the next most
similar distance values among the gene libraries were 0.09, 0.1, and 0.13 for CORCO,
MWWT, and FBR, respectively). Nevertheless, a higher distance value (0.27-0.29) was
used for rarefaction curves comparison. At this distance value, it can be seen that

CORCO nosZ gene library has the higher number of OTU’s.
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In clone libraries obtained from FBR and CORCO samples, the number of different
OTUs was less than twice the square root of the total Chaol richness. This value is
indicative of a low correlation between richness and sequencing efforts. However,
Schloss and Handelsman (2005) demonstrated that only after 690 16S rRNA DNA
sequences, the Chaol richness estimator at the 3% difference level began to stabilize in a
Sargasso Sea collection. On the contrary, the number of clones sequenced from the
MWWT library was satisfactory. Both, diversity indexes and richness estimators gave
insights of the relative complexity of the communities. Perhaps, microbial communities
at the CORCO site were represented by many populations with different nosZ genes. On
the contrary, in the bioreactors some species appear to be enriched by the continuous
growth conditions, especially a hydrocarbon-degrading community in the fluidized bed
reactor (FBR) and a high organic matter-degrading community in the anaerobic station of
Mayagiiez wastewater treatment plant (MWWT). Competitive exclusion after natural
enrichment could explain lower nosZ diversity gene indexes as compared to the CORCO

soil community.

To measure how well the sample represents the whole environment, the Good Coverage
Index was calculated (www.aslo.org/lomethods/free/2004/0114a.html). The low values of
coverage (33% for FBR, 54% for CORCO and 72% for MWWT) show that the diversity
of nosZ variants is higher than that recovered in this study. These values suggest that a
clone library of at least 40 clones will be necessary for FBR unit, 50 for CORCO, and
more than 80 clones for MWWT to scrutinize the nosZ gene diversity of these three

environments.
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In previous works, Rodriguez-Martinez and coworkers (2006) detected nosZ genes in a
Functional Gene Microarrays (FGA) analysis. This is not surprising, since the uptake of
oxygen, NOs', and sulfate in this fluidized bed reactor of Vega Baja were indicative of
both aerobic and anaerobic respiration. In general, they found that 19% of cultures
partially sequenced were closely related to the Actinobacteria division, 37% belonged to
Bacilli division, and 44% to a-, 3-, and y- proteobacteria subdivions; no €-proteobacteria
were detected. In the present study did not find any nosZ gene related to the nosZ of €-
Proteobacteria Wolinella, Thiomicrospira, or Campylobacter. Given that the primers
worked well for W. succinogenes genomic DNA, the number of €-Proteobacteria nosZ

like genes may be low or absent in these environments.

Terminal Restriction Fragment Length Polymorphism of nosZ Amplicons

T-RFLP and the phylogenetic analysis revealed that nosZ can not be used for setting
taxonomic relationships. A band in the T-RFLP fingerprint pattern can not be understood
as an OTU, but it certainly represents a group of nosZ genes that fragments in a similar
way, based on its DNA sequence. Among the expected peaks for reference organisms
carrying an non-denitrifying nosZ gene (Table 8), only those for M. magneticum and D.
aromatica could be represented by the electropherograms obtained (Figure 26, 27, and
28). However, the nosZ-amplicon of these organisms will generate a Rsal-restriction
product of 21bp that can not be analyzed, since the molecular weight standard has a

lowest band of 50bp, and also these small fragments will be confused with fluorescent
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unbounded NosZ1789R primers (27bp). This is in line with the results of the
phylogenetic analysis, in which D. aromatica and Magnetospirillum spp. were the most

related organisms to the clonal sequences.

T-RF peaks expected for each MWWT clone analyzed in silico (Table 7) were visualized
in each electropherograms, except for the expected peaks of MWWT20 with HinPl
(167bp), MWWTO3 with HinPI (521bp), and MWWT94 with Rsal (416bp). Although
only 26 MWWT clones could be analyzed by an in silico restriction, we can compare the
information provided by the MWWT clonal library and the T-RFLP analysis. Some
redundancies between these two analyses were observed. In Table 7 we can find some
fragment lengths that are repeated among several clones. For HinPI, the fragment 134-
137bp can be found in 12 clones; this fragment could be represented by the 136bp T-RF
peak, which has the highest value of Optical Denisity (OD) in the AES and ANS
electropherograms. For Nlalll, the fragments 86-87bp and 116-117bp can each be found
in 7 clones, while the fragment of 397bp can be found in 5 clones; these three fragments
are represented by T-RF peaks with high OD values. For Rsal, the fragment 516-517bp is
presented in 5 clones; this fragment could be represented by the 515bp T-RF peak, which

has the highest value of OD in the AES and ANS electropherograms.

Although the reference organisms that carry non-denitrifying nosZ genes are
microaerophilic and obligate anaerobic organisms, it is possible that these gene-variants
could be carried by facultative organisms, since many of the variants were found in the

aerobic station (AES) of the treatment plant, which has a constant injection of oxygen. In
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this plant, the wastewater treatment includes a seed consortium that is recycled
continuously; therefore, it is possible that facultative organisms are being selected in this
consortium, and could function either in anoxic conditions or under an oxygen

atmosphere.

By applying this technique, we proved that many variants of the non-denitrifying nosZ
gene exist that are not yet represented by cultured organisms. These variants could

represent a high functional diversity for reducing N>O in the environment.

IN SITU PCR

Cell Permeabilization

An insufficient permeabilization can result in false negatives, since PCR and FISH
reactants cannot entry the cell. On the contrary, excessive permeabilization can result in
either false positives, when leaking of amplicons can entry inside negatively
permeabilized cells, and false negatives, when leaking of amplicons leave positive cells.
Our results showed that electroporation, a faster and more economical procedure, could
be employed for IS-PCR. Nonetheless, a limitation with electroporation is the low cell
density requirement (10" cells/ml), from which 10pul are used to spot on in situ PCR
slides. Since natural cell losses are expected during washes of IS-PCR, a cell

concentration technique, such as centrifugation, could be necessary. This additional step
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can potentially compromise the integrity of already weakened cells in the IS-PCR

protocol.

ISRT-PCR

Despite controlled fixation and permeabilization, direct IS-PCR or ISRT-PCR with
labeled nucleotides will yield non-specific amplification products and therefore, a high
frequency of false positive results (Komminoth and Long 1993 and 1995; Chen et al.,
1999). Weak primer annealing during PCR amplification can also result in a number of
non-specific amplicons with detectable signal. Therefore, the detection of in situ PCR
products could be more effectively assessed by performing a FISH step using a
fluorescently labeled DNA oligonucleotide probe targeting an internal region of the

amplicon.

Although it is probable that not all cells in exponentially growing cultures are actually
active, false negatives could result for various reasons as previously observed by Long
and co-workers (1993). Possible explanations for the false negative results include: (i)
cell to cell variations in the amplification efficiency due to differences in membrane
permeability; (i1) associated proteins causing non-accessibility of mRNA; (ii1) cell
fixation or permeabilization biases in older cultures; and (iv) loss of amplification

products during washing steps in the detection procedures.
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Results show a RT-PCR amplification from P. stutzeri cells grown either in nitrate broth
or BLK (nitrogen-free medium) with histidine, as well as a weak amplification from E.
coli cells (Figure 22, lane 6). This could be due to non-specific binding of primers
Nos661F/Nos1773R (Scala and Kerkhof, 1998). In contrast, ISRT-PCR amplification
showed a Cy3 signal from P. stutzeri cells grown in either nitrate broth or BLK with
histidine, but no signal from E. coli cells, demonstrating a more specific detection using
the internal probe Nos1527. In both cases (RT or ISRT), the amplification from P.
stutzeri cells grown in BLK with histidine was very weak. Hértig and Zumft (1999)
report that the induction of nosZ gene expression in P. stutzeri was in response to low
oxygen tension, and the presence of NO; and NO,". This weak amplification could be
due to the basal expression of the gene, since the pathway for histidine utilization in
Pseudomomas sp. does not require the presence of NOs™ or NO, (Lessie and Neidhardt,

1967).

IS-PCR was used to prove that probe NosZ943 was specific enough to detect the nosZ
gene from A. dehalogenans strain 2CP-C, but not the traditional nosZ gene from
P.stutzeri. An in silico analysis showed that Probe943 will find 5 mismatches along its
17bp if it were to be hybridized against the Pseudomonas nosZ sequence. Similarly, 4
mismatches could be found between the 19bp of probe Nos1527 (Scala and Kerkhof
1998) and the °‘potential’ probing site of A. dehalogenans sequence. During the
hybridization between Probe943 and the PCR-amplified Pseudomonas partial nosZ

sequence, and Nos1527 and the PCR-amplified 4. dehalogenans partial nosZ sequence,
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the probes may find a partial complementary target, but they will be unbound and washed

away during the washing step.

The low percentage of cells ([#%) that were observed expressing nosZ genes in the
ISRT-PCR from natural samples could befor several reasons. Firstly, there was a high
background signal; it is possible that the PCR amplicons leak from positive cells and they
get trapped in a dense matrix of debris, resulting in fluorescent clumps that hide positive
cells. Secondly, there may be nonspecific binding of fluorescent probes to organic matter
(Thomas et al., 1997). Finally, permeabilization conditions for some microbial cells in the
sample may have been supotimal. For futher optimization of this technique, multilaballed
probes could be used to facilitate the distinguishing of positive cells, also the
simultaneous detection of 16S rRNA genes and nosZ genes with two different fluorescent
dyes could be used for a more unambiguous detection. Additional steps for disruption of
debris clumps will favor the visualization of positive cells, since signal-emitting free cells
can be easily observed. Although further studies are necessary to optimize and validate
this approach at this scale, this preliminary assay documented the potential application of

ISRT-PCR to study gene expression in natural systems.
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Figure 1. Denitrification, DNRA and nitrification:
three known pathways involved in nitrous oxide

production (modified from Kelso et al., 1997).
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Figure 2. Graphic depiction of primer binding sites along the 1863 bp nosZ gene

sequence of 4. dehalogenans strain 2CP-C.
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Anaeromyxobacter dehalogenans
Anaeromyxobacter Fwl09-5

Campylobacter fetus
Desulfitobacterium hafniense
Hagnetospirillum magneticum
Hagnetospirillum gryphiswalden
Thiomicrospira denitrificans
Wolinella succinogenes

Anaeromyxchacter dehalogenans
Anaeromyxobacter Fwl09-5

Campylobacter fetus
Desulfitobacterium hafniense
Magnetospirillum magneticum
Magnetospirillum gryphiswalden
Thiomicrospira denitrificans
Wolinella succinogenes

MosZ18TF N NosZ256F N NosZO03F N NosZ1135F

TTCTCETCCGGCGGECACTCCEMRTCCCGETGT T CHCMCCEGTAC [$GTiY #CTCGTGTA MGG \CACACGCAGTT
TTCTCHTCCGGCGGUCACTCCRERTCCCGETGTT () CCGTAC CTCGTCTANGEGCCHC TWCACACGCAGTT

TT T} y T CRyT N A TR T

C|

TGCC THEWSECT T
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CTC lic cleleT{Ecalinldd
TAGT| (T ECATANY
CTCT| Tijaldbicacacy
. MosZT18R B MosZ1207R . MNosZ1807R
g AE G GIT GGT Y AAGTGGAAGCTCHGOAC nlTTCTGCTCCGCGCTCCACCH
GEM?EEEEGE gE TTCTGCICCGCECTCCACCH
ceac§rar
CAGTGABGGCT[EGECCTTTC
T CCEIIYGGAC]
GCCEYYGEAC]
TGTGYYTGAT|
G TTTT|

Figure 3. Partial multiple nosZ nucleotide sequence alignments showing priming sites for

forward (upper) and reverse (lower) primers.
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MNosZ187F NosZ334F

MNosZO03F MNosZD43F MNosZ1135F
—»

Anaeromyxobacter dehalogenans ml}l_ﬁ
Anaeromyxobacter Fwl09-5 EVP 5]
Campylobacter fetus L1y
Desulfitobacterium hafniense DVP
Magnetospirillum magneticum VEEGT
Magnetosgspirillum gryphiswalden

Thiomicrospira denitrificans VYEE
Holinella succinogenes VEL
Pseudomonas stutzeri EDSEFTR

Anaeromyxohacter dehalogenans
Anaeromyxobacter Fwl09-5
Campylobhacter fetus
Desulfitobacterium hafniense
Magnetospirillum magneticum
Magnetosgspirillum gryphiswalden
Thiomicrospira denitrificans
Holinella succinogenes
Pzendomonas stutzeri

Figure 4. Partial multiple nosZ amino acid sequences alignments showing priming sites

for forward (upper) and reverse (lower) primers.
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MW 1 2 3 4 5 6 7 8

Figure 5. Optimization of PCR conditions for amplification with primer pair

NosZ943F/1789R. Results from A. dehalogenans 2CP-C genomic DNA amplifications
using PCR annealing temperatures of 40, 41.2, 43.3, 46.3, 49.8, 52.8, 54.9, and 56°C
(Lanes 1-8). Five microlitres of each amplification reaction were loaded onto an agarose
gel (1%). MW, 1Kb DNA ladder (Promega). NosZ943F/1789R amplicons with the
expected size of 873bp were obtained at 52.8, 54.9, and 56°C (Lanes 6-8). Unspecific

amplifcation occurred at lower temperatures (Lanes 1-5).
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MW 1 2 3 4 5 6 7

1000bp

T50bp

Figure 6. Optimization of PCR conditions for primer pair NosZ943F/1789R. Results
from A. dehalogenans 2CP-C DNA amplifications using PCR annealing temperatures of
56, 57.3, 58.4, 59.7, 60.8, 61.6 and 62 °C (Lanes 1-7). Five microlitres of each
amplification reaction were loaded onto the agarose gel (19%). MW, 1Kb DNA ladder

(Promega). Primer pair NosZ943F/1789R generated an amplicon of 873bp.
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MW 1 2 3 4 5 6 7 8 9 10

S00bp
400bp

Figure 7. Analysis of PCR amplifications with primer pair NosZ256F/718R. Five
microlitres of each amplification reaction were loaded onto the agarose gel (1%).
MW, 1Kb plus DNA ladder (Invitrogen). Primer pair NosZ256F/718R generated an
amplicon of 483bp. A PCR annealing temperature of 68°C and a magnesium
concentration of 2mM were used. Lanes 1-4, Anaeromyxobacter dehalogenans strains
Lane 1, strain 2CP-C DNA amplification. Lane 2, strain 2CP-1 DNA amplification.

Lane 3, strain 2CP-3 DNA amplification. Lane 4, strain R DNA amplification. Lane
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5, Desulfitobacterium sp. PCE-1 DNA amplification. Lane 6, D. hafniense DNA
amplification. Lane 7, Desulfitobacterium chlororespirans Co23 DNA amplification.
Lane 8, W.succinogenes DNA amplification. Lane 9, Dehalococcoides ethenogenes

BAV1 DNA amplification. Lane 10, Myxococcus xanthus DNA amplification.
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1000bp

850bp

Figure 8. PCR amplifications with primer pair NosZ903F/1789R targeting the
Anaeromyxobacter spp. nosZ gene and species of the non-denitrifying group. Five
microlitres of each amplification reaction were loaded onto the agarose gel (1%). MW,
1Kb plus DNA ladder (Invitrogen). Primer pair NosZ903F/1789R generated an amplicon
of 913bp. PCR annealing temperatures of 63°C and magnesium concentration of 2.5mM

were used. Lane 1, A. dehalogenans 2CP-C DNA amplification. Lane 2, 4. dehalogenans
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2CP-1 DNA amplification. Lane 3, A. dehalogenans 2CP-3 DNA amplification. Lane 4,
Anaeromyxobacter sp. strain R DNA amplification. Lane 5, D. hafniense DNA
amplification. Lane 6, Desulfitobacterium chlororespirans Co23 DNA amplification.
Lane 7, W. succinogenes DNA amplification. Lane 8, Dehalococcoides sp. BAV1 DNA

amplification.
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20hp 17bp 26hp

Tm618°C Tm 60.6°C Tm598°C
96 degeneracies 144 degeneracies 64 degeneracies
NosZ334F - NosZ943F MNosZ1789R

Anaeromyxohacter dehalogenans
Anaeromyxobacter Fwl09-5
Campylobacter fetus
Desulfitobacterium hafniense
Magnetospirillum gryphiswalden
Magnetospirillum magneticum
Thiomicrospira denitrificans
Wolinella succinogenes

Achromohacter cycloclastes
Azoarcus

Bradyrhizobium japonicum
Burkholderia pseudomallei e E O GACREEE CAR O CAC Py
Pseudomonas aeruginosa AACGGCGACIRESCA CCAds
Pseudomonas denitrificans 8 CGGCGACIRESNCA CCACHS
Pzeudomonag stutzeri A CHGC GRCY RSSO CCACIHE
Bhodobacter sphaeroides ARCGGCGACMESCA CCAC RN
Rhodopseudomonas_palustris naceopeacidiEcalicac/dd
Sinorhizobium meliloti AL CGHCGACSRICACCAIEES

Figure 9. Partial multiple non-denitrifying (first 8 sequences) and traditional- nosZ (last

10 sequences) nucleotide sequences alignments showing priming sites for degenerate

primers.
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247bp

831bp

Figure 10. Analysis of PCR amplification of primer pair NosZ943F/1789R with DNA of
species of the non-denitrifying group. The PCR annealing temperature was 59°C and the
reactions contained 2.5mM magnesium. Five microlitres of each amplification reaction
were loaded onto the agarose gel (1%). MW, Lambda DNA plus EcoRI/HindlIll
molecular weight marker. Primer pair NosZ943F/1789R generated an amplicon of 873bp.
Lane 1, A. dehalogenans 2CP-C DNA amplification. Lane 2, 4. dehalogenans 2CP-3
DNA amplification. Lane 3, Anaeromyxobacter sp. strain R DNA amplification. Lane 4,
Desulfitobacterium chlororespirans Co23 DNA amplification. Lane 5, D. hafniense DNA

amplification. Lane 6, Desulfitobacterium sp. strain PCE-1 DNA amplification.
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Figure 11. Optimization of PCR conditions for nosZ amplification with primer pair
NosZ334F/1789R. Five microlitres of each amplification reaction were loaded onto the agarose
gel (1%). MW1, Lambda DNA plus EcoRl/Hindlll molecular weight marker. MW2, 1Kb plus
DNA ladder (Invitrogen). Primer pair NosZ334F/1789R generated an amplicon of 1482bp. A
PCR annealing temperature of 57°C and a magnesium concentration of 2.5mM were used.
Lane 1, A. dehalogenans 2CP-C DNA amplification. Lane 2, A. dehalogenans 2CP-3 DNA
amplification. Lane 3, Anaeromyxobacter sp. strain R DNA amplification. Lane 4, D.
chlororespirans Co23 DNA amplification. Lane 5, D. hafniense DNA amplification. Lane 6,
Desulfitobacterium sp. PCE-1 DNA second PCR amplification using 1 pl of product from the
first round of PCR amplification. Lane 7, A. dehalogenans 2CP-C DNA amplification. Lane 8,

A. dehalogenans 2CP-3 DNA amplification. Lane 9, Anaeromyxobacter sp. strain R DNA
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amplification. Lane 10, D. chlororespirans Co23 DNA amplification. Lane 11, D. hafniense

DNA amplification. Lane 12, W. succinogenes DNA amplification.

MWI1 1 2 3 4 5 6 7 8 MwW2 9 10 11 12 13 14 15 16 17 18 19 20

1584bp

1000bp,
1375bp

750Dy

Figure 12. Analysis of PCR amplification with total community DNA of environmental
samples. Five microlitres of each amplification reaction were loaded onto the agarose gel
(1%). MW1, Lambda DNA plus HindlIll/EcoRI molecular weight marker. MW2, 1Kb DNA
ladder (Promega). Lanes 1-8, PCR amplification with primer pair NosZ334F/1789R
Mayagiiez Wastewater Treatment Plant (MWWT). Primer pair NosZ334F/1789R generated
an amplicon of 1482bp. A PCR with 25 cycles and magnesium concentration of 2.5mM were
used. AES, aerobic station; ANS; anaerobic station. Lane 1, AES-January. Lane 2, ANS-
January. Lane 3, AES-February. Lane 4, ANS-February. Lane 5, AES-April. Lane 6, ANS-
April. Lane 7, AES-May. Lane 8§, ANS-May. Lanes 9-20, PCR amplification with primer
pair NosZ943F/1789R using DNA of different tropical environments. Primer pair
NosZ943F/1789R generated an amplicon of 873bp. A PCR annealing temperature of 57 °C
and 2.5mM magnesium were used. Even lanes are replicates of the previous odd lane but
with addition of Anaeromyxobacter dehalogenans strain 2CP-C genomic DNA. Lane 9-10,

Pueblo Forest (bottom core 5-10 cm). Lane 11-12, Pueblo Forest (top core 0-5 cm). Lane 13-
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14, CORCO soil. Lane 15-16, CORCO soil with addition of hydrocarbons. Lane 17-18,

Mayagiiez Bay; Lane 19-20, Fluidized Bed Reactor (May).

1375bp
947hp

Figure 13. Analysis of colony PCR amplification of primer pair NosZ943F/1789R with
environmental clones from CORCO DNA sample. PCR was performed with T7 promoter
and SP6 promoter primer pair. Five ul of each amplification reaction were loaded onto
the agarose gel (1%). MW, Lambda DNA plus EcoRI/HindIIl molecular weight marker.
Primer pair T7 promoter/SP6 promoter generated an amplicon of approx. 1034bp. Lane 1
to 11 correspond to CORCOI18, CORCO22, CORCO24, CORCO25, CORCO26,

CORCO28, CORCO29, CORCO30, CORCO31, CORCO32, and CORCO33 clones.
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Pseudomonas DEKYFIANGE L&PTCTMIAT DKLEDL HELEDPEDYTT DLHTTFDGE- GNAYTTLFID VEUNLED ARRAVEGEK- VDYIRQKLDY HYQPGHNHAS LTETSEAD TWWWLEKFSK DRFLPTGILH PENDOQLIDIS
Anaeromyxobacter 1 DEF QGVITAFNF ERVLTAMENE DFA-GEED A LGT --EELDEVEPH EfpTYESD] LVGLNELEH
Anaeromyxobacter 2 D) QGVITAFNF ERVLTAMENE DFT-GEED LGT - -EVDEVPH EDTYESD, LVGLNELEH
Desulfitobacterium D) PVATVFSF EKFRECMDNE DFQ-GEEE TRAZUSLDT = BEDTVED, LVSLNFLAK
Geobacillus bl PLLTVFSF EKAFQAMERK EFA-GERN| PET G --ELDRVPY EDTYESD, LVSLNFLAK
Psychroflexus | STQLEVYSF ARTEELUWENE DFD-CDA CENSTELF FSMHET TR
Cramella forsetii & $ADLTVHSF TEMIDAMENE EFD-SDA CENSTELF TR
Lobiginitalea ) $ADLTVHSF DIMIAAMECE KFD-CEX W AMHET TR
Dechloromenas il DTHVEVYSF ERIQAMINLGC KFESKDD EEDSADIKER LVALNGLET
Mammetospirillum 1 D) DEHUTVFST EKTQAAMEAG KFTGKDE BlED: WVALHELAT
Magnetospirillum 2 D) DEHTTVYDT AKTEAAGSAK NFAGKDEVET EEDTAK] LIALNELAT
Magnetospirillum 3 D) DEHTTVYDT AKTEAAWKAGC NYSGKDEVET EEDTAK] LIALNELAT
Campylobacter D DTHASVYDF BKTHMNLWDKE DFAGKDEFET B T LALDMELET
Thiomicraspira D DTHASVYHEW SHIKHLWDAK EYAGKDEFVET B IISLNgLAT
Tolinella il DTHASVYDF BRTHQLUDKE EFIGADPYET B LALDMELET
FBRL il DTHVSVYST ERTIQALNHAR HFESHDPYET - -HiLDKISY B B LVALNELST
FBRL3 D DTHVSVYST ERIQAMMHAG HFESHDEFVET - -HLDEISY E[DST LVALNPLAT
FBRLS D QGVITAFNF ERVMTAGOE DFA-GDEDET --EIDKIRY B LVSLNpLSH
FBRZS D QGVITLFNW ERVQTALRNE DFS-GEEDET - -EVDEVEH HEDT LVGLNELSH
FERZS D QGVITAFNF ERVLTAMRNE DFS-GEEDET - -EVDEIFY EDT LVALNELSH
FBR3L D DTHVSVYSF ERIQAMMHLG EFESHDEPVET - -HJLDEISY LVALNSLET
FBR34 D DTHVSVYSF ERIQAMMHLG EFESHDEPVET - -HJLDEISY EEDST! LVALNSLAT
FBR3S D DTHTSVYSF ERLOAMESLG KFESKDE - - VDEISY LVALNSLAT
CORCOS D DTHASVYSF ERIQAMM0LG KFESKDE - -K{ LDKISY ELD: P [LVAPNIRLAT
CORCOT D DPHEVTIYSF DEIMOAMENE L7T-ADEF| - GCOMLERLPY EEDTYE[D, LVALNGWEY
CORCOZ D LSITTTFNM EKILTAMENE DFT-GDED, --EVDEIFL E[DTYH/D, LVALNELSH
CORCO13 D D PHVTLYSW EKIQQAMEDER HFARHDE T - PLAGVDQIDY EEDAR LVAMIE0EL
CORCOZE D EAVTTVYSF DEMIAMIGNE DFS-KDED, --ELDTIPY GEDST TALHYLEH
CORCOZ0 bl QSITTAYNF ERKMMTAMONR DFS-GHED - -E{ADKIPY E[DTVH)SD, LIALNGLEH
CORCOZZ D DPEVIVYST DRKIKAMMRAE KYSTSDE LGG DYAKLHAEQ- PURMWHKTPV EDTYESD, LISHEHIEY
CORCO33 il LPHUTVYSA EKIBKALACK KYSGEDE WTLGG DFTKLHGQQ- PUTLVHETPY E B LVSMSETET
CORCO47 il LbVACVHSF EKMQEAMEKG DFD-GEVH LET - - EgVDRIDY HEDTAKERED UL, (TAK
MTT24 D QSTTTAYNY EKMLTAMOKE DFS-CHED Log - -EgADKIDY E[ED TVHLD, LUVALHEL2H
MITTES il DTHVEVYSF ERIQAMINLGC KFESKDD FCE & - -EELDRISY EEDET LVALMELAT
T3 il DTHVEVYSF EKTQAMIELGC EFESKDY E G- - -FLDEISY BEDSADIKER WLVALNGLAT
MTT34 il DTHVEVYSF EKTQAMIELGC EFESKDY E G- - -FLDEISY BEDSADIKER WLVALNGLAT
MITT43 il DEHTFVYSF EKMQALUAG EFACKDY YCE G --HILDRLEY HEDT H WLVALDELAT
MITT7Z il DTHVSVYSF EKTQAANELC KFESKDAY TCE G - -EEUDETSY BEDST LVALNELET
TS il DTHVSVYST ERIQAMNTLG KFESHDE FCE - -F{LDKISY BEDST LVALMELAT
MITTSE il DTHVSVYST ERIQAMNTLG KFESHDE YCH - ~HEVDEISY BEDST LVALNELST
TS il DTHVSVYST ERIQAMNELG KLESHDE FCE VDEISY BEGST LVALNSLAT
MITTSE il DTHVSVYST ERIQAMNTLG KFESHDE K - -F{LDKISY BEDSADIHER WLVALNGLAT
MITTS0 D DTHVSVYSF ERIQAMMELG KFESHDE WDTCA - -HgLDELSY E[DST LVALNPLAT
MUTTS4 D DTHVSVYSF ERIQAMMELG KFESHDE FCE - -FVDEISY EDSTHYG LVALMSLAT
MITT102 D DTHIMVYSF DRIQEAMILY KFEGHDE WDYCE - -H{jLDELSY LVALNBLAT
* *
Pseudononas GDE-- DGPTFA-EPH DCILAREDQI -HTRKT! TYTHTSS APATG- TEFT-V 5 HGFVHUNHG-
Anseromyxobacter 1 --GDK DAFTEF-[31% YAQITKADE( KP--IE LIE-V EL  EFOELDTL -
Anserouyxobacter Z --ED DAFTEP-|dJs YAQITHADEY HP--IE QLIE-V EL EFCELDTL -
Desulfitobacterium --TI DUPTDE-|3Js FAOMIKADEM TT--WE! GAVYEHENAR IERDGNN- DEVE-Y IT FOUCLTE-
Geobacillus ~-CE] SSIVDE- NAVYNQEDAR IVREGNE- DVIE-V IT MO -
Psychroflexus --D] DFPTHG-|3) TRAHNESEGR VERHGNE- DNIEGY i L T
Gramella forsetii --GE] DFPTHG-)3) TRALSPADAR VERKGNE- DNIEGL 13 iy
Robiginitalea ~-GE] DFPTHG-)3) TGIKSPADAR VERDGRD- DNIEGL 13 T
Dechloromonas ~-HND] DHEVPLGEY ~ VGTHSRIDE- FOVRAGEE-H TDEHGNE- ETIE-A ET -
Magnetospirillum 1 --NI! DHPLPLGEY P~ HGTDSRIEE- AAVRAGKE-R IERSPGE- EIIE-V ET -
Magnetospirillum 2 --GIN DHPLPLGEY P- FGTLSRIEE- FAVRPGOE-R IERKFPGE- EIIE-A ET -
Magnetospirillum 3 --GI DHPLPLGEY P- FGTLSRIEE- FAVRPGOE-R TERKFPGE- EIIE-A ET -
Caupylobacter --GPK DHPIPLGEY -~ MGTNSRIGE- GMTLAGOE-R IERNGEN- EHIE-L ET -
Thiomicrospira — - GHH. DHMPLPLGAI T~ MGTHNTRTDE- GETLAGQE-R IERNGNE- ERIT-U E. -
Tolinella --GPK DLPIPLGRI T~ MCTHNSRTGE- AMTLAGQE-R VERKGNE- EHWT-T ET -
FERL —-MND] DHMPLPLGDI ~ UGTHERTDE- CAVRACEE-I TERKGNE- ETIE-A ET -
FBRL3 —-MND] DTPLPLGDI ~ UGTDERTDE- CAVLACEE-K TERKENE- ETIE-A ET -
FERLE —-EE] DAFTEP-)dd P~ ----KEENE- TVIE-T EL -
FBRZE —-EE] DFFTEP-)dd P- ----KEVNE- TDFE-T EL -
FERZS —-EE] DAFTEP-)dd T~ ----KEENG- QATE-V EL -
FER31 —-5D] DHMPLPLGdI ~ UGTDSRIDE- ETIE-A ET -
FBR34 --GD] DHPVPLGdI ~ UGTDSRIDE- ETIE-V ET -
FBR3S ~-HND] DHMPLPLGDI ~ UGTDSRIDE- ETIE-A ET -
CORCOE ~-HND] DHMPLPLGDI ~ UGTDSRIDE- ETIE-A ET -
CORCO7 -GEDT DHEPMGIGE) 0 VGUDPVIQA- EHVE-L T -
CORCOS --GE] DAFTEP-)dJ P~ ----HEENE- TSIE-V EL -
CORCO13 --GE] DHPIGLGEI 0 IGYDPATHS- EYVRE-V T -
CORCOZE --GE] EAFTEP-|dJ P~ -—--HEENT- THAE-V EL -
CORCOZ0 ~-CE] DAFTEP-)dJ P~ ----HEENE- THIE-V EL -
CORCO3Z AgCT DEPIGVEEY I VGUHNPATOQ- EHVI-L T -
CORCO33 CECAD DAPIGVGEY PE VGUNPHTQM- EHVE-V T -
CORCO47 --CRK DFPTOV-)3) P~ ----LEENN- TAIHSADQAR VERNGNR- HPFE-F IT -
MUWTZ4 ~-GE] DAFTER-)3J P~ ----KEQNE- HRIWDVKDAK VERNGAN- THLE-V EL -
MUWTZS ~-HND] DHPLPLGEY ~ VGTDERIDE- ETIE-A ET -
MUWT31 ~-HND] DHPLPLGEY ~ VGTDSRIDR- ETIE-A ET -
MUWT34 ~-HND] DHPLPLGEY ~ VGTDERIDE- ETIE-A ET -
MUWT43 ——GE] DHPLPLGEY -~ LGTHSRIGE- FETRAGRE-H VDKIPGE- EIIE-V T -
MUWTTZ —-HND] DHPLPLGEY - VGTHSRIDR- GAVRAGEE-K TVEEGNE- ETIE-V ET -
MUWTTE —-HND] DHPLPLGEY - VGTHSRIDR- ETIE-A ET -
T2 ~-NDK DHMPLPLGAI ~ UGTDSRIDE- ETIE-V ET -
TS —-MND] DHMPLPLGDI ~ UGTDERTDE- ETIE-U ET -
MITTRE —-MND] DHMPLPLGDI ~ UGTDERTDE- ETIE-U ET -
TS0 —-HD] DHMPLPLGDI ~ UGTDERTDE- ETIE-U ET -
MTTS4 —-MND] DHMPLPLGdI ~ UGTDSRIDE- ETIE-U ET -
MITT102 —-MND] DMPLPLGEYS YAVATZAAT KP--GUIjK- UCTNSRIDE- EVFGTLI EITE-U ET -

Figure 14. Alignment of NosZ amino acid sequences generated with Clustal W (Thompson et al. 1994)
and edited using BioEdit Sequence Alignment Editor (Hall 1999). The shaded graphic view show only
similar residues within non-denitrifying nosZ sequences and Pseudomonas denitrificans. All nosZ

sequences used in the phylogenetic analysis were included in the analysis but not all are included in the

alignment shown. Pseudomonas, Ps. denitrificans; Anaeromyxobacter 1, A. dehalogenans 2CP-C;
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Anaeromyxobacter 2, Anaeromyxobacter sp. Fw109-5; Desulfitobacterium, D. hafniense; Geobacillus, G.
thermodenitrificans; Psychroflexus, P. torquis; Robiginitalea, R. biformata; Magnetospirillum 1, M.
gryphiswaldense; Magnetospirillum 2, M. magneticum; Magnetospirillum 3, M. magnetotacticum;
Campylobacter, C. fetus; Thiomicrospira, Tm. denitrificans; Wolinella, W. succinogenes. Symbols } and *

show the calcium and chloride ion ligands and the conserve histidine residues, respectively.
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Figurel5. Rooted neighbor-joining (NJ) tree of partial nosZ gene sequences (1000
bootstraps). The trees were generated based on the alignment of 180 nucleotides of

truncated nosZ sequences retrieved from Pipeline Functional Gene and environmental
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clone sequences from FBR, CORCO, and MWWT libraries. Crenimugil crenilabis
served as an outgroup. Branch lines have distinct colors, in blue are traditional-nosZ
sequences, in green are non-denitrifying nosZ sequences, in red are archaeal nosZ
sequences, and in yellow are nosZ sequences from Flavobacteria. The bar represents 0.05

nucleotide substitutions per nucleotide.
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Figure 16. Strict consensus (Lenght = 1898, Consistency Index=0.48, Retention
Index=0.75) of 8 most parsimonious trees (Lenght =1895, Consistency Index=0.48,
Retention Index=0.75) from nosZ gene dataset. The sequence of Crenimugil crenilabis
served as the root. Numbers above the branches represent the percentage of 1,000
bootstrap replications. Branch lengths correspond with numbers of amino acid
replacements. The bar represents 20 replacements. Tree is based on the non-gapped

multiple sequence alignment of 90 amino acids.
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Figure 17. Rooted maximum likelihood tree from nosZ gene dataset. The sequence of
Crenimugil crenilabis served as the root. Numbers above the branches represent the
percentage of 1000 bootstrap replications, values less than 50% are not shown, and those
nodes are collapsed. Scale bar represents 0.1 substitutions per amino acid position. Tree

is based on the non-gapped multiple sequence alignment of 90 amino acids.
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Figure 18. Bayesian phylogenetic tree from nosZ gene dataset after 500,000 generations
of MCMCMC chains. Values to the right of the branches correspond to the posterior
probabilities. The horizontal bar at the base represents 0.1 substitutions/site. Trees are

based on the non-gapped multiple sequence alignment of 90 amino acids.

118



14

——FEBR 29% distance level
- CORCO 27% distance level

12 1 WAAAAT 27% distance level

10 -

Number of OTU's observed

[:] rrrrrrrrrrrrrrrrrrrrrr e rrrrrrrrrrrrrrrT e rrrrrr ey rrrrrororrey

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58

Number of Sequences Sampled

Figure 19. Rarefaction curves of nosZ clone sequences for the clone libraries FBR,

CORCO and MWWT at 27-29% distance level.
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Figure 20. Pseudomonas stutzeri cells permeabilized by electroporation and stained with
DAPI (blue) were observed by confocal microscopy. (Upper panels) Permeabilized cells
showing cell integrity. (Lower panels) Permeabilized cells with RNase and DNase
treatment. (A and D) Cells electroporated during 50 ms. (B and E) Cells electroporated

during 100 ms. (C and F) Cells electroporated during 200 ms.
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Figure 21. Confocal images of ISRT-PCR FISH of nirS in a co-culture of P.
stutzeri with a non-denitrifying rod, Cy3 signal (orange) was superposed on the
corresponding DAPI signal (blue). (A) Detection of nirS gene with a Cy3 labeled
probe in a co-culture of P. stutzeri with a non-denitrifying rod. B, P. stutzeri cells

treated with 1mg/ml RNase A for 1h after permeabilization.
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Figure 22. Analysis of RT-PCR amplification. PCR annealing temperatures of 56°C. Ten
microlitres of each amplification reaction were loaded into the wells of the agarose gel
(1%). MW1, 1Kb DNA ladder (Promega); MW2, Lambda DNA plus Hindlll/EcoRI
molecular weight marker. Primer pair NosZ1366F/1773R generated an amplicon of
407bp; primer pair Nos661F/1773R generated an amplicon of 1113bp; primer pair
27F/1392R generated an amplicon of 1394bp. Lane 1, 16S rRNA RT-PCR with primers
27F/1392R with RNA from P. stutzeri grown Nitrate broth; Lane 2, 16S rRNA RT-PCR
with primers 27F/1392R with RNA from P. stutzeri grown in BLK medium with
histidine; Lane 3, nosZ RT-PCR with primers NosZ1366F/1773R from P. stutzeri grown
in Nitrate broth; Lane 4, nosZ RT-PCR with primers NosZ1366F/1773R from P. stutzeri
grown in BLK medium with histidine; Lane 5, nosZ RT-PCR with primers

Nos661F/1773R (Scala and Kerkhof, 1998) from P. stutzeri grown in Nitrate broth; Lane

122



6, nosZ RT-PCR with primers Nos661F/1773R (Scala and Kerkhof, 1998) from E. coli

grown in Nitrate broth.
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Figure 23. ISRT-PCR/FISH of nosZ gene of P.stutzeri. A-B; C-D; E-F, Confocal images
corresponding to the same microscopic section. A, C, E, DAPI signal emitting-cells
(blue). B, D, F, Cy3 signal emitting-cells (orange). A-B, ISRT-PCR/FISH of nosZ gene

of P. stutzeri grown in BLK medium with histidine as only nitrogen source. C-D, ISRT-
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PCR/FISH of nosZ gene of P. stutzeri grown in Nitrate broth. E-F, ISRT-PCR/FISH of
nosZ gene of P. stutzeri grown in Nitrate broth but with a RNase treatment after the

enzymatic permeabilization and before PCR reaction.
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Figure 24. IS-PCR/FISH of E.coli DH5a clones harboring nosZ genes in pGEM.
A-B; C-D; E-F; G-H, Confocal images corresponding to the same microscopic
section. A, C, E, G, DAPI signal emitting-cells (blue). B, D, F, H, Cy3 signal
emitting-cells (orange). A-B, IS-PCR/FISH of E.coli DH5a clone harboring in
pGEM the partial nosZ gene of A. dehalogenans 2CP-C obtained by PCR with
primers NosZ256F/1807R, Probe943 was wused for FISH and primers
NosZ334F/1789R were used for PCR. C-D, IS-PCR/FISH of E.coli DH50Q clone
harboring in pGEM the partial nosZ gene of A.dehalogenans 2CP-C obtained by
PCR with primers NosZ256F/1807, Probel1527 was used for FISH and primers
NosZ334F/1789R were used for PCR. E-F, IS-PCR/FISH of E.coli DH5aq,
Probe943 was used for FISH and primers NosZ334F/1789R were used for PCR. G-
H, IS-PCR/FISH of E.coli DH5a clone harboring in pGEM the partial nosZ gene of
P. stutzeri obtained by PCR with primers Nos661/1773R, Probe943 was used for

FISH and primers Nos661F/1773R were used for PCR.
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Figure 25. ISRT-PCR/FISH of nosZ genes in environmental samples from an anaerobic
bioreactor. A-B, 1000X epifluorescence images corresponding to the same microscopic
section. A and B, DAPI (blue) and Cy3 (orange) signal emitting-cells, respectively, of a
ISRT-PCR/FISH of nosZ gene in a MWTP sample immobilized in a 0.2um-pore-size
filter. C-D, Confocal 1000X images corresponding to the same microscopic section. C
section showing only DAPI signal emitting-cells (blue), while D section showing Cy3
signal (orange) superposed on the corresponding DAPI signal (blue). E-F, Confocal 600X
images corresponding to the same microscopic section. E section shows DAPI signal
emitting-cells (blue), while F section shows Cy3 signal (orange). G-H, 1000X
epifluorescence images corresponding to the same microscopic section. G and H, DAPI
(blue) and Cy3 (orange) signal, respectively, of a ISRT-PCR/FISH with a RNase
treatment after the enzymatic permeabilization and before PCR reaction. C-D, E-F and G-

H, ISRT-PCR/FISH of nosZ gene in a MWWT sample immobilized in glass slide.
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Figure 26. nosZ-based HinPI (1, 4, 7), Nlalll (2, 5, 8), and Rsal (3, 6, 9) T-RFLP
fingerprint patterns of Mayaguez Wastewater Treatment Plant (MWWT) anaerobic
reactor sample (1-6) and MWWT34 clone (7-9). MW, molecular sizing standard.

KBPlus-LICOR (50-700bp).
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Figure 27. Comparison of electropherograms profiles generated with HinPI for Aerobic
station (A), Anaerobic station (B) of Mayagiiez Wastewater Treatment Plant samples and

clone MWWT34 (C).
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Figure 28. Comparison of electropherograms profiles generated with Nlalll for Aerobic
station (A), Anaerobic station (B) of Mayagiiez Wastewater Treatment Plant samples and

clone MWWT34 (C).
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Figure 29. Comparison of electropherograms profiles generated with Rsal for Aerobic
station (A), Anaerobic station (B) of Mayagiiez Wastewater Treatment Plant samples and

clone MWWT34 (C).
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Table 2. Primer sequences and designation

Primer Designation Oligonucleotide sequence
NosZ187F ttctcgtccggegggcactee
NosZ256F atccecggtgttctccecgtac
NosZ334F tggggbgayryvcaycaycc
NosZ903F cgtccecggectegtgta
NosZ943F ccbcayggbgysgaygt

NosZ1135F gggccgctccacacgeagtt
NosZ1366F* ggcaagctntence
NosZ718R ggaagaaccagcccteggacag
NosZ1207R tcccacgtececcgagcettecactt
NosZ1789R gagcagaantrsgtgcagtagtangg
NosZ1807R tggtggagcgecggagecagaa

(F, forward; R, reverse)

* for traditional-nosZ sequences
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APPENDIX 1

Partial sequences of the nosZ-gene of environmental clones and A. dehalogenans

2CP-3 and Anaeromyxobacter sp. strain R.

>Anaeromyxobacter sp. strain R
cceggtgttegegecgtactcgggeaccggetacggetticgacgacgagtcgaaggecatgetecggeaacctgacctggggt
gacgtgcaccacccggegcetctccgagaccggeggcegactacgacgggegetggetgttcgtgaacgagatgaacgggege
gtggegegeatcgacctgegegacttcaagacgeggeagatcatcgggecggtgecgaacatctcgggeaaccacgggtee
accttcatcacgccgaacagcgagtacatcctcatgtectecgeggttctccatccccatccccaaggggaaggeggtgtegate
gaccggtacgccagcgagtacaagggegtegeggecgggatcaaggtcgacccgaagtecggecagatgtegetgggctg
geaggtgctcetgeegecgttcgactgggacctecggggacgecggcaagaagetgtecggagggctggttcttecctecacctget
acaactccgagegegecaccgggaagetcgaggtecaccgectecgecagegegaccgegactacatcgeggecategactgge
gecetggecgagaaggeggeggeggaggggaagggcgagetgatcggeggegtgaaggtgctcgatccgaagaccgtece
cgggctegtgtacctgetgecctgegggaagtegecgeacggegtggacgtetecgeccgacggeaagtacgtggtecggetec
ggcaagcetccagggcegtcaccaccgcecttcaacttcgagaaggtcctcaccgecatcaagaacaaggacttcgecggegagg
aggacggcatcccggtcctcaagtacgagtccatcaaggacgeggaggtgceggtggggctegggecgetgcacacgeagt
tegggecegacggg

>A. dehalogenans strain 2CP-3
ctcacctggggtgacgtgecaccacccggegcetctccgagacecggeggegactacgacgggegetggctgticgtgaacgag
atgaacgggcgggtggcgegeatcgacctgegegacticaagacceggeagatcetegggecggtgccgaacatetcegge
aaccacgggtccaccttcatcaccccgaacagcegagtacatcctcatgtectegeggttetccatcecccatccegaaggggegg
geggtgtccatcgaccegetacgecagegagtacaagggegtegeggecggeatcaaggtcgatccgaagaccggegagatg
tcectgggetggeaggtgctgctgeecgeecttcgactgggacctcggegacgegggcaagaagetgteccgagggetggttett
cctcacctgctacaactcggagegegecaccggeaagetecgaggteaccgectcgeagegegaccgegactacatcgeggce
catcgactggcgectcgeggagaaggecgeggeggaggggaagggcgagetcatcggeggegtgaaggtgctcgacecg
aagaacgtccccggectegtgtacctgatgeecctgegggaagtecgecgeacggegtggacgtetcgeeccgacggeaagtacg
tggtcggctegggcaageteccaggegtcaccaccgecttcaacttcgagaaggtectcaccgecatcnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnNNNNNNnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNINNNNNNNNNNNNNNNNNNNNNNNNNNND
nnnnnnnnagctcgggacgtgggaggtactggacaaggtcccgatgtectactcgaccggecacctecgeegeggeegagg
gcgacacggtgtcgecggacgggaagtggctggtgggcctcaacaagetgtcgecacggecggeaccteteggteggececgt
cgcagcccgagtectcgeagetegtggacatctcgggegacaagatgaagetggtctacgacgegttcaccgageccgagece
gcactacgcgcagatcatcaaggeggacaagetgaagecgatcgaggtetaccccaaggaggagaacaageacccgetgge
gatctgggacgtgaaggacgecggggtgacgegecaaggggaccgaggtgetggegaaggtggtagtootacgetccagea
tgacgccggegcetcatcgaggtgaacgagggcgacacggtgaaggtggcgcetcaccaacatcgagecagaccaccgacgag
ctccacggcettcggectgetcgactacaacatcaacatcgtectcgatcceggegagaccaagaccgtcacgtcaa

>fbrl

ccgeacggtgtggacgtgtctccggatggcaagatgetggtegtgtcgggcaagetggacacgeacgtgteggtgtacagett
cgagaagattcaggcggcegatcaaggecgagaagttcgaatcgaaggaccegtacggeatceccggtgatcgggatgaagga
cgegcetgecacacgecaggtgcaactgggcctgggeccgetgecacacgceaatacgactcgaagaactgegtegectacacgteg
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ctgtacgtggacagccaggtcgecaagtggaactictgecgaaggcaaggtgctggacaagatctcggtgcactacaacategg
tcacctgatgacgatggaaggcgactcggtecgatccgaagggecgetacctggtggegetgaacaagetgtcgategaceget
tcaacccggtggggccgcetgeacccgeagaaccaccagetgatcgacatctcgaacgacaagatgeagetcttgtacgacatg
ccgetgeecgetgggegaaccgeactacgtggtggegatcgaagegtcgaagetgaageegggegtgegetacaaggtcggc
accaacagccggacggacaagecgceaccegggegeggtgegtegcgggcgaagageggatcgagaagaagggcaacaag
atcacggtgtatggcacgctgatccgttcgecacatcacgcecggagacgatcgaageggaagtcggggatgaagtgacgatcec
acctgaccaacctcgaacgggcacaggacgagacgcacggcttcacggtgtcgacgtacaacgtgeatgegtcggtegagec
gggcaagacggtgacggtgaaggtcaaggecgacaaggaaggegtgtaaccttactactgcacccat

>fbr13
gatgtgtcgecggacggcaagtacatggtegtctccggeaagetegacacccatgtetcggtetacagettcgagaagatcecag
geggecatcaaggeggggaaattcgagagcaaggacccctacggeatecceggtgatecggectgaaggacgecectgeacgtg
caggtgccgceteggectecggaccectgeacacgeagtatgactccaagecctgegtegectacacctegetgtacgtegactee
caggtcgccaagtggaacttctgecgaaggcaaggtgctcgacaagatcagegtgcactacaacatcggecacctgatgaccat
ggagggcgactccaccaagecggecggceaagtatctegtegegetgaacaagetggegategaccegtttcgtgeeggtegge
ccgctgeatccgecagaaccaccagetcatcgacatcagcaacgacaagatgcagetgetctacgacacgecgetgecgetgg
gegagecgceactatgecegtcteccatcgecgegaccaagetgaagecgggegtgcgetacaaggteggeaccgacagecgea
ccgacaaaccgceatcegggegecegtgcgegecggegaggagaagaccgagaagaagggcaacaaggtcacggtetgggg
caccctgatcegetcgcacatcacgecggagaccatcgaggeggaagtgggegacgagatcaccatcecgectgaccaaccte
gagcgegceccaggacgagacccacggcettcacggtgtcgaccttcaacacccacgectcggtcgageecgggcaagacggte
acggtcaagttcaaggccgacaaggaaggegtctatccgtactactgcacgtacttetgete

>fbr14
atgtggactcgccagtggcgaagtggaactactgcgaaggceaaggtgctggacaagatcagegtgcactacaacateggeca
cctgatgaccatggaaggcgattcgaccaagecggecggceaagtacctggtggcgetgaacaagetggegatcgategcette
gtgeeggtgggceccgetgeatccgeagaaccaccagetgatcgacatcageggegacaagatgcagttgetctacgacatge
ccgtgecgetgggtgagecgeactacgtggtggecatcgatgeccaagaagetgaagecggecgtgegctacaaggteggea
ccgacagecgeaccgacaaggegeateccgggegeagtgegegecggegaggagaagatcgtcaagaagggcaacaaggt
cgaagtcttcgccaccctgatecgttcgecacatcacgecggagaccatcgaagtcgatgtcggegacgaggtgacgatcaace
tgaccaacctcgaacgggcgcaggacgagacgcacggcettcacggtctcgacctacaacgtgeatgectecggtcgaaccggg
caagacggtccaggtcaagttcaaggccgacaaggaaggcgtctatcettgetactgecacctaattetgete

>fbrl5
ccgeatggggtcgatgtetggeccgacggceaagtacatcatcggeteccggeaagetccagggegtcaccaccgecttcaactt
cgagaaggtgatgacggcegatcaagaacaaggacttcgecggegacgaggacggeatccccgtectcaagtacgagtegat
caaggacgccgaggtceccegteggectegggecgcetccacacgceagtticggeccgaacggeggggcctacacgtegetcett
cgtcgactcggegatcgegaagtggaagetegggacctgggaggtcatcgacaagatcceggtctectactcegteggecace
tgaccgecgecgagggcegacteegtcagececggacggeaagtacctecgtcagectgaacaagetctcccacggteggceacct
ctcggtgggceccgtegeageecgagtegteccagetecatcgacatcggegaggagaagatgaagetcetetacgacgecttca
ccgagceceggagecccactacgeccagatgatcaaggeggacaagatcaagecgatcgaggtctacccgaaggaggagaac
aagcacccgctcgeggtetgggacgtcaaggacgeegteccgacgegeacggggagegaggtectcgtcaagatggtecte
gtceggtegaccatcactccgaccgtcatcgaggtgaaccggggcegacaccgtcaaggtegegatgacgaacatcgageaga
cgacggacgagctccacggcettcgggctectcgactacaacatcaacgtegtecgtcgacccgggegagacgaagacggteac
gttcaaggccgacaagecgggcegtettccegtactactgecacgtecacttctgete

>fbr2
ggatgtctgtccagatggcaagtacgtcatcggetccggeaagetccagggegtcacgaccgcecttcaacttcgagaaggtect
caccgcgatccggaacaaggacttctcgggegaggaggacgggatcceegtectgaagtacgagtcgatcaaggacgeega
ggteececgteggectecggeccgetccacacgeagtticgggeccgacggatacgectacacctegetettecgtegacteggegg
tcgcgaagtggaagetcgggacctgggaggtegtcgacaagateccggtetegtactccatcggecacctetgegecgeegaa
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ggggacaccgtcagececcgacgggaagtacctegtecgecctcaacaagetetecgecacggecggeacctetecgtegggecgt
cgecagceccgagtegtcgeagcettatcgacatcaccgaggagaagatgaagetectctacgacgecttcaccgageccgagec
geactacgccgtcatggtgaaggccgacaagetcaagecgatcgaggtctacccgaaggaggagaacaggaacccectcge
ggtetgggacgtaaaggatgecggegtgacgegecaaggggagegaggtectegecagggtegtectegtecgeteccacgate
accccgceaggcegatcgaggtccagecagggggacaccctgaaggtcgegatcacgaacatcgag

>fbr25
gacgtgtgaccggatgggaagtacatcatcggctcgggcaagetgecagggegtgaccacggecttcaactgggagaaggtee
agaccgccatgcgcaacaaggacttcageggegaggaggacggeatccccgtgctgaagtacgagtcgatcaaggacgeeg
aggtgccggtggggctgggcccgetgcacacccagttcggeccegacggctacgectacacgtegetgticgtggacagege
catcgccaagtggaagetcggeacctgggaggtggtcgacaaggtececatgtectactcgatcggecacctcacggeggee
cacggcgacaccgtcaagecccacggceaagtacctggtgggocctcaacaagetctcccacgggeggeacctcaacgtegge
ccetegeageccgagtegagecaactggtecgacatcagegaggagaagatgaagetgetgetcgacttcttcacggageecg
agccgceactacgeccagatcgtcaaggecgacgtgetcaaaccgatcgaggtctacccgaaggaggtgaacaageacccget
ggcgatctgggacgtcaaggacgecggegtgaccaggaacggcaacaaggtcacggtcaagatggtggeggtgcgetega
ccctgacceccaccgacttcgagatcaaggaaggegacgagatcacgatcgecatcacgaacatcgageagaccaccgacg
agctgcacggcecttggcatectcgactacaacatcaacatcgtggtggaccegggcgagaccaagacggtcacgttcaaggee
aggaagaagggtgtctaccccgtactactgcacccacttetgetce

>fbr28
cctcacggggcggatgtgacaccagatggcaagtacgtcatcggeteccggeaagetccagggegtecacgaccgecttcaactt
cgagaaggtcctcaccgegatccggaacaaggactictcgggegaggaggacgggatccccgtectgaagtacgagtegate
gaggacgccgaggtceccegteggectecggeccgeteccacacgeagttcgggeccgacggatacgectacacctegetetteg
tcgactcggeggtcgegaagtggaagetcgggacctgggaggtegtecgacaagateceggtetcgtactccatcggecaccte
tgcgecgecgaaggggacaccgtecagececcgacgggaagtacctecgtcgecctcaacaagetctecgecacggecggeaccte
tccgtegggecegtecgecageccgagtegtegeagcetecatcgacatcaccgaggagaagatgaagetectctacgacgectteac
cgagcccgagecgceactacgecgtcatggtgaaggecgacaagetcaagecgatcgaggtctacccgaaggaggagaacg
ggaacceectegeggtetgggacgtaaaggacgecggegtgacgegeaaggggagegaggtectcgecagggtegtecte
gtcegetccacgatcaccecgeaggegatcgaggteccagecagggggacaccctgaaggtegegatcacgaacatcgageag
acgacggacgagctccacggetggggeactectcgactacaacatcaacategtegtcgacccgggegagacgaaggtegtca
cgttcaaggtggacaagcccggegtctaccecctactactgecacccagttetgete

>fbr31
gacgtgtctccggatggcaagttcatcaccgtttccggecaagetggacacccacgtttcegtetattccttcgagaagatccagge
cgccatcaaggecggceaagticgaatccaaggatcegtacggceattccggtcatcaacatgaaggatgecctgeacacccagg
ttcaactgggtcttggccccectccacacccagtacgactcgaagaagtgegtegectacacctecctgtatgtcgactcgecaggt
cgtcaagtgggatcactgegaaggcaaggttctcgacaagatctcggtgcactacaacatcggtcacctgatgaccatggaagg
tgactccatggatccgaagggcecgcetatctggtecgecctgaacaagetgtegatcgatcgetticaacceggttggeccgetgeat
ccgcagaaccaccagttgatcgacatcaccagecgacaagatgcagcetgetgtacgacatgeegttgeegetgggtgagecgea
ctacgtcgtggccatcgaagcettccaagetgaagecgggtgteccgetacaaggteggtacecgattccecgtacggacaagecege
atccgggegecegtecgtgccggegaagaagtaacgaccaagaagggcaacaagatcgaagtcaagggtacgttgatceget
cgcacatcacgccggaaaccatcgaggceggaagtggecgacgaaatcaccatccacctgaccaacctegagegtgeccagg
acgaaacccacggtttcaccgtgtcgacctacaacgtccatgegteggtcgagecgggceaagaccgtcacggtcaagttcaag
gctgacaaggaaggcegtctatcccatactactgcacccagttctgete

>fbr34
tcecttgecatacccagtacgacagcaagcaatgegtggectacacctegetgtatgtggactcgecaagtggegaagtggaacta
ctgcgaaggcaaggtgctggacaagatcagegtgeactacaacatcggecacctgatgaccatggaaggegatticgaccaag
ccggecggeaagtacetggtggcgetgaacaagetggegategategettegtgeecggtgggecegetgeateccgecagaacce
accagctgatcgacatcagcggegacaagatgeagttgetctacgacatgeccgtgecgetgggtgagecgeactacgtggtg
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gccatcgacgcecaagaagcetgaagecggecgtgegetacaaggtcggeaccgacagecgeaccgacaaggegeatceggg
cgeagtgecgegeeggegaggagaagatcgtcaagaagggcaacaaggtegaagtcettcgecaccetgateegticgeacate
acgccggagaccatcgaagtcgatgtcggegacgaggtgacgatcaacctgaccaacctcgaacgggegeaggacgagac
geacggcttcacggtctcgacctacaacgtgcatgecteggtcgaaccgggcaagacggtecaggtcaagticaaggecgac
aaggaaggcgtctatcccttactactgcacctaattetgcetc

>fbr35
ccgeacggtgtcgacgtgagaccggatggcaagttcatcatcgtctccggeaagetecgatacccacacttcggtgtatagettcg
agaagctgcaggccgcecatcagegecggeaagttcgagtccaaggaccegtacggtgtgeccgtcatcggeatgaaggatge
gcetggacaageaggtgcagetecggectecggeccecctgeatacccagtacgattcgaagecgtgtatcgectatacetecctttat
gtggattcccaggtecgecaagtggaactattgegagggcaaggtggteggacaagatttcecgtecattacaacatcggtecacctga
tgaccatggaaggcgattccatggatccgaaggggcgttacctggtggecgctgaacaagetggecatcgaccgtttegtgeeg
gtcggecccctgeatccgcagaaccatcagetgatcgacatttcaaacgacaagatgeagttgttgtacgacatgeegetgeeg
ctgggtgagecgeactacgecgtegecatcgaggettcgaagetgaagecgggegteegetacaaggtgggtaccgattecee
ggaccgacaagecgeaccegggtgecgtecgtgeccggegaggagaagattgtcaagaagggtaacaagatcgaggtettcg
ggaccctgatccgttcccacatcactccggaaaccatcgaggetgatgtcggcgacgaggtcacggtgcatctgaccaaccte
gagcgtgeccaggacgagacccacggcttcaccgteteccacctacaacgtecatgegtccatcgageecgggcaagacegtea
ccgtcaagttcaaggctgacaaggaaggcegtctatccgtactactgcacctagttcet

>fbr4
ccgeacggtgtggatgtcagaccggatggcaagttcctcaccgtcgecggeaagetecgacacgeacgtgteegtetattectte
gagaagatccaggccgegatcaaggecggeaagttcgaatccaaggatccctacggeatcceggtgateggeatgaaggac
gegetgecacacgeaggtategetgggectgggtcecttgeatacccagtacgacagceaageaatgegtggectacaccteget
gtatgtggactcgcaagtggegaagtggaactactgegaaggcaaggtgctggacaagatcagegtgeactacaacatcgge
cacctgatgaccatggaaggcgattcgaccaagecggecggceaagtacctggtggegetgaacaagetggegategategett
cgtgeeggtgggeccgetgeatccgeagaaccaccagetgatcgacatcageggegacaagatgeagttgetctacgacatg
cccgtgecgetgggtgagecgeactacgtggtggccatcgacgecaagaagetgaagecggecegtgcgetacaaggtegge
accgacagccgceaccgacaaggegeatccgggegeagtgegegecggcgaggagaagatcgtcaagaagggcaacaag
gtcgaagtcttcgccaccctgatcegttcgecacatcacgecggagaccatcgaagtcgatgtecggecgacgaggtgacgatcaa
cctgaccaacctcgaacgggegeaggacgagacgeacggettcacggtctcgacctacaacgtgeatgectcggtegaaccg
ggcaagacggtccaggtcaagtticaaggecgacaaggaaggegtetatcecttactactgcacctaattctgetc

>fbr6
agatggcaagtacatcgccgtgggcggcaagetggacacgeatgegteggtgtatagettcgagaagatccaggecgegate
caggcgggcaagttcgaatcgaaggaccectacggegtgecggtgatcggeatgaaggaagegetgecacacgcaagtgeaa
ctgggecttggececgetgecacacgeagtacgactcgaagecgtgegtggectacacgtcgatgtacgtggacagecaggtgg
cgaagtgggactactgtcagggcaaggtgctggacaagatcagegtgcactacaacatcggtcacctgatgacgatggaaggt
gactctgccgatccgaagggcecgttacctggtggegecgaacaagetggegatcgacegtttcgtgecggtgggcccgetgea
cccgeagaaccaccagcetgatcgacatcagcaacgacaagatgcaactgetgtacgacatgecgetgecgetgggegageeg
cactacgtggttgccatcgaagcgacgaagetgaagecgggegtgegcetacaaggtgggcacggacageegtacggacaag
ccgeaccegggtgecegttcgegecggegaagagacgacgacgaaaaagggcaacaagatcgaggtgaagggcacgetgat
ccgcetegeacatcacg

>fbr9
ctacacctcgcetgtatgtcgactcccaggtcgecaagtggaacttetgegagggcaaggtgctcgacaagatcagegtgeacta
caacatcggccacctgatgaccatggagggcgactccaccaagecggecggceaagtatctegtcgegetgaacaagetggeg
atcgaccgcttcgtgecggtggggccgetgecatccgecagaaccaccagetcatcgacatcagcaacgacaagatgcagetget
ctacgacatgccgetgecgetgggcgagecgeactatgecgtetccatcgecgecageaagetcaageecgggegtgegetac
aaggtcggcaccgacagecgeaccgacaagecgeatcegggegeegtgegegecggegaggagaagaccgagaagaag
ggcaacaaggtcacggtctggggatacgctgatccgetegeacatcacgeccgagacgatcgaggcggaagtgggcgacgag
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gtcaccatccacctgaccaacctcgagegegegeaggacgagacccacggcettcacggtgtecgaccttcaacacgeacgect
cggtcgageccggeaagacggtgacggtcaagttcaaggecgacaaggaaggegtctatcegtactactgeacctacttetget
c

>corcol0
ccgeatggggcggatgtcaggccagatggceaagtttgtggtegtitccgggaaactcgaccegeacgtgacggtctactccge
cgagaagatccgcaaggcgatggecgggaagaagtattcaggatccgatgaatatggggtecegatectegacttegacteeg
tcaaggaggcgceaggctgaagtcggtetgggcccgetgeacacccagtttgacgacaaggggcaggcectacaccteectgttc
ctggactcggeggtggcccgetggacgetggggggcgacttcaccaagetccacggecageagecctggaccatggtecac
aagacgccggtgecagtacaacatcgggcacctggtggecggecgaaggegactcggtgageeccgacgggeggtacetggt
ctcgatgtccaagtggteggtggaccgcettcttccegeegggtecgetgettcegeagaacttccagetectggacatetceggg
tccggggcecgacatgeccgtcatctacgatgegeccatcggegtgggcgagecgeactacgeggtgatgatcaaggecgaca
agctcaagccctggacggtgtatccggaggtgggatggaatccgeacacccagatgetggateccagectegecgegte
>corcoll
ccgeatggggcggatgtcaggecagatggeaagtttgtggtegtttccgggaaactcgacccgeacgtgacggtctactecege
cgagaagatccgcaaggcgatggccgggaagaagtattcaggatccgatgaatatggggtecececgatectegacttcgacteeg
tcaaggaggcgeaggetgaagteggtetgggeccgetgeacacccagtttgacgacaaggggcaggcectacaccteectgtte
ctggactcggeggtggcecgetggacgetggggggcgacttcaccaagetccacggecageagecectggaccatggtecac
aagacgccggtgcagtacaacatcgggeacctggtggecggecgaaggegacteggtgagecccgacgggeggtacctggt
ctcgatgtccaagtggteggtggaccgcttcttccecgeegggteegetgettccgeagaacttccagetectggacatcteeggg
tccggggecgacatgeecgtecatctacgatgegeccatcggegtgggcgagecgeactacgeggtgatgatcaaggecegaca
agctcaagccctggacggtgtatccggaggtggggotggaatccgcacacccagatgetgg

>corcol4
cgtgactcccgatgggaaatggatagtcggeggeggtaagetggecgecgttgectgegtacatagetttgaaaagatgeagg
aagccattagtaaaggcgattttgacggagaggttatgggaatacccattctaaagtacgaaacggtcagagtcgecgaggttcec
gataggcttgggtectetgecacacceagtttgacgaccagggatatgcttatacttctttattcctggactcagecgttgecaagtgg
aagctgggtacttgggaagtagtggataagataccggtttactataacatcggacaccttgecgeagtccatggagacaccgeta
aaccccggggccagtacgtectggecatgaataaaatcgecaagggcagatacctgeccgttggaccttcccatccggagage
gcacagcttatcgacatatccgggaagaagatggaattgctgetegatttcecctacgcaggtagagectcactacggtcaaataat
cgatgctaccttgataaagcccgtgctcgtatatccacttgaagagaataaccacccttacgecattaagagecgecagaccaggcet
cgtgtggaaaggaacggaaatagagtggacgtttacatgetggcaataagaagecatttcactcctcatctetttgagttt
>corcol6
cgtgactccegatgggaaatggatagtcggeggeggtaagetggeegecegttgectgegtacatagetttgaaaagatgeagg
aagccattagtaaaggcgattttgacggagaggttatgggaatacccattctaaagtacgaaacggtcagagtcgecgaggttce
gataggcttgggtcctctgcacacccagtttgacgaccagggatatgettatacttctttattcctggactcagecgttgecaagtgg
aagctgggtacttgggaagtagtggataagataccggtttactataacatcggacaccttgecgeagtccatggagacaccgceta
aaccceggggccagtacgtectggecatgaataaaatcgccaagggeagatacctgeecegttggaccttcecateeggagage
gcacagcttatcgacatatccgggaagaagatggaattgctgcetcgatttccctacgecaggtagagectcactacggtcaaataat
cgatgctaccttgataaagcccgtgctcgtatatccacttgaagagaataaccacccttacgccattaagagegcagaccagget
cgtgtggaaaggaacggaaatagagtggacgtttacatgetggcaataagaaagcatttcactcctcatct

>corcol7
agatggcaaatacttcatcggcggceggcaagetgcaatcaatcaccactgectacaactttgaaaaaatgatgacggcecattcag
aacagggatttttccggcaacgaagatggcatacctgtgttgaattacgacagegtcaaggatgccgaagtcaatgteggtetgg
ggccgttgecatacccagtttgatgatcaggggtacgectacaccagectgtttgtcgaaagegeagtcgecaaatggaaactcg
gecagtcgggaagtcgecgacaagattcccgtecagttacaacatcggecacctttgecacggecgaaggegatacggtcaatecg
gacggcaaattcctgatcgegcetcaataaactctcgecacggacggeatctcagegteggteectecgecaaccggaaagetcgea
attgatcaacatcggcggcgaaaagatgaagcettctgtatgacgcetttcaccgaacccgaaccgceattatgecgeagatgatcagg
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gccgacaagetgaaaccgattgaggtttatccaaaagaggagaacaaaaacccgagegecatttgggatgtcaaggacgeca
gggteggacgeageggaaatacggtgatcgecaaagtgetggetgtacgcageacgattgaac

>corcol8
ccgeacggegecgacgtgagecccgatggecggttcatcategtttcecggeaagetggacccgeacgtgacgcetctactegtg
ggagaagattcagcaggcecatccgegaccggaatttcgecggagaacgaccgetacggceatceceggtgctegacttcaacage
gtcatcaatggccagetcgaggtegggetcggeccgetccacacgeagticgacgaccgeggeaacgectacacgageatctt
cctcgacaccaaggtgacgaageggagectcgagecgetegecgtggtggaccagatcgacgtgcactacaacgteggeca
cctegeggeegecgagggegacgeecgetecgeccgacggeaagtacctggtegecatgaacaagtggtegetegaccgatt
caatgacgtggggccgetgcacccgeagaacttccagetcatcgacatctcgggtgagaagatgcagetgetctacgacatge
cgatcggtctcggegagecgeactacgeccagatcatcaaggeggacaagetgtcaccggtgcaggtgtacceccagategg
ctacgatcccgecacgatgagegeggegeggaacgecegtgeagetcggeaacgagggcatcacgegecgtggeaacgaag
tgaccgtgegeatgacggecatceggagecacttcaageccgagtacgtecegggtgecgecagggegaccgegtcacgatee
acatcacgaacgtggagcaggcccgcgatgecacgeatgggttcgecgatcgecaagtacaacgtcaacctgagectcgagece
cggegagceatcagacggtgaccticgtggecgacaageccggegtgtteccectactactgeacctagtictg

>corco2
ccgeacggggtcgatgtgacgccagacggceaaatacatcatcggeageggeaagetgeagtegatcaccaccgecttcaatat
ggagaagatcctcaccgecatcgagaacaaggacttcaccggggatgaagacggeatcceegtectcgattacgagaaggte
aaggatgccgaagtcgaagteggactgggaccgetgeacacgceaattcgatgatcagggcettcgectacacgagectctttgte
gagagcgeggtggcgaagtggaagetcggeagetgggaggtggtcgacaagattccgatcacctacaacatcggecatcteg
cgacggccgaaggegacacggtcaatccggacggeaaatatctggtecgegetcaacaagetctecgeacgggegacatctegg
cgtcggececgtegecageccgagagticgecagetgatcaacatcacgggcgagaagatgaagetgetctacgatgecttcaceg
agccggagcecgceactacgegeagatgatcaaggecgacaaactgcagecgatcgaggtctacccgaaggaggagaacaag
aacccgcacgcgatctgggacgtcaaggacgegggagtcgagegeageggegetaatgtgacggtgaagatggtegecgte
cgcagcacactcgaaccgacttcgatcgaggtcaacc

>corco26
cctcacggggtggatgtgtcaccagacggeagttatttcgtcggeageggeaagetggaagecgtgaccacggtctacagcette
gacaggatgatcgccgctatcagcaacaaggatttcagcaaggacgaagacggcattccagttctgaagtacgagagegtggt
cgaacgcgaagtgcagatcggecttggecccctgecacacgeagtacgacgaccaggggatggcatacacaagectgttegte
gacagcgcaatcgctaagtgggacccgaagaccggggaagtactggacaccatecctgtecgectatatcatcggecacctgtg
cgtcccaggeggegacageaccaaaccctacggceaagtatgtgatcgegetcaacaagetgagecacggecggeaccccaa
cgtaggtccaagcecagecggagageagecagetcatcgacatcaccggegagaagatgaagatcatctatgaagectttaceg
agcccgagecgeactacgeccaggecatcccagecgacaagetcaageccattgaggtttatccgaaggaagagaacacga
acccgeacgcgatctgggacattaaagattccggegtaaccagcagtggtggaacggtagaggtaaagatggtcgeagtacgt
tccacactgecacccgacaaacgeggaggtcaaccgaggegaaaccgtgaccttccacattacaaacattgagcaaactaccga
cgagctgcacggattcgecgatctgtgaatacaacatcaacctggtcattgatccgggggaaaccaagagegtcactttcaaaget
gacaagccgggcegtctatccatactactgcacccaattctgete

>corco29
ccgetgcacacggagttcgacggecgeggeaacgegtatacgacggegttcatancgtcggagategtgaagtggaagetgg
ggacgtgggaggtoctggaccggatccecgtetactactcggtgggccacctcatgattccgggeggegacagecggeagec
gtcgaacaggtacatggtggcegttgaacaagatcacgaaggaccgetacctgecgacggggeccgagcetegegeacgeggc
gcagctgatcgacatctcgggcgacaagatgaagetgetgetggacttccegacgecagggegagecgeattacgegeaggeg
ctgecggeggagetgatccgegacaggeaggtgcagatgtictcgetggagageaaccggeaccggtacgeggegaagag
cgaagccgagacgaaggtggagegceaacggecgecgegtggacgtgtggatgatggcgatccgecagecacttctegeegg
acaacatcgaggggatccaggtgggtgacagegtctacttccacgtcaccaacctcgagecaggactgggatgtgecgeacgg
cttcgecgegttecggegggcgeaacgecgagetgetgatcatgeccggegacacacgeacgetgacetgggtgeegetgeg
ggtggocgtgticecttactactgecacgtaattetgete

153



>corco30
gatggcaaatacttcatcggeggeggceaagetgeaatcaatcaccactgectacaactttgaaaaaatgatgacggecattcaga
acagggatttttccggcaacgaagatggcatacctgtgttgaattacgacagegtcaaggatgccgaagtcaatgteggtetggg
gecgttgcatacccagtttgatgatcaggggtacgectacaccagectgtttgtcgaaagegeagtcgecaaatggaaactcgg
cagtcgggaagtcgccgacaagattcecegtecagttacaacatcggecacctttgecacggecgaaggegatacggtcaateegg
acggcaaattcctgatcgegetcaataaactctcgeacggacggceatctcagegteggteectcgecaaccggaaagetegeaat
tgatcaacatcggcggcgaaaagatgaagcettctgtatgacgetttcaccgaacccgaaccgceattatgecgecagatgatcaggg
ccgacaagctgaaaccgattgaggtttatccaaaagaggagaacaaaaacccgagegecatttgggatgtcaaggacgecag
ggtecgggcgeageggaaatacggtgatcgecaaagtgetggctgtacgcageacgattgaaccgaccaaaatcgaagtcaat
cagggagacaaggtgatcatttacatcaccgacatcgaacagacgaccgatgaactgecacggattcgggttgaacgaatacaa
catcaatgtggtggttgatccgggcgaaaccaagacaattgaatttgtcgeggataaacccggegtttttccttactactgeaccta
tttctgete

>corco32
ccccacggegtggatgtcagaccegatggecagtacatggtggtegegggcaaactegatccacacgtgacggtttattcgate
gacaagatcaaggccgcecatcgecgegaagaagtactcgacatccgacgagtacggegteceggtgctegactttgacgegg
tgaaggaagagcaggtcgagctgggccttgggectctgcacacgeagttcgacaacaagggcetatgegtacacategetgtte
cttgattcggceagtggecegetggtecctgggeggggattacgecaagetccacgecgageagecttggaagetggtgeacaa
gacgccggtgcaatacaacatcggecacttgtgcteggecgagggegacacggtcagecccgacggceaacttectgatetcg
atgtccaagtggtccgtggaccgcttecttcccaccgggecccttettccgecagaacttccagettctcgacategtegegggcg
gcacgaacatgcccgtgatctatgacagecccatcggegteggegagecccactactgecagatgatcaaggecgacaaget
gcagacctggaaggtctaccccgacgteggetggaaccecgegacgeageagetggaccecaacgecccgaagaaaggeg
atgaaggcgtcacgcgcaacgggaacaaggtcctcgtcaagatgaccgecegtecgeagecacttctcecccggagceatgtcatg
ctcgaggaaggcgatgaggtcacctggegceatctgegetaccgaaaccgegeaggatgecacgeacggcettcegeategge
gggtacaacatcaacctctcacttgagecgggtgagtacagegagttcaagttcaccgecgaccgegecggeacctacecgta
ctactgcacccaattct

>corco33
ccgeatggggcggatgtcaggccagatggcaagtttgtggtegtttccgggaaactcgaceccgeacgtgacggtctactcege
cgagaagatccgcaaggcgatggecgggaagaagtattcaggatccgatgaatatggggtccegatectegacttegacteeg
tcaaggaggcgcaggctgaagtecggtetgggecegetgecacacccagtitgacgacaaggggcaggectacaccteectgtte
ctggactcggeggtggeccgetggacgetggggggcgacttcaccaagetccacggecageagecctggaccatggtecac
aagacgccggtgcagtacaacatcgggeacctggtggcggccgaaggegactecggtgagececgacgggeggtacetggt
ctcgatgtccaagtggtcggtggaccgcettcttccegeegggtecgetgettcegeagaacttccagetectggacatetceggg
tccggggcecgacatgeccgtcatctacgatgegeccatcggegtgggcgagecgeactacgeggtgatgatcaaggecgaca
agctcaagccctggacggtgtatccggaggtgggatggaatccgeacacccagatgetggateccagectegecgegtegtgg
acacgaaggcgtggtgcgegaggggaacaaggtcaccatcaacatgaccgegatccgeagecacttcacgeccgageacgt
ggaagtccaggagggcgatcacgegacgtggegeatcaccaacctggagaccageatcgacgecacccacggcttetgeat
cggcgggtacaacatcaacctgagcatcgagecgggtgaatatgcggaggcegacattcacggecgacaagecgggaacgta
cccatactactgcacccaattgtgcte

>corco35
tgcagtacaacatcggcecacttgtgticggccgagggcgacacggtcagecccgacggeaacttectcatctcgatgtecaagt
ggteggtggaccgcttecttcccaccgggecccttettccgecagaacttccagettetcgacategtegegggeggeacgaacat
gececgtgatctatgacagecccattggegtecggegagecccactactgecagatgatcaaggecgacaagetgecagacctgga
aggtctaccccgaggtecgggtggaaccccaccacgecageaactggatcccaatgecccgaagaaaggegatgaaggegtca
cccgceaacgggaacaaggtectggtcaagatgaccgecgtecgeagecacttetcceccgaacacgtcatgetcgaggaagg
cgatgaagtcacctggcgcatctgegctaccgaaaccgecacaggacgecacgeacggcttetgecatcggegggtacaacate
aacctctcacttgagccgggtgagtactgegagttcaagttcaccgecgaccgegeeggeacctacccttactactgcacccac
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>corco41
ccccacggggtggatgtctggcccgacggcaaatacatcatcggeageggeaagetgeagtegatcaccaccgecttcaatat
ggagaagatcctcaccgecatcgagaacaaggacttcaccggggatgaagacggeatcceegtectcgattacgagaaggte
aaggatgccgaagtcgaagteggactgggaccgetgeacacgceaattcgatgatcagggcettcgectacacgagectctttgte
gagagcgeggtggcgaagtggaagetcggecagetgggaggtggtcgacaagattccgatcacctacaacatcggecatcteg
cgacggcecgagggcgacacggtcaatccggacggeaaatatctggtecgegetcaacaagetceecgeacgggegacateteg
gegtecggececgtegeageccgagagttcgecagetgatcaacatcacgggegagaagatgaagcetgetctacgatgecttcace
gagccggagcecgeactacgegeagatgatcaaggecgacaaactgcagecgatcgaggtetacccgaaggaggagaacaa
gaacccgceacgcegatctgggacgtcagggacgegggagacgagegeageggegctaatgtgacggtgaagatggtegeeg
tccgecageacactcgaaccgacttcgatcg

>corco46
cgtgtgcccagacggceaaatacatcatcggeageggeaagetgeagtcgatcaccaccgcetttcaacatggagaagatectga
ccgecgatcgggaacaaggacttcaccggegatgaggagggcateccccgtgetcgactacgagaaggtgaaggatgecgagg
tcgaagtcgggetecgggecgetgeacacccagttcgatgaccagggettegectacaccagectctttgtcgagagegeggtg
gegaagtggaagetcggeacctgggaggtggtcgacaagattccgatcacctacaacatcggecacctggegacagecgag
ggagacacggtcaatccggacggceaaatacctggtecgegetcaacaagetetcgecacgggegecatctcagtgteggeeegt
cgcageccgagagcetcgeagetgatcaacatcaccgacgagaagatgaaactgetctatgacgecttcaccgagecggagece
ccattacgcgcagatgatcaaggcecgacaaactcaaaccgatcgaggtctatccgaaggaggagaacaagaacccgaacge
gatctgggatgtcaaggacgegggagtcgagegeageggegegagtgtcactgtaaagatggtegeegtecegeageacgcete
gaaccgacctegttcgaggtcaaccagggegaccgggtgacgatctat

>corco47
ccgeatggegtggacgtgagaccggacgggaaatggatagtcggeggeggtaagetggecgeegttgectgegtacataget
ttgaaaagatgcaggaagccattagtaaaggcgattttgacggagaggttatgggaatacccattctaaagtacgaaacggtcag
agtcgccgaggttccgataggettgggtectetgecacacccagtttgacgaccagggatatgcettatacttctttattcctggactca
geegttgecaagtggaagetgggtacttgggaagtagtggataagataccggtttactataacatcggacaccttgecgeagtec
atggagacaccgctaaacccecggggcecagtacgtectggcecatgaataaaatcgccaagggeagatacctgeeegttggacct
tcccatccggagagegceacagettatcgacatatccgggaagaagatggaattgetgetegatttcectacgecaggtagagecte
accacggtcaaataatcgatgctaccttgataaageccgtgctcgtatatccacttgaagagaataaccacccttacgecattaag
agcgcagaccaggcetegtgtggaaaggaacggaaatagagtggacgtttacatgetggecaataagaagecatttcactcctcat
ccctttgagtttcaggaaggggatgaagtttatttccatgtgaccaacctggagecaggacgtggatattactcacggattcgggat
caacttctccaacgtggatatgcaaatcgaacccggcegaaacaaagacggtgaaatgggtagecgacaaaccggggatatate
cttactactgcacccagttgtgctc

>corco54
cagacggcaaatacatcatcggcagcggcaagetgcagtcgatcaccaccgecttcaatatggagaagatcctcaccgecate
gagaacaaggacttcaccggggatgaagacggcatcccegtectcgattacgagaaggtgaaggatgecgaagtcgaagtcg
gactgggaccgctgcacacgcaattcgatgatcagggcttcgectacacgagectcetttgtcgagagegeggtggegaagteg
aagctcggcagctgggaggtggtcgacaagattccgatcacctacaacatcggecatctcgegacggecgagggegacacg
gtcaatccggacggcaaatatctggtegegetcaacaagetetcgecacgggegacatcteggegteggecegtegeageecg
agagttcgcagctgatcaacatcacgggcgagaagatgaagctgctctacgatgecttcaccgagecggagecgeactacge
gcagatgatcaaggccgacaaactgcagecgatcgaggtcaacccgaaggaggagaacaagaacccgeacgegatctggg
acgtcaaggacgcgggagtcgagegecageggcegcetaatgtgacggtgaagatggtcgecgtecegeageacactcgaaccga
cttcgatcgaggtcaaccagggcgaccgggtgacgatctacatcaccaacatcgageagacgaccgatgaget

>corcod5
ccgeacggtgtggatgtctgtcecggacgggegagttectggtagecggtggcaagetggecaccegtgatcecggtgeacgect
tctcgaagatgcagaaggccatcgecgaccaggecttcgacggecgagaaggacggcatceccatcctcaagtacgaagecegt
caacttctgcgagatccagaaccegggectcggeccectgcataccgagticgacgggcaaggeaacgectacacgtecggtet
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tcatctccagcgagatcgtgaagtacacgetgecgggctgegaggtggtggaccgegtgecgacctactactcgatecggecac
ctgatggtcecegggeggegacacgegeaagecgtacggeaagtatgtegtggecctgaacaagatcacgaaggaccgcetac
ctgccaacgggecccgagetcacgeagtcggegeagetctacgacatcacgggegacgagatgegectgetgetegacttee
cgaccatcggcegacccgeactat

>corcoS7
acgccgtggecatcgecgecgacaagetgaagecgatggtgegetacaagttcggeaccgacagecgeaccggeaagecg
catccggacgccacccgeccgggcaaggagegeatcgagegtgagggcaccaacgtcaaggtgttcggeaccctgatecge
tcgcacatcacccecgagatcgtegaggtcgaggagggcgacaccgteaccttcgegttcaccaacaccgagegegecgag
gacgagacccacggcttcgecgtgtcgggccacaacctcaacctgtegetcgageecggeaagaccgecteggecaccttgg
tggccagcaageccggegtetacecctactactgeacctacttetgete

>corco6
gatggcaagtacatcgecgtgggeggcaagetggacacgeatgegteggtgtatagettcgagaagatccaggecgegatec
aggcgggcaagttcgaatcgaaggacccctacggegtgccggtgatcggeatgaaggaagegetgeacacgcaagtgeaac
tgggecttggcccgetgcacacgcagtacgactcgaageegtgegtggectacacgtegatgtacgtggacagecaggtgge
gaagtgggactactgtcagggcaaggtgctggacaagatcagegtgeactacaacatcggtcacctgatgacgatggaaggte
actctgecgatccgaagggecgttacctggtggcgecgaacaagetggegategaccgtttcgtgeeggtgggeecgetgeac
ccgcagaaccaccagctgatcgacatcagcaacgacaagatgcaactgetgtacgacatgecgetgeegetgggegageege
actacgtggttgccatcgaagegacgaagcetgaagecgggegtgcgetacaaggtgggcacggacageegtacggacaage
cgcacccgggtgecgticgegecggecgaagagacgacgacgaagaagggcaacaagatcgaggtgaagggcacgcetgat
ccgetegeacatcacgectgagacgatcgaggeggaagtgggcgacgaaatcacggtgeacctgacgaacctggagegtec
gcaggacgagacccacggctttacggtgtcgacctacaacgtgcatgegtcgatcgagectggecaagacggtgacggtgaag
ttcaaggccgacaaggaaggcegtgtatccctactactgcacgtacttetgete

>corco’
ccgeacggegecgacgtcaggecggacggceaagtacatggtegtggecggeaagettgatccgeatgtcaccatctactegtt
cgacaagatgatgcaggcgatcgaaaacgaggcectacaccgecgacgaattcggceattccgatectcaacttcgacgacgtca
tgetggegeaggtagaactgggattggggccgetgcacacgeaatttgacgacaagggeaacgectacaccagectcettecta
gacagtgcggttgcacgcetggagectgggtggtgacgacceggecggetgtecagetgetcgagaagetgecggtacagtaca
acatcggccatattgcgtcggecgaaggcegacacagtcageccggacggceaactacctggttgegetcaacaagtggteggte
gaccgcttcctctcgacaggaccgetcaagecgeagaatgageagetgetcgacatcggecagegacacgatgagegtgattta
cgacatgccgatgggcattggcgaaccgcattatgecgecagatgatcagggecgacaggatcacggectgggaatectaccee
caggtgggttgggatccggtaacccaggegecatctgagtitgeccaccatgeecgggeaggagegegtegagegegacggce
aatcatgtggaagtcttcatgaccgcetgtgegetcgeacctgaacccggaacacgtcaatctcaagaagggtgaccaagttacgt
ggcacattacgaacatcgagacggccccggatgecacgeatggcetttgaccttggtggocaaaacatcagectgageatcgaa
ccgggegaaacgacaacctticgagtttgtcgecgaccagageggtacgtttgeegtactactgcacccaattctgete
>corco8
ccgeacggcegtegatgtgaggccagacggceaaatacatcatcggeageggeaagetgetgtegatcaccaccaccttcaatat
ggagaagatcctcaccgecatcgagaacaaggacttcaccggggatgaagacggeatcecegtectcgattacgagaaggte
aaggatgccgaagtcgaagteggactgggaccgetgeacacgceaattcgatgatcagggcettcgectacacgagectctttgte
gagagcgeggtggcgaagtggaagetcggeagetgggaggtggtcgacaagatticcgatcacctacaacatcggecateteg
cgacggccgagggcegacacggtcaatccggacggcaaatatctggtegegetcaacaagetctegeacgggegacateteg
gegteggeccgtegeageccgagagticgeagetgatcaacatcacgggegagaagatgaggetgctctacgatgecttcace
gagccggagcecgeactacgegeagatgatcaaggecgacaaactgcagecgatcgaggtctacccgaaggaggagaacaa
gaacccgcacgegatctgggacgtcaaggacgegggagtcgagegeageggegcetaatgtgacggtgaagatggtegeegt
ccgcagcacactcgaaccgacttcgatcgaggtcaaccagggegaccgggtgacgatctacatcaccaacatcgageagacg
accgatgagctgcacgggttcgggctcaatgaacacaatatcaatgtggtgatcgatccgggegagaccaagacgattcagttt
gtcgecgacaagecceggcegtetttccctactactgecacctacttetgete
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>mwwt10
ccgeacggtgtggatgtcaggecagacggcaagttcatggtegtggecggeaagetcgacaccecacgtgteggtetacagett
cgagaagatccaggccgcecatcaaggecggcaagttcgagagcaaggaccegtacggceatcceggtgatcgegatgaagga
cgegetgcacacgcaggtgtegetcggecteggeccgetgeacacgeagtacgacageaagecttgectggectacacgtcg
ctctacgtcgactcgcaggtcgegaagtggaacttctgegaaggcaaggtegtcgacaagatcagegtgcactacaacategg
ccacctgatgacgatggagggcegactccaccaageccggeggcaagtacetggtggegetgageaagetggegategaccg
cttcgtgecggtgggcccgetgeaccegeagaaccaccagetgate

>mwwt100
cggcaagttcatggtcgtggccgacaagetcgacacccacgtgteggtetacagettcgagaagatccaggecgecatcaagg
ccggcaagttcgagagcaaggacccegtacggeatcccggtgatcgegatgaaggacgegetgecacacgeaggtgtegeteg
gecteggeccgetgeacacgcagtacgacagcaagecttgectggectacacgtegetetacgtcgactcgecaggtegegaag
cggaacttctgcgaaggcaaggtegtcgacaagatcagegtgcactacaacatcggecacctgatgacgatgggggacgact
ccaccaageccggeggceaagtacctggtggcgetgaacaagetggegatcgaccgettegtgeeggtgggccegetgeace
cgcagaaccaccagctgatcgacatcagcaacgacaagatgcagcetgetgtacgacatgecgetgecgetgggtgagecgea
ctatgcggtgtcgatcgecggecaacaagetcaagecggecgticgetacaaggtcgggaccgacagecggaccgatgagec
>mwwt102
cgtgagaccggacggcaagttcatcatcgtgtcgggcaagetcgacacgceacaccatggtgtactcgttcgacaagatticagga
ggccatcaaggegaacaagttcgagggcaaggacceegtacggceattcecatcatcggaatgaaggacgegetccacaagea
ggtcgagetecggectecgggecgetgecacacgeagtacgacaccaagecgtgeatcggcetacacctegatgtacgtecgacteg
caggtggcgaagtgggactactgcgagggcaaggtgctcgacaagetgtecggtgcactacaacatcggecacctcatgacga
tggaaggcgactcggtgaagecgaagggtcgctacctggtegegetcaacaagetggecatcgaccgcettcaacceggtegg
cccactgeacccgeagaaccaccagetcatcgacatctcgaacgacaagatgcagetgetctacgacatgecgetgeegeteg
gtgagccgceactacgeggtecgecatcagegecgecacccetgaagectggegttcgetacaaggtcggeaccaacageegea
ccgacgagaageaccegggegecegtgegegeaggegaagagaagategticgttcgecgggcaaggtegaggtgtteggta
cgctgatccgetecgeacatcaccccggagatcatcgaggtegagaagggegacgaggtgaccatcaacctcaccaacctega
gegegeggaagacgagacccacggcettcaccatcagegegatgaacgtgcacgegteggtegageccggeaagacggtcte
ggtgaagticaaggccgagegegagggcgtgticecttactactgcacccaattetgete

>mwwt103
cgatgtgaggccagatggcaagtacatggtcgtctccggeaagetcgacacccacgtetcggtctacagettcgagaagatcea
ggecegecatcaaggecgggaaattcgagagcaaggaccectacggeatcccggtgateggeatgaaagaggecctgeacgt
geaggtgccgeteggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacctegetttacgtggact
cgcaggtcgccaagtggaacttctgegaaggcaaggtgctcgacaagatcagegtgeactacaacatcggecacctgatgace
atggagggcgactccaccaagecggecggceaagtacctecgtcgegetgaacaagetggecatcgacegettegtgecggtgg
geecgctgeaccegeagaaccaccagetgatcgacatctccggegacaagatgeagetgetctacaacatgecgetgeegetg
ggcgagcecegceactacgtecgtcgecatcgatgeccaagaagetcaageegggggtgcgetacaaggteggecaccgacagecge
accgacaagccgcatccgggegecgtgegegecg

>mwwt104
ccgeatggggccgacgtcactcccgatggeaagtacatcatcggetegggceaageteccagggegtecacgaccgecttcaactt
cgagaagatccagaccgccatcaagaacaaggacttcacgggcegacgaggacggcatccccatectcaagtacgagtcgate
aaggacgccgaggtgccggteggectegggecgetgcacacacagttcggaccgaacggegaagectacacgtegetctte
gtcgacagcgcecatcgecaagtggaagetcggeacgtgggaagtcatcgacaagatcecgatgtectacteccatcggtcaccet
caccgcecgeggaaggegacaccgtcaatccggatggceaagtacctgateggectcaacaagetctegeacggacggceatetg
aacgtcggtccttctcagcccgagtectctcaactcgtcgacaccacggaggagaagatgaagetcectetatgacgece
>mwwt106
gacgtctgaccggatggcaagttcatggtcgtggccggcaagetcgacacccacgtgteggtctacagettcgagaagateca
ggecegecatcaaggecggeaagttcgagagcaaggacccgtacggeatectggtgatcgegatgaaggacgegetgeacac
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geaggtgtcgctecggectecggeccgetgecacacgeagtacgacageaagecttgectggectacacgtecgetctacgtegact
cgecaggtcgcgaagtggaacttctgcaaaggeaaggtegtcgacaagatcagegtgeactacaacatcggecacctgatgac
gatggagggcgactccaccaageccggeggceaagtacctggtggegetaaacaaget

>mwwtl 1
ccgeatggggaccgacgtgtgtccggatggcaagttcatgacegtttcecggcaagetggacacccacgtttcggtctattectteg
agaagatccaggctgcgatcaaggccggcaagttcgaatccaaggatcegtacggceattceggtgatcgggatgaaggatge
gctgcatacccaggtccageteggtetecggteecttgcacacccagtacgattccaagecctgtatcgectacacctegetgtatg
tcgattctcangtcgtcaaatggaatcactgegaaggceaggtactcg

>mwwt13
cctcacggggtggatgtgtgaccagacggcaagtacatcategteggeggeaagetggacacccacgegtecgtgtatagett
cgacaagatcatggccgecatccaggecggcaagttctagtccaaagatc

>mwwt14
ccgcatggggccgacgtcactcccgatggeaagtacatcatcggetcgggcaagetccagggegtecacgaccegecttcaactt
cgagaagatccagaccgecctcaagaacaaggacttcacgggegacgaggacggceatccccatectcaagtacgagtcgate
aaggacgccaaggtgccggteggectecgggccgeteccacacactgttaggaccgaaaggcaaaacctacacgtegcettttegt
cgacagcg

>mwwtl7
ccgeacggtgtggatgtcagaccagacggcaagttcatggtcgtggccggeaagetcgacacccacgtgteggtctacagett
cgagaagatccaggccgcecatcaaggecggcaagttcgagagcaaggaccegtacggceatcceggtgatcgegatgaagga
cgegcetgcacacgeaggtgtegetcggecteggecegetgeac

>mwwtl8
ccccatggegtggacgtgtgaccagacggcaagttcatggtecgtggccggeaagetcgacacccacgtgteggtctacagett
cgagaagatccaggccgcecatcaaggecggcaagttcgagagcaaggaccegtacggceatcceggtgatcgegatgaagga
cgegetgcacacgcaggtgtegetcggecteggeccgetgeacacgeagtacgacageaagecttgectggectacacgtcg
ctctacgtcgactcgcaggtcgegaagtggaacttctgegaaggcaaggtegtcgacaagatcagegtgcactacaacategg
ccacctgatgacgatggagggcegactccaccaageccggeggcaagtacetggtggegetgaacaagetggegatcgaceg
cttcatgcecggtgggcccgetgcacccgecagaaccaccagetga

>mwwt20
ggatgtgagtccggacggceaagttcctgaccgtcgecggeaagetcgacacccatgtetecgtttattccttcgagaagatccag
getgecatcaaggecggeaagttcgaatccaaggatecgtacggceaticeggtgatcggeatgaaggatgegetgeataccca
ggtccageteggecteggeccgetgeatacccagtacgacagecaagecttgtatcgectacaccteectttatgtcgattcgeaa
gtcgtcaaatggaatcactgtgaaggcaaggttctcgacaagatctcecgtgeactacaacatcggtcacctgatgaccatggaag
gtgactcggecgatccgaagggtegttatctggtggcactgaacaagetgtcgatcgategtitcaatccggttggecegetgeat
ccgcagaaccaccagttgatcgacatcagcaacgacaagatgcaactgcetctacgacatgecggtaccgeteggtgagecgea
ctatgtggtcgccatcgaageggecaagetgaagecgggegtecgttacaaggtcggeaccaacagecgtaccgacaaaccg
aatccgggcegceagtccgggecggtgaggaacataccgacaagaaaggceaacaagatcgaagtcettcggtacgetgatecgtt
cgcacatcaccccggaaacgatcgaggctgaagtcggcgacgaaatcaccatccatttgaccaacctcgaacgegeccagga
tgaaacccacggtttcgcggtatcgaccttcaacgtgcatgetteggttgagececgggcaagacggtcaccgtcaagticaagge
cgacaaggaaggcgtctatcce

>mwwt21
ccccatggegtggatgtgageccggacggcaagttcatcatcgtgtcgggcaagetcgacacgeacaccatggtgtactegtte
gacaagattcaggaggccatcaaggcgaacaagticgagggcaaggaccegtacggcattcccatcatcggaatgaaggacg
cgctccacaagceaggtcgagetecggectcgggecgetgecacacgcagtacgacaccaagecgtgeatcggetacacctegat
gtacgtcgactcgcaggtggcgaagtgggactactgcgagggcaaggtgctcgacaagetgtcggtgcactacaacategge
cacctcatgacgatggaaggcgactcggtgaagecgaagggtegetacctggtegegetcagecaagetggecatecgaccgett
caacccggtcggeccactgcacccgecagaaccaccagcetcatcgacatctcgaacgacaagatgeagetgetctacgacatge
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cgetgecgeteggtgagecgeactacgeggtegecatcagegecgecaccctgaagectggegttegetacaaggtcggeac
caacagccgcaccgacgagaageaccegggegengtg

>mwwt22
ccgeacggtgtggatgtgagaccagacgggaagtacatcgtegtttcgggeaagetegatecgeatgtgaccgtctacagette
gagaagatccagaaagcgatcgctgacgggaattacgageccagatgegttcggtgttccggtgctegacttcaagtectgtgte
gaagctcaggtggagctcggtettgggecectccacacgeagticgacgacaagggcttegettacaccagectcttecetcgac
agcggtatcgecgeggtggaaggtcggeggcgaaggagtcgaagacggctggacgetggtegacatgattccgatgeaatac
aacaccggccacatctgegtcgecagagggtgacaccgtttcceeggecgggceattacatgatcggeatgaacaagtgggeget
cgatcgcttccacceggtgggaccgcetgetgeccccagaacttecatttgatcgacatcagtggegageagetggaactgatetac
gacatgccgattggcatcggegagecgeactacgtccanatgate

>mwwt23
ccgeacggtgtggatgtgagaccagacgggaagtacatcgtegtttcgggeaagetegatecgeatgtgaccgtctacagette
gagaagatccagaaagcgatcgcetgacgggaattacgagccagatgegttecggtgticeggtgctegacttcgagtectgtgte
gaagctcaggtggagetcggtettgggecectccacacgeagticgacgacaagggcttegettacaccagectcttecetcgac
agcggtatcgcgeggtggaaggtcggeggcgaaggagtcgaagacggctggacgetggtegacatgattccgatgeaatac
aacaccggccacatctgegtcgecagagggtgacaccgtttcceeggecgggceattacatgatcggeatgaacaagtgggeget
cgatcgcttccacceggtgggaccgcetgetgeccccagaacttccagttgatcgacatcagtggegageagetggaactgatcta
cgacatgccgattggcatcggegagecgeactacgtccagatgatcaagtengagegectcgagaacatctggggaggtctat
cccggaggt

>mwwt24
ccgcatggtgtggatgtgtgegccggacgggaaatacttcatcgggageggcaaactgeaatcgatcacgacggegtacaacgt
cgagaagatgctgaccgegatticagaagaaagatttcageggcaacgaagacggceattccggtettgaactacgacagegtea
aggatgcggaggtcaacgtcggtetggggccgetgeacacgeagttcgacgatcagggttatgegtatacaagectcttegteg
aaagcgcggtecgegaagtggaageteggeagttgggaggtegecgacaagattccggtcagetacaacatcggecacctgge
cacggctgaaggcegatacggtcaatccggacggcaaatatetggtagegetcaacaagetetcgeacgggegecatcttgggg
ttggtcegtegecageccgagagetcgeagetgatcaacatcageggegagaagatgaagetgetctacgacgegtttaccgaa
cctgagecgceattacgeccagatcatcaaagecgacaagcetgaaacccticgaggtctatccgaaggagcagaacaaaaatce
gecacgcgatctgggacgtcaaggacgcecaaggtcgaacgcaacggegecaatgtgacggecaagetggtegeegtecgga
gcagcttcgaaccgaccaagcttgaggtcaaccagggagacaaggtgacgattcacatcaccaatatcgaacagacgaccgat
gagctgcacggattcggattgaacgaatacaacatcaacgtggtgatcgatccgggegagaccaaaacgatcgagttcactge
ggataaacccggcegtcttcecttactactgcacctaattetgete

>mwwt25
ccgeacggggtggatgtgtgoccggatggcaagaacatcatcgtggecggceaagetcgacacccacgtgteggtetacagttt
cgagaagatccaggceggcegatcaaggecggcaagticgagtccaaggacccgtatggeatcecggtgatcgegetgaaggat
gcectgeacacccaggtgtegetgggectggggcccctgecacacgcagtacgacageaagtectgeaccgegtacacctege
tgtacgtggactcgcaggtggccaagtggaactattgecgaaggcaaggtgetcgacaagatcagegtgcactacaacateggt
cacctgatgacgatggagggtgactccaccaagecggecggeaagtacetggtggcgetgaacaagetggecatecgaccgttt
cgtgeeggtgggeccgetgeaccegeagaaccaccagetgatcgacatctcengegacaagatgeagttgetgtacgacatg
ccgetgecgetgggtgagecgeactatgeggtggecatcgeggecaacaagetcaageeggeagtgegetacaaggteggce
ac

>mwwit28
ccgeacggggtggatgtgtggccggatggcaagaacatcatcgtggecggeaagetegacacccacgtgtecggtctacagttt
cgagaagatccaggcggcegatcaaggecggeaagttcgagtccaaggaccegtatggeatceccggtgatcgegetgaaggat
gecctgeacacccaggtgtegetgggectggggecccetgecacacgeagtacgacageaagtectgeaccgegtacacctege
tgtacgtggactcgcaggtggccaagtggaactattgecgaaggcaaggtgctcgacaagatcagegtgcactacaacatcggt
cacctgatgacgatggagggtgactccaccaagecggecggeaagtacctggtggegetgaacaagetggecatcgacegttt
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cgtgeeggtgggcccgcetgeacccgeagaaccaccagetgatcgacatctccggegacaagatgeagttgctgtacgacatg
ccgetgeecgetgggtgagecgeactatgeggtggecatcgeggecaacaagetcaageeggeagtgegetacaaggtegea
ccgacgcecgeaccgataanaaacaccccg

>mwwt29
ccccatggtgtggatgtgageccggatggcaagtacatggtegtetcecggeaagetegacacccacgtcteggtctacagettc
gagaagatccaggcecgcecatcaaggecgggaaattcgagagcaaggaccectacggeatceceggtgatcggeatgaaggag
gecectgeacgtgeaggtgecgeteggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacetege
tttacgtggactcgegggtecgecaagtggaacttctgegaaggeaaggtgctcgacaagatcagegtgeactacaacatcggte
acctgatgaccatggagggcgactccaccaagecggecggcaagtacctcgtecgegetgaacaagetggecatcgaccegcett
cgtgeeggtgggeccgetgeatccgecagaaccaccagetgatcgacatcagcaacgacaagatgcagttgetctacgacatge
cgctgeegetgggegagecgeactacgtegtegecatcgatgeccaagaagetcaageegggggtecgetacaaggtecggea
ccgacagecgeaccgacaagecgeatcegggegeegtgegegecggegaagagaagaccgagaggaagggcaacaagg
tcacggtctggggcacgctgatccgetcgeacatcacgeccgagaccatcgaggeggaagtgggcgacgaggtcaccatee
acctgaccaacctcgagegegeccaggacgagacccacggcettcacggtgtcgacctacaacctgeacgcettcggtegagec
gggcaagacggtgacggtgaagticaaggeccgacaaggaaggcegtctaccectactactgecacgtatttetgete
>mwwt31
ccccatggtgcggatgtgageccggatggcaagttcatgaccgtttccggecaagetggacacccacgtttcggtctattectteg
agaagatccaggctgcgatcaaggccggcaagttcgaatccaaggatccgtacggceattceggtgatcgggatgaaggatge
gctgcatacccaggtccagetecggtetecggteecttgecacacccagtacgattccaagecctgtatcgectacacctegetgtatg
tcgattctcaggtcgtcaaatggaatcactgecgaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgat
gaccatggaaggcgattcggctgatccgaagggtegetacctggtggcgetgaacaagetggegatcgaccgcetttgtgeegg
ttggcecgetgeatccgeaaaatcaccagetgatcgacatttctaacgacaagatgceaattgttgtacgacatgecgetgeegttg
ggtgagecgeactacgetgtggecatcgaagecageaagetgaageegggcegtgegetacaaggteggeaccgattceege
acggacaggccgeacceeggeatggttcgegecggegaagaacgeaccgagaagaagggcaacaagatcacggtetacg
gtacgttgatccgttcccacatcaccccggaaacgatcgaggcetgatgtcggegacgaagtcaccatccacctgaccaaccteg
aacgtgcccaggacgaaacccatggtttcacggtgtccacgatgaacgteccacgcettcggttgaaccgggeaagacagtgace
gtcaagttcaaggctgacaaggaaggcgtctatccgtactactgcacccagttetgete

>mwwt32
cctcacggtgtggacgtgagacccgacggcaagtacatggtegtetccggeaagetcgacacccacgtetcggtctacagette
gagaagatccaggccgcecatcaaggecgggaaattcgagagcaaggaccectacggeatcceggtgatcggcatgaaggag
geectgeacgtgecaggtgecgetecggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacctege
tttacgtggactcgcaggtcgecaagtggaactictgegaaggcaaggtgctcgacaagatcagegtgeactacaacatcggee
acctgatgaccatggagggcgactccaccaagecggecggeaagtacctegtcgegetgaacaagetggecatcgacegett
cgtgeeggtgggeccgetgeatccgeagaaccaccagetgatcgacatcagcaacgacaagatgeagttgetctacg
>mwwt33
cgatgtgtgtccggatggcaagtacatcatcggetcgggceaagetccagggegtcacgaccgecttcaacttcgagaagateca
gaccgccatcaagaacaaggacttcacgggegacgaggacggceatccccatcctcaagtacgagtcgatcaaggacgecga
ggtgecggtecggectegggecgetgcacacacagttcggaccgaacggegaagectacacgtegetcttegtcgacagegec
atcgccaagtggaagctcggecacgtgggaagtcatcgacaagatcccgatgtectactccatcggtcacctcacegeegegga
aggcgacaccgtcaatccggatggcaagtacctgatcggectcaacaagetctcgecacggacggceatctgaacgteggtectt
ctcagcccgagtcctctcaactcgtcgacatcacggaggagaagatgaagcetectctatgacgecttcaccgageccgagecg
cactacgcccagatgatccaccgtgacaaggtcaagecgatcgaggtctacccgaaggaanagaacaageaccegetegeg
atctgggacgtcaaggacgecggegtgacccgecaagggggaacgangttctcgecaaggtegtec

>mwwt34
cctcacggggtcgacgtcagaccggatggcaagttcatgaccgtttccggecaagetggacacccacgtttcggtctattecttcg
agaagatccaggctgcgatcaaggccggeaagttcgaatccaaggatccgtacggceatticcggtgatcgggatgaaggatge
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gctgcatacccaggtccageteggtetecggteecttgcacacccagtacgattccaagecctgtatcgectacacctegetgtatg
tcgattctcaggtcgtcaaatggaatcactgecgaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgat
gaccatggaaggcgattcggctgatccgaagggtegetacctggtggcgetgaacaagetggegatcgaccgcetttgtgeegg
ttggcecgetgeatccgcaaaatcaccagetgatcgacatttctaacgacaagatgceaattgttgtacgacatgecgetgeegttg
ggtgagecegceactacgetgtggecatcgaagecageaagetgaagecgggegtgegetacaaggtcggtaccgattccegea
cggacaagccgeaccecggeatggttcgegecggegaagaacgeaccgagaagaagggcaacaagatcacggtctacggt
acgttgatccgttcccacatcaccccggaaacgatcgaggetgatgtcggegacgaagtcaccatccacctgaccaacctcgaa
cgtgcccaggacgaaacccatggtttcacggtgtccacgatgaacgtccacgettcggttgaaccgggcaagacagtgaccgt
caagttcaaggctgacaaggaaggcgtctatccatactactgcacccatttctgete

>mwwt35
ccccatggegtggatgtgageccggacggceaagttcatcatcgtgtcgggcaagetecgacacgceacaccatggtgtactegttce
gacaagattcaggaggccatcaaggcegaacaagticgagggcaaggaccegtacggcattcccatcatcggaatgaaggacg
cgctccacaageaggtecgageteggectcgggecgetgeacacgeagtacgacaccaagecegtgeatcggetacacctegat
gtacgtcgactcgecaggtggegaagtgggactactgcgagggcaaggtgctcgacaagetgtecggtgcactacaacategge
cacctcatgacgatggaaggcgactcggtgaagecgaagggtegetacctggtcgegetcageaagetggecatcgaccgett
caaccecggteggeccactgcacccgecagaaccaccagcetcatcgacatctcgaacgacaagatgeagetgetctacgacatge
cgetgecgeteggtgagecgeactacgeggtegecatcagegecgecaccctgaagectggegttegetacaaggtcggeac
caacagccgcaccgacaagaageaccengggegeegtgegegeaggce

>mwwt37
ccccatggegtggatgtgacaccggacggeaagttcatcaccgtttccggcaagetcgacacgeacgtttcggtctattegttcg
acaagatccaggccgcaatcaaggecggcaagttcgagtcgaaggacgectacggeatceceggtgatcggeatgaaggacg
cgttgcacgegeaggtccagetcggecteggeccgetgeatacgeagtatgacgecaagecttgegttgectacacctegetet
acgtcgattcgcaggttgccaagtggaacttctgecgaaggcaaggtgetcgacaagatcagegtgcactacaacatcggtcacc
tggtcacgatggaaggcgactcggtcgatccgaaagggcgttatctgatcgegetgaacaagetggegategacegcettegtte
cggttggcccgetgecaccegeagaaccaccagttgatcgacatcagcaacgacaagatgecagetectgtacgacatgecgetg
ccgeteggegagecegeactacgtegtegecatcgaggecggeaagetgaageegggegtgegetacaaggtcggeaccga
cagccggaccgacaagecgeaccegggagecgtgcgegecggegaananaan

>mwwt42
cctcacggggceggacgtgaccccagatggceaagttcatcacegtttccggeaagetcgacacgceacgtttcggtctattegttcg
acaagatccaggccgcaatcaaggecggceaagticgagtcgaaggacgectacggeatceeggtgatcggeatgaaggacg
cgttgcacgegceaggtccagetecggectecggeccgetgeatacgecagtatgacgecaagecttgegttgectacacctegetct
acgtcgattcgcaggttgccaagtggaacttctgcgaaggceaaggtgctcgacaagatcagegtgeactacaacatcggtcace
tggtcacgatggaaggcgactcggtcgatccgaaagggcgttatctgatcgegetgaacaagetggegatcgaccgettegttc
cggttggcecgetgeaccegeagaaccaccagttgatcgacatcagcaacgacaagatgeagcetectgtacgacatgecgetg
ccgeteggegagecgceactacgtegtecgecatcgaggecggeaagetgaageegggegtgcgetacaaggtcggeaccga
cagccggaccgacaagecgeaccegggageegtgegegeeggegaag

>mwwt43
gtgtgaccggacggcaagtacatcgtegtctccggeaagetegattcgeacaccttegtctacagettcgagaagatgeaggec
ctgatccaggcgggcegaattcgegggtaaggatccgtacggcattcccatcctggatetgecagaagtegetgecacacgecagac
cgagctggggctgggceccectgecacacgcagtacgatgcagectectgegttgectacaccteectetacgtggactcgatggt
ggccaagtggaactattgcgagggcaagetgetggatecggcetctcggteccactacaacatcgggceacctgatgacgatgeacg
gegacaccgtggetcecggaaggcecattatctggtggegetcgacaagetggegatcgacegettecagecegtgggeccget
gcatccgcagaaccaccagetcatcgacatcageggegagaagatggagetgctctatgacatgeegetgecgeteggegag
ccgcactacgcggtggcgatcaacgecagectgetcaagecgegeaaccagtacaagetgggeaccaacagecaggacggg

ggaggactccgecttcaagaccagggecggecgegageacgtcgacaagacgecgggeaaggtggaggtattcggcacca
cgatccgatcgcacatcacccccgagatcatcgaggtggaagaaggegatcaggtgatcatccacctgacgaaccaggageg
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ggcecgaggatcagacgeatggattcacggtggacacctacaacgtgaacgectcgatcgagecgggcaagacgatcacggt
gagcttcgtggegagcaaggegggcegtttatccgtactactgecacccaattetgete

>mwwt44
ccgeatggggtggatgtetcgecggacggeaagtacatecgtegtcggeggcaagetcgacagecacgeattggtetacagett
cgagaagatccaggeggegatcggegecggecgettcgagtcgaaggatcegtacgggatecceggtgatecgegetcaagga
cgegatccacgtccaggtgecgeteggecteggaccgetgecacacgeagtacgactecggegeegtgeatcgectacacgtcg
ctgtacgtcgattcgcaggtcgegaagtggaactactgecgagggeaaggtegtecgacaagetgtcggtecactacaacateggt
cacctgatgacgatggagggcgatticgacgaaaccgggceggcaagtacctggtcgegetcaacaagetegegatcgaccget
tcgtgeecggtgggccegetgeatccgecagaaccaccagetgatcgacatcagcaacgacaagatgeagettcetctacgacatg
ccgetgeecgeteggtgagecgeactacgecgtetecgategecgectecgaagetcaageeeggggtgegetaceggggecgg
caccgacagccgeaccgacaagecgeacccgggageggtgaaggecggacaggagaagatcgtcaagaagggceaacaa
ggtegaggtgttcgggacgetgatecgetecgeacatcacgecggagaccatcgaggtcgacgteggtgacgaggtcacgate
cacctgtcgaacctggagagagegeaggacgagacgcacggcttcaccgtgtcgacgtacaacgtgcacgegtegategag
ccgggeaagacggtcagegtegtettcaaggecgacaaggaaggcegtetatcectactactgeacgtaattetget
>mwwt47
ccgeacggtgtggatgtgtgtccagacggcaagttcatgacegtttccggeaagetggacacccacgttteggtcetattecttcga
gaagatccaggctgcgatcaaggecggcaagttcgaatccaaggatcegtacggeattccggtgatcgggatgaaggatgeg
ctgcatacccaggtccageteggteteggteccttgecacacccagtacgattccaagecctgtatcgectacacctegetgtatgt
cgattctcaggtcgtcaaatggaatcactgcgaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgatg
accatggaaggcgattcggctgatccgaagggtcgetacctggtggcgetgaacaagetggegategacegetttgtgeeggtt
ggeccgcetgeatccgecaaaatcaccagetgatcgacatttctaacgacaagatgceaattgttgtacgacatgecgetgecgttgg
ggtgagecgceactacgetgtggecatcgaagecageaa

>mwwt48
ccccatggtgtcgatgtgtgtccggatggeaagttcatgaccegtttccggeaagetggacacccacgtttcggtctattecttcgag
aagatccaggctgcgatcaaggecggcaagttcgaatccaaggatcegtacggeattccggtgatcgggatgaaggatgegct
geatacccaggtccagceteggtetcggteccttgecacacccagtacgattccaagecectgtatcgectacacctegetgtatgteg
attctcaggttgtcaaatggaatcactgcaaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgatgacce
atggaaggcgattcggctgatccgaagggtegetacctggtggegetgaacaagetggegategacegcetttgtgecggtigg
ccecgetgeatccgcaaaatcaccagetgatcgacatttctaacgacaagatgceaattgttgtacgacatgecgetgecegttgggtg
agccgcactacg

>mwwt52
gattcggtcgatcccaagggecgttatctggtggecctgaacaagetggegatcgategetttgtceeggtgggtecectgeace
cgcagaaccatcagctgatcgacatcagcgaagacaaaatgcagcettetttacgacatgecgetgectetgggtgagecgeact
acgtggttgccatcgaggecggeaagetgaagecgggegttcgetacaaggtecgggaccgacagecggaccgacaagecg
cacccgggtgccgtacgggecggegaggaaaagacggtcaagaagggcaacaagatcgaggtettcggeaccetgateegt
tcgcacatcacgccggaaacgatcgaggctgaggtcggegacgaagtgacgatccacctcaccaaccttgaacgegegeag
gacgagacgcacggcttcacgatttcgacctacaacgtgcatgegtecggtcgagecgggcaagacggtcagectcaagttcaa
ggcggacaaggagggtgtctatccttactactgecacctacttetgete

>mwwt53
ccgeacggegtggatgtgaggccagacggceaagttcatgaccgtitccggeaagetggacacccacgtttcggtctattecttcg
agaagatccaggctgcgatcaaggccggcaagttcgaatccaaggatccgtacggceattccggtgatcgggatgaaggatgce
getgeatacccaggtccageteggtcteggtecettgecacacceagtacgattccaageccegtatcgectacacctegetgtat
gtcgattctcaggtcgtcaaatggaatcactgcaaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgat
gaccatggaaggcgattcggetgatccaaagggtegetacctggtggegetgaacaagetggegatcgacegetttgtgeegg
ttggcecgetgeatccgcaaaatcaccagetgatcgacattttctaacgacaagatgceaattgttgtacgacatgecgetgeegtt

gg
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>mwwtS5
cctcacggtgtcgacgtgtgtceggatggeaagttcatcatcgtegecggeaagetecgacacgeacgtttcegtgtattecttega
gaagatccaggccgcecatcaaggecggcaagttcgaatccaaggatcectacggeatcecggtgatcggectcaaggacgeg
gtgcagacgeaggtttcgetgggectgggeccgetgeatacccagtacgacagcaagecctgectggectacacctegetcta
cgtcgactcgecaggtcgecaagtggaactactgcaaaggcaaggtggtggacaagatttcggtccattacaacatcggecacct
gatgaccatggaatgcgattcgaccaagecggecggceaagtacctegtcgegetgaacaagetgtcgatecgacegettegtee
cggtcggeecgetgecagecgeagagecaccagetgatcgacatcagecaacgacaagatgegtetgetctacgacatgecgttg
ccgetgggegagecgceattacgecgtetegateg

>mwwt57
ccccatggggtegatgtgtggcccgacggeaagttcatggtegtggecggeaagetecgacacceacgtgteggtetacagette
gagaagatccaggccgcecatcaaggecggceaagticgagagcaaggaccegtacggeatccecggtgatcgegatgaaggac
gegetgeacacgeaggtgtegetcggectecggeccgetgeacacgeagtacgacageaagecttgectggectacacgtege
tctacgtcgactcgcaggtcgegaagtggaacttctgegaaggcaaggtegtcgacaagatcagegtgcactacaacatcgge
cacctgatgacgatggagggcgactccaccaageccggeggceaagtacctggtggegetgaacaagetggegategacege
ttcgtgecggtgggccegetgecaccegecagaaccaccagetgate

>mwwt60
gtggatgtgaggcccgacggeaagaacatcatcgtggecggeaagetcgacacccacgtgteggtetgeagtitcgagaagat
ccaggceggcegatcaaggecggeaggttcgagtccaaggacceegtacggeatececggtgatcgegetgaaggatgeectgea
cacccaggtgtcgetgggcctggggccectgcacacgeagtacgacagceaagtectgecaccgegtacacctegetgtacgtg
gactcgecaggtggecaagtggaactactgcaaaggceaaggtgctcgacaagatcagegtgeactacaacatcggtcacctgat
gacgatggagggtgactccaccaagecggecggcaagtacctggtggcgctgaacaag

>mwwt66
ggatgtgtgccecggatggcaagtacatcatcggetcgggcaagetccagggegtecacgaccgecttcaacttcgagaagatee
agaccgccatcaagaacaaggacttcacgggcegacaaggacggcatccccatcctcaagtacgagtcgatcaaggacgecg
aggtgccggtcggectcgggecgetgeacacacagticggaccgaacggegaagectacacgtegetettegtecgacagege
catcgccaagtggaagetcggeacgtgggaagtcatcgacaagatccegatgtectactccatcggteaccetcacecgeegegg
aaggcgacaccgtcaatccggatggcaagtacctgatcggcectcaacaagetctcgecacggacggceatctgaacgteggteet
tctcageccgagtectetcaactcgtegacatcacggaggagaagatgaa

>mwwt67
agaccagacggcaagtacatggtcgtctccggeaagetcgacacccacgtetcggtetacagettcgagaagatccaggecge
catcaaggccgggaaattcgagagcaaggacccctacggceatcccggtgatcggcatgaaggaggecctgeacgtgcaggt
geegeteggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacctegctttacgtggactecgeagg
tcgccaagtggaacttctgcaaaggcaaggtgctcgacaagatcagegtgcactacaacatcggtcacctgatgaccatggag
ggcgactccaccaagecggecggceaagtacctegtcgegetgaacaagetggecatcgacegettegtgecggtgggeccg
ctgcatccgecagaaccaccagetgatcgacatcagcaacgacaagatgecagttgetctacaacatgecgetgecgetggggcg
agccgcactacgtentence

>mwwt68
ccgeatggggtggacgtcacgccggacggceaagttcatgaccgtitccggeaagetggacacccacgtttcggtctattectteg
agaagatccaggctgcgatcaaggccggceaagttcgaatccaaggatccgtacggceattccggtgatcgggatgaaggatgce
getgeatacccaggtccageteggtcteggteccttgeacacccagtacgattccaagecctgtatcgectacacctegetgtatg
tcgattctcaggtcgtcaaatggaatcactgcaaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgatg
accatggaaggcgattcggctgatccgaagggtcgetacctggtggcgetgaacaagetggegategaccgetttgtgeeggtt
ggcccgetgeatccgeaaaatcaccagetgatcgacatttctaacgacaagatgcaattgttgtacgacatgeegetgeegttgg
gtgagccgceactacgetgtggecatcgaagecageaagetgaagecggggegtecgetacaaggteggtaccgattecegea
cggacaagccgceaccccggeatggticgegecggegaagaacgeaccgagaagaagggcaacaagatcacggtetacggt
acgttgatccgttcccacatcaccccggaaacgatcgaggetgatgtecggegacgaagtcaccatccacctgaccaacctcgaa
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cgtgcccaggacgaaacccatggtttcacggtgtccacgatgaacgtccacgcetticggttgaaccgggcaagacagtgacegt
caagttcaaggctgacaaggaaggcgtctatccctactactgcacctatttctget

>mwwt71
tgecggttggcccgetgeatccecgeaaaatcacccagetgatcgacatttctaacgacaagatgeaattgttgtacgacatgecg
ctgeegttgggtgageecgeantacgetgtggccatcgaagecageaagetgaageegggegtgegetacaaggteggtaceg
attcccgceacggacaagtcgeacceeggeatggttcgegecggegaagaacgecaccgagaagaagggcaacaagatcacg
gtctacggtacgttgatccgttcccacatcacccecggaaacgatcgaggetgatgtcagegacgaagtcaccatccacctgace
aacctcgaacgtgcccaggacgaaacccatggtttcacggtgtccacgatgaacgtccacgeticggttgaaccgggcaagac
agtgaccgtcaagttcaaggctgacaaggaaggcgtctatccctactactgcacccacttctgete

>mwwt72
cctcatggtgtggatgtgacaccggatggcaagttcatcatcgttgeecggeaagetcgacacgeacgtctecggtgtacagettcg
agaagattcaggccgcgatcaaggecggeaagttcgagtcgaaggacgectacggeatccecggtgctgagectgaaggatte
gctgecatacgcaggtgtecgetgggectecggeccecctgecacacccagtacgacageaagecectgectggectacacctegetgt
atgtggattcgcaggtcgecaagtggaactactgcaaaggcaaggtggtggacaagatttcggtecactacaacatcggecacce
tgatgaccatggaaggcgattcgaccaageccgecggeaagtacctggtggccttgaacaagetctccatcgategtttcgtge
cggteggeccgetgecaaccgeagagecaccagetgatcgacatcagecaacgacaagatgeagetgetgtatgacatgecget
geecgetgggegagecgeactacgecgtgtegattgecgecaacaagetgaagecegeegtgegetacaaggteggeaccga
cagccgcaccgacaagecgeateegggegeggtgegtgccggegaggagaagacggtcaagaagggcaacaaggtcgag
gtcttcgecaccctgatcegetegeacatcacgecggaaaccatcgaggtcgatgtecggegacgaggtgacgatccacctgac
caacctcgagcgegegeaggacgagacccacggcttcaccgtetcgacctacaacacgeatgectcgatcgagecgggceaa
gaccgtcagegtcaagttcaaggecgacaaggaaggtgtctatecttactactgeacctacttetgcete

>mwwt73
agaccagacggcaagtacatggtcgtctccggeaagetcgacacccacgtcteggtctacagettcgagaagatccaggecge
catcaaggccgggaaattcgagagcaaggaccectacggeatcceggtgatcggeatgaaggaggecctgeacgtgcaggt
geecgeteggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacctegetttacgtggactcgecagg
tcgccaagtggaacttctgegaaggeaaggtectcgacaagatcagegtgeactacaacatcggteacctgatgaccatggag
ggcgactccaccaagecggecggcaagtacctegtegegetgaacaagetggecatcgaccgettecgtgeceggtgggcceeg
ctgcatccgcagaaccaccagcetgatcgacatcagcaacgacaagatgeagttgetctacgacatgecgetgecgetgggega
gccgeactacgtcgtcgecatcgatgecaagaagetcaagecgggggtgegetacaaggtecggeaccgacagecgeaccga
caagccgceatccgggegeegtgegegecggcgaagagaagaccgagaggaagggcaacaaggtcacggtetggggceac
gctgatccgetegeacatcacgeccgagaccatcgaggeggaagtggecgacgaggtcaccatccacetgaccaacctega
gegegeccaggacgagacccacggcttcacggtgtcgacctacaacctgeacgetteggtecgagecgggcaagacggtgac
ggtgaagtticaaggccgacaaggaaggcgtctacccatactactgcacgtatttetgete

>mwwt75
ccgeacggegtggatgtgageccagacggeaagttcatgaccgtttccggecaagetggacacccacgtttcggtctatteetteg
agaagatccaggccgcgatcaaggccggeaagttcgaatccaaggatecgtacggceatticeggtgatcgggatgaaggatge
gctgeatacccaggtccagetecggteteggtetettgcacacccagtacgattccaagecctgtatcgectacacctegetgtatgt
cgattctcaggtcgtcaaatggaatcactgcaaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgatg
accatggaaggcgattcggctgatccaaagggtcgetacctggtggcgetgaacaagetggegatcgaccgcetttgtgecggtt
ggceccactgeatccgcaaaatcaccagctgatcgacatttctaacgacaagatgceaattgttgtacgacatgecgetgeegttgg
ggtgagcegceact

>mwwt76
cctcatggegtcgatgtgaggccagatggcaagttcatgaccgtitccggecaagetggacacccacgtttcggtctattccttcga
gaagatccaggctgcgatcaaggecggeaagttcgaatccaaggatccgtacggeattceggtgatcgggatgaaggatgeg
ctgcatacccaggtccagcetcggtctecggteecttgecacacccagtacgattccaagecctgtatcgectacacctegetgtatgt
cgattctcaggtcgtcaaatggaatcactgcgaaggceaaggtactcgacaagatctcggtgceattacaacatcggtcacctgatg
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accatggaaggcgattcggctgatccgaagggtegetacctggtggcgcetgaacaagetggegatcgaccgcetttgtgeeggtt
ggeccgcetgeatccgeaaaatcaccagetgategacatttctaacgacaagatgeaattgttgtacgacatgecgetgeegttgg
gtgagccgceactacgecgtggeccatcgaageengcaagetgancegggegtgecgetacaaggteggtaccgattcecg
>mwwt77
ggatgtgtgccecggatggcaagtacatcatcggetcgggcaagetccagggegtecacgaccgecttcaacttcgagaagatee
agaccgccatcaagaacaaggacttcacgggcgacgaggacggeatccccatcctcaagtacgagtegatcaaggacgecg
aggtgccggtcggectcgggecgetgeacacacagtticggaccgaacggcaaagectacacgtegetettcgtcgacagege
catcgccaagtggaagetcggeacgtgggaagtcatcgacaagatcccgatgtectactccateggteaccetcacegeegegg
aaggcgacaccgtcaatccggatggcaagtacctgatcggectcaacaagetctcgecacggacggceatctgaacgteggtect
tctcageccgagtectetcaactcgtcgacatcacgggaggagaagatgaagetectctatgacgecttcaccgageccgagec
gcactacgcccagatgatccaccgtgacaaggtcaageccgatcgaggtctacccgaagga

>mwwt79
agaccagacggcaagtacatggtcgtctccggeaagetcgacacccacgtcteggtctacagettcgagaagatccaggecge
catcaaggccgggaaattcgagagcaaggaccectacggeatcceggtgatcggeatgaaggaggecctgeacgtgcaggt
gecgeteggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacctegcetttacgtggactcgecagg
tcgccaagtggaacttctgcaaaggcaaggtgetcgacaagatcagegtgcactacaacatcggtcacctgatgaccatggag
ggcegactccaccaagecggecggceaagtacctegtegegetgaacaagetggecatcgaccgettecgtgeeggtgggeceg
ctgcatccgcagaaccaccagetgatcgacatcagcaacgacaagatgcagttgetctacgacatgecgetgecgetgggega
gecegceactacgtegtcgecatcgatgecaagaagetcaagecgggggtecgeta

>mwwt80
agaccagacggcaagtacatggtcgtctccggeaagetcgacacccacgtcteggtctacagettcgagaagatccaggecge
catcaaggccgggaaattcgagagcaaggaccectacggeatcceggtgatcggeatgaaggaggecctgeacgtgcaggt
geecgeteggectgggeccgetgeacacccagtacgactcgaaggectgegtegectacacctegcetttacgtggactcgecagg
tcgccaagtggaacttctgcaaaggcaaggtgetcgacaagatcagegtgcactacaacatcggtcacctgatgaccatggag
ggcegactccaccaagecggecggceaagtacctegtegegetgaacaagetggecatcgaccgettegtgeeggtgggeceg
ctgcatccgcagaaccaccagetgatcgacatcagcaacgacaagatgcagttgetctacgacatgecgetgecgetgggega
gcegeactacgtcgtcgecatcgatgeccaagaaagetcaagecggggggtecgetacaaggtcggeaccgacageegeace
gacaagccgceatcegggegeegtgegegeeggce

>mwwt81
gtggatgtgaggcccgacggcaagaacatcatcgtggecggeaagetcgacacccacgtgteggtctgeagtitcgagaagat
ccaggcggcegatcaaggecggeaggttcgagtccaaggaccegtacggceatcccggtgatcgegetgaaggatgeectgea
cacccaggtgtcgctgggcctggggcccctgecacacgeagtacgacageaagtectgecaccgegtacacctegetgtacgtg
gactcgcaggtggccaagtggaactactgcaaaggcaaggtgctcgacaagatcagegtgcactacaacatcggtcacctgat
gacgatggagggtgactccaccaagecggecggceaagtacctggtggcgetgaacaagetggecatcgacegcettcgtgecg
gtgggccegcetgeacccgeagaaccaccagetgatcgacatctccggegacaagatgeagttgetgtacaacatgecgetgec
getgggtgagecgeactatgegggtgtcaatcgeggecaacaagetcaagecggeengtgegetacaagg

>mwwt82
ccgeacggtgtggatgtgacgccggacggeaagttcatcatcgtegecggeaagetecgacacgeacgtttcecgtgtattectteg
agaagatccaggccgccatcaaggecggceaagttcgaatccaaggatccctacggeatceceggtgatcggectcaaggacge
ggtgcagacgeaggttticgetgggectgggeccgetgeatacccagtacgacagcaagecectgectggectacacctegetct
acgtcgactcgcaggtcgccaagtggaactactgcaaaggcaaggtggtggacaagatttcggtecattacaacatcggecac
ctgatgaccatggaaggcgattcgaccaagecggecggeaagtacctegtecgegetgaacaagetgtegategaccgettegt
cceggteggeccgetgecagecgeagagecaccagetgatcgacatcagcaacgacaagatgeatctgetctacgacatgecg
ttgcegetgggegagecgceattacgeegtctegatcgeecgecaacaagetgaageccgeegtgegetacaaggtcggeaccg
acagccgceaccgacaagecgeatccgggegeggtecgtgecggegaggagaagaccgtcaagaagggeaacaaggtcga
agtcttcgccacgcetgatcegttcgcacatcacgectgaaaccatcgaggtegatgtcggegacgaagtgacgatecacctgac
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caatctcgagcgegeccaggacgagacccacggcettcacggtgtcgacctacaacacgceacgcettcggtcgagecgggceaa
gaccgtcagcegtcaagttcaaggecgacaaggaaggtgtctatccatactactgcacccaattetgete

>mwwt83
cctcatggtgeggatgtcacaccagacggcaagttcatggtegtggccggceaagetecgacaccceacgtgtcagtctacagette
gagaagatccaggccgecatcaaggecggceaagetcgagagcaaggaccegtacggeatcceggtgatcgegatgaagga
cgegetgcacacgcaggtgtegetcggecteggeccgetgeacacgeagtacgacageaagecttgectggectacacgtcg
ctctacgtcgactcgcaggtcgegaagtggaacttctgcaaaggeaaggtcgtcgacaagatcagegtgcactacaacatcgg
ccacctgatgacgatggagggceggctccaccaageccggeggceaagtacctggtggcgetgaacaagetggegategaccg
cttegtgeeggtgggeccgetgeacccgeagaaccaccagetgatcgacatcagcaacgacaagatgeagetgetgtacgac
atgccgctgeegetgggtgagecgeactatgeggtgtegatcgeggecaacaagetcaagecggecgttegetacaaggtcg
ggaccgacagecggaccgatgagecgeacccgttcgecaccaaggegggcgaggagaagatcgtcaagaagggceaacaa
ggtegacgtctatgegacgetgatccgetegeacatcacgeccgagacgatecgaggtcgacgtgggtgacgacgtggcgate
cacctgaccaacctcgagegegegeaggacgagacccacggcettcaccgtgtcgacctacaacacccatgegteggtcgaac
cgggcaagacggtgteggtgaagttcaaggecgacaaggaaggegtetacecegtactactgeacccaattetgete
>mwwt84
cctcatggggceggacgtcactccggacggeaagttcatcatcgtgtecgggcaagetcgacacgeacaccatgatgtactegtte
gacaagattcaggaggccatcaaggcgaacaagttcgagggcaaggacccegtacggeattcccatcatcggaatgaaggacg
cgctccacaageaggtegagetecggectecgggecgetgeacacgeagtacgacaccaagecgtgeatcggetacacctegat
gtacgtcgactcgcaggtggcgaagtgggactactgecgagggcaaggtgctcgacaagetgtcggtgcactacaacatcgge
cacctcatgacgatggaaggcgactcggtgaagecgaagggtegetacctggtegegetcaacaagetggecatcgaccgctt
caacccggtcggceccactgcacccgecagaaccaccagcetcatcgacatctcnaacgacaagatgcagetgetctacgacatge
cgetgecgeteggtgagecgeactacgeggtegecatcagegeegecaccectgaagectggegttegetacaaggteggeac
caac

>mwwt85
cccecacggtgecgatgtctcaccggacggceaagttcatcatcgtetcgggcaagetcgacaccceatgtgteggtctacagetteg
agaagatccaggcecgccatcaaggecggceaagttcgagagcaaggacccgtacggeatcccggtcatcgegataaaggacg
cgctggegacgeaggtgtegetgggectgggcccgetgcacacgeagttcgacagecaggaactgegtegectacaccteget
gtacgtcgactcgcaggtcgecaagtgggacttctgegaaggcaaggtgetcgacaagatcagegtgcactacaacateggec
acctgatgacgatggagggtgacagcaccaagccccagggcaagtacctggtggcgetgaacaagetggecatcgaccgett
cgtgeeggtgggeccgetgeaccegeagaaccaccagetgategacatctccgggegacaagatgeagetgcetetacgacat
geegetgeegetgggcgagecgeactacgeggtgtegatcgeggecaacaagetcaagecegeggtgcgetacaaggtegg
caccgacagccgtacggacgagecgeaccegggegecaccaaggegggcgaggagaaggtcgtcaagaagggcaacaa
ggtcgaggtgttcgecgaccetgateccgetcgeacatcacgeccgagacgatcgaggtegacgteggegacgacgtgaccate
cacctgaccaacctcgagegegegceaggacgagacgceacggcettcacggtcagecacctacaacgtgeatgegtecatcgage
cgggcaagacggtcagegtcaagttcaaggccgaccgegaaggegtgtacccatactactgecacctatttetget
>mwwt86
cctcatggggcggatgtgageccggacggcaagttcatgaccgtttccggecaagetggacacccacgtttcggtctattectteg
agaagatccaggctgcgatcaaggccggeaagttcgaatccaaggatccgtacggceatticcggtgatcgggatgaaggatge
gcetgeatacccaggtccagetecggteteggteecttgecacacccagtacgattccaagecctgtatcgectacacctegetgtatg
tcgattctcaggtcgtcaaatggaatcactgcaaaggcaaggtactcgacaagatcteggtgeattacaacatcggtcacctgatg
accatggaaggcgattcggctgatccgaagggtcgetacctggtggcgetgaacaagetggegatcgacegetttgtgecggtt
ggeccgetgeatccgeaaaatcaccagetgatcgacattictaacgacaagatgeaattgttgtacgacatgecgetgecgttgg
gtgagccgceactacgetgtggecattgaagecagecaagetggagecggeagtgegctacaaggteggeaccgacagecgea
ccgatgagaagcaccecggegeagtgcgegegggtgaagaaaagacggtcaagaagggcaacaaggtcgaggtgttcgge
accctgatccgetcgcacatcacacccgagacgatcgaagtggatgtgggcgacgaggtcaccatccacctgaccaacctega

166



gegtgegecaggacgagacccacggettcaccgtgtcgacctacaacacccacgecteggtecgageccggecaagacegtgac
ggtgaagttcaaggecgacaaggaaggtgtgtacccatactactgeacceagttctgete

>mwwt87
ccgeacggegtggacgtetgaccagacggeaagttcatgacegtttccggeaagetggacacccacgtttcggtetattecttcg
agaagatccaggctgcgatcaaggecggcaagttcgaatccaaggatccgtacggeattceggtgatcgggatgaaggatge
getgeatacccaggtecageteggtcteggteccttgecacacccagtacgattccaagecctgtatcgectacacctegetgtatg
tcgattctcaggtcgtcaaatggaatcactgcaaaggcaaggtactcgacaagatctcggtgcattacaacatcggtcacctgatg
accatggaaggcgattcggctgatccgaagggtcgetacctggtggcgetgaacaagetggegategacegetttgtgeeggtt
ggcccgcetgeatcegtaaaatcaccagetgatcgacatttctaacgacaagatgceaattgttgtacgacatgecgetgeegttgg
gtgagccgceactacgetgtggecatcgaagecageaagetgaagecgggegtgcgetacaaggtecgggtaccgattecegea
cggacaagccgeaccceggeatggticgegecggegaagaacgeaccgagaagaagggcaacaagatcacggtctacggt
acgttgatccgttcccacatcacccecggaaacgatcgaggetgatgtecggegacgaagtcaccatccacctgaccaacctcgaa
cgtgcccaggacgaaacccatggtttcacggtgtccacgatgaacgtccacgetticggttgaaccgggcaagacagtgacegt
caagttcaaggctgacaaggaaggcgtctatccatactactgecacccatttctget

>mwwt88
cgatgtgaggccagatggcaagtacatggtegtctccggeaagetcgacacccacgtetcggtctacagettcgagaagatcca
ggecgcecatcaaggecgggaaattcgagagcaaggacccectacggeatcccggtgatcggeatgaaagaggecctgeacgt
geaggtgecgceteggectgggececgetgeacacccagtacgactcgaaggectgegtegectacacctegetttacgtggact
cgcaggtcgccaagtggaacttctgecgaaggcaaggtgctcgacaagatcagegtgeactacaacatcggecacctgatgace
atggagggcgactccaccaagecggecggeaagtacetegtegegetgaacaagetggecatcgacegettegtgeeggtgg
geecgetgeaccegeagaaccaccagcetgatcgacatctccggegacaagatgeagetgetctacgacatgeegetgecget
gggcgagecgeactacgtegtecgecatcgatgecaagaagetcaageecgggggtgegetacaaggtcggea

>mwwt90
ccgeatggggtcgatgtcacgecggacggceaaattcatcaccgtttccggecaagetggacacccacgtttcegtcetattectteg
agaagatccaggccgcecatcaaggccggceaagtticgaatccaaggatccgtacggceattccggtcatcaacatgaaggatgeg
ctgcacacccaggttcaactgggtcttggecccctgeacacccagtacgactccaaggectgegtegegtacacctegetgtac
gtggatagccaggtcgecaagtgggactactgegegggcaaggtgctggacaagctttccgtgeattacaacatcggecacct
gatgaccatggaaggcgactccaccaagecggecggceaagtatctegtcgegetgaacaagetggecategatcgettegtge
cggtecggtecectgecacccgcagaaccaccagetgatcgacatcagcaacgacaagatgceagcetectctacgacatgecgetg
ccgetgggegagecgeactacgecgtegecatcgecgecageaagetgaageecgggegtgegetacaaggteggeaccga
cagccgceaccgacaagecgeatccgggegeggtgcgteccggegaggagaagaccgtcaagaagggceaacaaggtcgaa
gtcttcgecacgcetgateegticgcacatcacgectgaaaccatcgaggtegatgtecggegacgaagtgacgatccacctgace
aacctcgagcegegceccaggacgagacccacggcettcacggtgtcgacctacaacgtgeatgectecggtecgagecgggcaag
accgtgcaggtgaagttcaaggccgacaaggaaggcegtctatccctactactgeacccacttetgete

>mwwt92
ccgeacggtgtggatgtcaggecagacggceaagttcatggtegtggecggeaagetcgacaccecacgtgteggtetacagett
cgagaagatccaggccgcecatcaaggecggceaagttcgagagcaaggacccgtacggeatcceggtgatcgegatgaagga
cgegcetgecacacgeaggtgtegeteggecteggecegetgeacacgeagtacgacageaagecttgectggectacacgtcg
ctctacgtcgactcgecaggtcgcgaagtggaacttctgcaaaggcaaggtegtcgacaagatcagegtgcactacaacatcgg
ccacctgatgacgatggagggcgactccaccaageccggeggcaagtacetggtggegetgageaagetggegategaccg
cttegtgeeggtgggcccgetgecaccencagaaccaccanctgatcgacatcagcaacaac

>mwwt94
ggatgtgtgaccggacggceaagttcatggtcgtggccggcaagetcgacacccacgtgteggtetacagettcgagaagatce
aggccgccatcaaggccggeaagttcgagagcaaggacccgtacggeatceeggtgatcgegatgaaggacgegetgeaca
cgcaggtgtcgeteggecteggeccgetgecacacgeagtacgacagegagecttgectggectacacgtegetctacgtcgac
tcgcaggtcgegaagtggaactictgegaaggcaaggtegtcgacaagatcagegtgcactacaacatcggecacctgatgac
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gatggagggcgactccaccaageccggeggcaagtacctggtggegetgaacaagetggegatcgacegettegtgecggt
gggceecgetgeacccgeagaaccaccagetgatcgacatcagecaacgacaagatgeagetgetgtacgacatgecgetgeeg
ctgggtgagecgeactatgeggtgtcgatcgeggecaacaagetcaagecggecgttcgetacaaggtegggaccgacagec
ggaccgatgagecgeaccegttcgecaccaaggegggegaggagaagatcgtcaagaagggeaacaaggtcgacgtctat
gcgacgcetgatcegetcgeacatcacgeccgagacgatcgaggtegacgtgggtgacgacgtggcgateccacctgaccaace
tcgagcgegegeaggacgagacccacggcettcaccgtgtcgacctacaacgeccatgegteggtecgaaccgggeaagacgg
tgtcggtgaagtticaaggeccgacaaggaaggcegtctacccatactactgcacgtaattctgete

>mwwt95
ccgeacggtgtggatgtcagaccagacggcaagttcatggtegtggccggceaagetcgacacccacgtgteggtctacagett
cgagaagatccaggcecgccatcaaggecggceaagttcgagagcaaggaccegtacggeatcccggtgatcgegatgaagga
cgcgetgecacacgeaggtgtegeteggecteggeccgetgcacacgeagtacgacageaagecttgectggectacacgteg
ctctacgtcgactcgcaggtecgegaagtggaacttctgcaaaggcaaggtegtcgacaagatcagegtgcactacaacategg
ccacctgatgacaatggagggcgactccaccaageccggeggcaagtacctggtggcgcetgaacaageaggegatcgaccg
cttecgtgeeggtgggeccgetgeaccegeagaaccacengcetga

>mwwt101
gggcgtecggtacaaggtcggecacgaacagecgeaccgaccagaageaccegggegtggtgegegegggtgaagagaag
atcgtcaagagccccggeaaggtegaggtgticggeacgetgatcecgetcgeacatcaccecggagatcatcgaggecgaga
agggtgacgaggtgacgatcaacctcaccaacctcgagegegeccaggacgagacgeacggcettcacegtgteeggectga
acgtccacgcgtcgatcgageccggcaagacggtgtcggtgaagttcaaggecgagegegaaggegtcetacccctactactg
cacctacttctgctcnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnecccacggggceggatgtcacgecggacggcaagtt
catcatcgtgtccggeaagctggacacgcacaccatggtgtacagettcgagaagattcagaaggegatcgecgacaagaagt
tcgaaggcaaggacccgtacggcattccgatcatcgecgatgaaggacgegetgecaggegeaggtegageteggectggggc
cgetgcacacccagtticgacaagaagecegtgetgggegtacacgtegetgtacgtecgactegeaggtcgegegetgggactac
tgccagggcaaggtgctggacaagetgteggtccactacaacatcggecacctgetcacgatggaaggegacteggtcgace
cgaagggccgctacctgatcgegetgaacaagetggegatcgaccgettcaacceggteggeccgetgeaccegeagaace
accagctcatcgacatcagcggcegacaagatgcagetgetctacgacatgecgetgeccatggggegagecgeactacgegg
tgge

>mwwt27
ccccacggggcggacgtgtcteccggatggcaagaacatcategtecgecggeaagetcgacaccceatgtcteggtctacagett
cgacaagatccaggcggccatcaaggcecggcaagttcgaaagcaaagatccgtacggeatcccggtgatcggeatgaagga
cgegcetgcacaccecaggtgtcgeteggectgggteegetgecacacgeagtacaacagcaagaactgegtegectacannnn
NnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNINNNNNNNNNNNNNNNNNNNNNNNNNNND
nnnnnnnnnnnnnnnnnnnnnnnnaggtcaccatccacatgaccaaccttgagegtgcgecaggacgagacccacggcett
caccgtgtcgacctacaacacccacgectcggtcgageecggeaagaccgtgacggtgaagtticaaggecgacaaggaagg
tgtgtacccttactactgcacctacttctgetc

>mwwt46
ccgeatggggtggatgtctcgecggacggceaagtacategtegtcggeggeaagetcgacagecacgceattggtetacagett
cgagaagatccaggcggegatcggegecggecgettcgagtcgaaggatccgtacgggateeccggtgatcgegetcaagga
cgegatccacgtccaggtgecgceteggecteggaccgetgcacacgeagtacgactcggegeegtgeatcgectacacgtcg
ctgtacgtcgattcgcaggtcgegaagtggaactactgcgagggcaaggtegtcgacaagetgtcggteccactacaacateggt
cacctgatgacgatggagggcgatticgacgaaaccgggeggcaagtacctggtcgegetcaacaagetegegatcgaccget
tcgtgecggtggocccgetgecatccgecagaaccaccagetgatcgacatcagecaacgacaagatgeagcttetctacgacatg
ccgetgeegeteggtgagecgeactacgecgtetecgategecgectcaaanctcaageeccggggtgegetacegggecggc
accgacagccgceaccgacaagecgeaccegggageggtgaannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnninnnnnnnnnnnnnNnnNnNnnnNNNnNNNDnnnNNNNNNnnNNNNNngcacga
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acaagccgceaccccggeatggttcgegecggngaagaacgecaccgagaagaagggcaacaagatcacggtetacggtacg
ttgatccgttcccacatcaccccggaaacgatcgaggctgatgtcggegacgaagtcaccatccacctgaccaacctcgaacgt
geccaggacgaaacccatggtttcacggtgtccacgatgaacgtccacgcettcggttgaaccgggeaagacagtgaccegtcaa
gttcaaggctgacaaggaaggcgtctatccttactactgeacccacttetgcete

>mwwt63
ccccatggegeggatgtcageccggatggcaagttcatcatcgtcgecggeaagetegacacgeacgtttcegtgtattecttcg
agaagatccaggccgcecatcaaggccggceaagttcgaatccaaggatccctacggeatccecggtgatcggectcaaggacge
ggtgecagacgeaggtttcgetgggectgggeccgetgeatacccagtacgacageaagecectgectggectacacctegetct
acgtcgactcgcaggtcgcecaagtggaactactgcaaaggcaaggtggteggacaagatttcggtecattacaacatcggecac
ctnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnngattcgaccaaagecggecggeaagtaccttgtcgegetgaacaaage
tgtcgatcgaccgcettcgteceggteggeccgetgcagecgeagagecaccagetgatcgacatcageaacgacaagatgeat
ctgctctacgacatgeegttgecgetgggegagecgceattacgeegtetcgatcgecgecaacaagetgaageccgecgtgcg
ctacaaggtcggcaccgacagccgeaccgacaagecgeatcegggegeggtecgtgecggegaggagaagaccgtcaag
aagggcaacaaggtcgaagtcttcgccacgetgatccgttcgecacatcacgectgaaaccatcgaggtcgatgteggegacga
agtgacgatccacctgaccaacctcgagegegeccaggacgagacccacggcettcacggtgtecgacctacaacacgeacget
tcggtcgagecgggcaagaccgtcagegtcaagticaaggecgacaaggaaggtgtcetatecttactactgecacctacttetget
c

>mwwt64
ccgeatggggcggatgtcaggecggatggcaagttcatcaccgtttccggeaagetecgacacgeacgtttcggtctattegticg
acaagatccaggccgcaatcaaggecggcaagttcgagtcgaaggacgectacggeatceceggtgatcggeatgaaggacg
cgttgcacgegeaggtccagetcggecteggeccgetgeatacgeagtatgacgecaagecttgegttgectacacctegetet
acgtcgattcgcaggttgccaagtgggactactgcgaaggcaaggtgctcgacaagatcagegtgeactacaacatcggtecac
ctgatgaccatggaaggcgactcggctgatcccaagggecgcetatctggtegegetgaacaagetggegatcgacegcettegt
geeggtggecccegetgeatccgecagaaccaccagetgatcgacatcagecaacgacaagatgcannnnnnnnnnnnnnnn
nNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnaccgacagccgcactgacaagecgeatcegggtgeggtgcgtgccggcgaggagaagaccgtcaag
aaaggcaacaaggtcgaggtcttcgecacgetgatcegtticgcacatcacgectgaaaccatcgaggtegatgtcggegacga
agtgacgatccacctgaccaacctcgagegegeccaggacgagacccacggcettcacggtgtcgacctacaacacgeacgcet
tcggtcgagecgggcaagaccgtcagegtcaagttcaaggecgacaaggaaggtgtctatccctactactgeacccacttctge
tc

>mwwt70
ccgeatggggtoggacgtgagaccagacggcaagttcctgaccgtecgeecggeaagetcgacacgeacgtttcegtgttetectte
gaaaagatccaggccgegatcaaggecggceaagttcgaatccaaggatecgtacggeattccggtgateggeatgaaggatg
cgctgtccacccaggtccageteggecteggeccgetgecacacccagtacgacagecaagecctgtatcgectacacctegetct
acgtcgattcccaggtcgtcaaatggaatcactgcaaaggcaaggtgctcgacaagatctececgtgeactacaacatcggteacct
gatgaccatggaaggcgactcggcetgatccaaagggccgttacctggtggcactgaacaagetgtcgatcgaccgtttcaacce
ggteggeccgcetgeatccgeaaaaccaccagetgatcgacatctcgaacgacaagatgcagetectgtacgacatgecgattc
cgctcggegagecgeactacgtggttgccatcgaagettcaaagetgaagecgggegtgcgttacaagtgggtaccgactene
gtannnnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnninnnnnnNnnnnnnnaagggtaacaagatcgaagtcttcggtaccttgatccgetecgeacate
acgccggaaaccatcgaggecgaagtgggteacgaaatcaccgtecacctgaccaacctcgaacgegeccaggacgaaac
geacggttttgccgtgtcgaccttcaacgtgecatgectecgatcgagecgggcaagacggttaccgtcaagttcaaggecgacaa
ggaaggcegtctatccgtactactgcacccacttetgete

>mwwt89
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ccccatggtgtcgatgtgactccagacggcaagegceatcategtttccggeaaactcgacacccacgeatecggtgttcagetttg
agaagatcatggccgccatcaaggegggcaagttcgaatccaaggacccctatggeatcecggtgatcgecatggeggatge
gatggacaagcaggtgcagatcggcctcggeccgttgcatacccagttcgactccaagecctgtetggectacaccteggtgta
tgtggactcccaggtggcaaagtgggactactgtgaaggeaaggtgctggacaagetgagegtgcactacaacatcggecac
ctgatgaccatggaaggcgattccaccgatcccaagggcecattacctggtggegetgaacaagcettgecatcgaccgttatgttce
ccgtcggeccecttgeatcctcagagecatcagetgatcgacatcageggegacaagatgeagetgetgtatgacatgeegetge
cgatgggcgaacctcactatgecgtatcgattgecgetgaaaactgaangecggegatccgttacaaggtaggcaccaacage
cgtaccgaccagcccaacccgnnnnnnnnnnnnnnnnnnnNnNnnnnNnNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnNNNNINNINNINNINNINNINNINNNCggtgcgcaagggcaacaagetggaag
tcttcggeaccctgateccgeteccacatcacgecggaaaccatcgaagecgaagtgggcgacgaaatcaccatccacctgace
aatctcgaacgggccgaggatgaaacccacggcttcaccgtgagceacctacaacgtecatgectcgatcgaaccgggcaaga
ccgtgacggtgaagticaaggeggacaaggaaggegtctatccgtactactgeaccceatttetgete

>mwwt93
ccgeatggggtggatgtgagaccggacggcaagttcatgaccegtttccggeaagetggatacgcataccteggtgtactegtte
gacaagatccagtcggccatcaagggeggceaggttcgaatccaaggaccegtacggegtgecggtgatcggtetcaaggatg
cgetggacaageaggtgcaactcggecteggeccectgecacacceagtacgactccaagecctgtatcgectacacctegetg
tatgtggatagccaggttgccaagtggaactactgecgaaggeaaggtgctcgacaagctttccgtgeactacaacatcggtecac
ctgatgacnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnNNnngcgntgaacaagcetggegatngaccgcettegtgeeggtegge
ccgetgcatccgcaaaaccaccagetggtcgacatctcgaacgacaagatgeagttgttgtatgacatgecgetgeegetgggc
gagccgceactacgeggtcggtatcgacgegaccaagetcaageegggegtgcgetacaaggtcgggaccgattcecgtace
gacaagccgceatcegggegeggtecgtgecggegaggaaaagacggtcaagaagggtaacaagatcgaagtetteggeac
cctgatcegetegeacatcacgecggaaaccatcgaagecgaagtcggegacgaaatcaccatccacctgaccaacctcgaa
cgegeccaggacgaaacccacggcettcacggtatcgacctacaacacccacgegtecatcgagecgggeaagacggtgacg
gtgaagttcaaggccgacaaggaaggegtctatccgtactactgecacccacttetgete

>mwwt96
ccccatggtgeggatgtgagaccggatggcaaattcatcacegtttccggeaagetggacacccacgtttccgtctatteettcga
gaagatccaggccgccatcaaggecggceaagttcgaatccaaggatecgtacggeattccggtcatcaacatgaaggatgege
tgcacacccaggttcaactgggtcttggeccectccacacceccgtacgtetcgaagaagtgegtegectacaccteectgtatgt
cgactcgcaggtcgtcaagtgggatcactgcgaaggcaaggtictcgacaagatcteggtgeactacaacatcggtecacctgat
gaccatggaaggcgactccatggatccaaagggecgetacctggtecnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnNNNNNDnnnNNNnNnnnngat
ccgetecgeacatcacgecggaaaccatcgaggeggaagtgggcgacgaaatcaccatccacctgaccaacctcgagegtge
ccaggacgaaacccacggcttcaccgtgtcgacctacaacgtccatgegtcggtegagecgggeaagaccgtcacggtcaag
ttcaaggctgacaaggaaggcgtctatccctactactgcacgcaattctgete
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APPENDIX 2.

Nucleotide accession numbers for reference organsims used in this study (protein

and nucleotide sequences were obtained from the Pipeline Functional Gene/

Repository [PFGR] [http://flyingcloud.cme.msu.edu/fungene/]).

Achromobacter cycloclastes X94977
Acidovorax sp. NC_008782

Alkalilimnicola ehrlichei NC_008340
Anaeromyxobacter dehalogenans NC_007760
Anaeromyxobacter sp. Fw109-5 DQ504302
Azoarcus NC_006513

Bradyrhizobium japonicum NC_004463
Brucella ovis NC_009504

Burkholderia pseudomallei NC_009074
Campylobacter fetus NC_ 008599

Colwellia psychrerythraea NC 003910
Crenimugil crenilabis NC 003170
Cupriavidus necator NC_005241
Dechloromonas aromatica NC_007298
Desulfitobacterium hafniense NC_007907
Dinoroseobacter shibae NZ AAVE01000001
Geobacillus thermodenitrificans NC_009328

Gramella forsetii NC_008571
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Habhella chejuensis NC_007645

Haloarcula marismortui NC_006396
Halorubrum lacusprofundi NZ._ ABEB01000008
Magnetospirillum gryphiswaldense CU459003
Magnetospirillum magneticum NC_007626
Magnetospirillum magnetotacticum NZ_AAAP01003630
Marinobacter hydrocarbonoclasticus DQ504302
Marinobacter sp. NZ__AAXY01000004
Methylobacterium NZ_ABAY01000093
Paracoccus pantotrophus AF016058
Photobacterium profundum NZ_AAPH01000041
Pseudomonas aeruginosa NZ_AAKW01000028
Pseudomonas denitrificans AF016059
Pseudomonas fluorescens AF056319
Pseudomonas stutzeri NC_009434
Psychroflexus torquis NZ_AAPR01000008
Psychromonas ingrahamii NC 008709
Pyrobaculum calidifontis NC_009073

Reinekea sp. NZ_AAOE01000026

Rhodobacter sphaeroides AF125260
Rhodopseudomonas palustris NC_008435
Robiginitalea biformata NZ_AAOI01000001

Roseovarius sp. NZ_AAMV01000002
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Shewanella loihica NC_009092
Silicibacter pomeroyi NC_006569
Sinorhizobium meliloti NC_003037
Stappia aggregata NZ_AAUWO01000018
Thiobacillus denitrificans NC_007404
Thiomicrospira denitrificans NC_007575

Wolinella succinogenes AJ640086
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